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Background and Purpose: Patients with type 2 diabetes (T2D) have increased risk of
cardiovascular disease (CVD), encompassing myocardial infarction, stroke, and peripheral
vascular disease. We hypothesized that those biomarkers indicative of acute ischemic
stroke (AIS) seen in large vessel occlusion (LVO) may also be elevated in T2D and further
enhanced by stress conditions; therefore, these proteins represent potentially predictive
biomarkers for those T2D patients at high risk of AIS.

Methods: We performed an exploratory proteomic analysis in control subjects (n � 23)
versus those with type 2 diabetes (T2D) (n � 23) who underwent a hyperinsulinemic clamp
study to transient severe hypoglycemia [blood glucose <2.0 mmol/L (36 mg/dl)] in a
prospective case-control study. We compared these proteins described as diagnostic
and prognostic biomarkers for AIS due to LVO: lymphatic vessel endothelial hyaluronic
acid receptor-1 (LYVE1), thrombospondin-1 (THBS1), pro-platelet basic protein (PPBP),
and cadherin 1 (CDH1).

Results: At baseline (BL), PPBP (p < 0.05), THBS1 (p < 0.05), and CDH1 (p < 0.01) were
elevated in T2D; LYVE1 was not different between controls and T2D subjects at BL or at
subsequent timepoints. PPBP and THBS1 tended to increase at hypoglycemia in both
cohorts, though reached significance only in controls (p < 0.05), returning to BL levels post-
hypoglycemia. CDH1 levels were higher in T2D at BL, at hypoglycemia and up to 2-h
posthypoglycemia, thereafter reverting to BL levels.

Conclusion: Elevated levels of PPBP, THBS1, and CDH1, circulatory proteins suggested
as biomarkers of AIS due to LVO, may, in T2D patients, be prognostically indicative of a
cohort of T2D patients at increased risk of ischaemic stroke. Prospective studies are
needed to determine if this reflects future clinical risk.
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INTRODUCTION

Patients with type 2 diabetes (T2D) have a well-documented 2-3-
fold increased risk for cardiovascular disease (CVD),
encompassing myocardial infarction, stroke, and peripheral
vascular disease (Einarson et al., 2018), with ∼80% of
mortality in T2D due to underlying CVD (Morrish et al.,
2001). Approximately one-third of stroke patients have
diabetes (Lau et al., 2019), with a higher prevalence reported
in ischemic versus hemorrhagic stroke patients (Tsai et al., 2016).

In a recent publication, proteomic analysis of plasma samples
was undertaken on patients with acute ischemic stroke (AIS)
caused by large vessel occlusion (LVO) to identify a panel of
diagnostic and prognostic biomarkers (Qin et al., 2019). Seven
differentially expressed proteins were identified: lymphatic vessel
endothelial hyaluronic acid receptor-1 (LYVE1),
thrombospondin-1 (THBS1), pro-platelet basic protein
(PPBP), secreted phosphoprotein-2 (SPP2), insulin-like growth
factor-2 (IGF2), cadherin 1 (CDH1), and apolipoprotein C 4-2
(APOC4-APOC2), four of which were elevated (LYVE1, THBS1,
PPBP, and IGF2) and subsequently validated by Western blot
analysis in patients with AIS caused by LVO versus healthy
control subjects. PPBP, THBS1, and LYVE1 are involved in
endothelial function and hemostasis (Yamauchi et al., 2007;
Stapor et al., 2013; Maneerat et al., 2017). PPBP is released
from activated platelets, directs leukocytes to vascular injury
sites (Ghasemzadeh et al., 2013) and is involved in ischemia-
related inflammation (Ehlken et al., 2015; Maneerat et al., 2017).
In central retinal vein ischemic occlusion, PPBP serves as an
inflammatory biomarker (Ehlken et al., 2015) and plays a role in
carotid atherosclerosis, inflammation and plaque instability
leading to embolism (Perisic et al., 2016); however, PPBP,
whilst shown to be elevated in AIS, did not appear to have
any predictive value (Qin et al., 2019). THBS1 regulates
angiogenesis (Yamauchi et al., 2007) and elevations in plasma
levels have been reported in patients with ischemic stroke (Gao
et al., 2015). THBS1was shown to be elevated in AIS and had
positive predictive value at 3-months prognosis (Qin et al., 2019).
LYVE1 is a vascular endothelial membrane receptor present in
the lymphatic system; via interactions between lymphatic and
blood endothelial cells, LYVE1 promotes angiogenesis (Stapor
et al., 2013). In response to cerebrovascular injury in zebrafish,
LYVE1 promotes lymphatic growth into brain parenchyma to
guide vascular regeneration (Chen et al., 2019). LYVE1 was
elevated in AIS and had positive predictive value at 3-month
prognosis (Qin et al., 2019). CDH1 (or E-cadherin), a member of
the cadherin superfamily, is a calcium-dependent cell adhesion
protein that functions as a tumor suppressor (Yu et al., 2019).
CDH1 is important in blood-brain barrier (BBB) function (Pal
et al., 1997); ischemic stress may impact endothelial cell calcium
flux, thereby altering the structure and function of the BBB
(Abbruscato and Davis, 1999); CDH1 was noted to be
downregulated in AIS but was not found to have any
predictive value (Qin et al., 2019).

We hypothesized that these potential biomarkers of stroke
may be enhanced in T2D, particularly under stress conditions
such as hypoglycemia. In patients with T2D, these preidentified

proteins, previously found to be predictive for AIS due to LVO,
may therefore serve as biomarkers for AIS. Therefore, we
performed proteomic analysis in control subjects versus those
with type 2 diabetes (T2D), all of whom underwent transient
severe hypoglycemia, to compare these proteins described as
diagnostic and prognostic biomarkers for AIS due to LVO
(Qin et al., 2019).

METHODS

Type 2 diabetes (T2D) (n � 23) and control (n � 23) subjects were
enrolled in a prospective interventional case-controlled study
performed in the Diabetes Centre at Hull Royal Infirmary
(Clinical trial reg. no: NCT03102801; registration date April
06, 2017; start date March 01, 2017, end date January 10,
2018). All study participants signed an informed consent form
prior to participation. The trial was approved by the North West-
Greater Manchester East Research Ethics Committee (REC
number: 16/NW/0518) and conducted according to the
Declaration of Helsinki.

Study Participants
All participants were Caucasian, aged 40–70 years. The T2D
group had been diagnosed for <10 years; all were on a stable
dose of medication (metformin, statin and/or angiotensin-
converting enzyme inhibitor/angiotensin receptor blocker) for
the preceding 3 months (Al-Qaissi et al., 2019). T2D subjects
were excluded if on any anti-glycemic medication other than
metformin or with poor glycemic control [HbA1c levels ≥10%
(86 mmol/mol)]. Control subjects were excluded if diagnosed
with type 1 or 2 diabetes or if HbA1c levels were >6% (42 mmol/
mol). The following exclusion criteria were applied for both
groups: current smokers, body mass index (BMI) < 18 or
>50 kg/m2, excessive alcohol consumption, renal or liver
disease, history or presence of malignant neoplasms within the
last 5-years, diagnosis of psychiatric illness, history of pancreatitis
or gastrointestinal tract surgery.

Hyperinsulinemic Euglycemic Clamp
Studies
The hyperinsulinemic clamp was performed as previously
reported (Kahal et al., 2020); all patients underwent a 10-h
fast prior to the clamp. T2D: baseline glucose 7.6 ± 0.4 mmol/
L (136.8 ± 7.2 mg/dl), reduced to 4.5 ± 0.07 mmol/L (81 ± 1.2 mg/
dl) for 1-h. Controls: 4.9 ± 0.1 mmol/L (88.2 ± 1.8 mg/dl),
following which the blood glucose was reduced in both control
and T2D cohorts to <2.0 mmol/L (36 mg/dl) that was then
reversed with intravenous glucose (150 ml of 10% dextrose)
(Moin et al., 2021) (Figure 1).

Biochemical Markers
Blood samples were centriguged (2000 g for 15-min at 4°C) and,
within 15-min of collection, aliquots were stored at −80°C
awaiting batch analysis. Using a Beckman AU 5800 analyser
(Beckman-Coulter, High Wycombe, United Kingdom),
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enzymatic methods were used to determine fasting plasma
glucose (FPG), total cholesterol, triglycerides, and high-density
lipoprotein (HDL) cholesterol levels.

SOMA-Scan Assay
Slow Off-rate Modified Aptamer (SOMA)-scan plasma protein
measurement, as previously described (Kahal et al., 2020), was
used to determine a panel of proteins purported to represent
biomarkers of AIS: platelet basic protein (PPBP),
thrombospondin-1 (THBS1), cadherin-1 (CDH1), and
lymphatic vessel endothelial hyaluronic acid receptor 1
(LYVE1). SPP2, IGF2, and APOC4-APOC2 were not available
in SOMAscan.

Statistical Analysis
No studies showing changes in biomarker proteins of AIS in
response to hypoglycaemia are available upon which a power
calculation could be based. Birkett and Day (Birkett and Day,
1994) reviewed pilot study sample size and concluded that, to
estimate effect size and variability, 20 degrees-of-freedom as a
minimum was required. Hence, for this pilot study, a
minimum of 20 patients per group was required. Visual
evaluation of data trends for each parameter was
undertaken; non-parametric tests were used for non-normal
data as determined by the Kolmogorov-Smirnov Test. At each
timepoint, the T2D and control groups were compared using
Student’s t-test, with significance set at the level of p < 0.05.
Within-group comparisons (changes from baseline, and from
hypoglycemia, to each subsequent timepoint) were assessed
with Student’s t-test. No adjustment for baseline covariates
was made as the sample size was too small. Graphpad Prism
(San Diego, CA, United States) was used for statistical
analyses.

With regards to the proteomic analysis, an intercept-free
general linear model was fitted as a function of a subgroup
(i.e., condition:timepoint); patient ID was taken as a random
effect using R package limma. Thereafter, the p value was
calculated for two contrasts: baseline to hypoglycemia (for

both the T2D and control cohorts), and false discovery rate
(FDR) corrected at a significance of <0.05 as the cutoff.

RESULTS

Baseline demographic and biochemical data is shown in Table 1.
Age was comparable between T2D (n � 23) and control (n � 23)
subjects (p � ns); T2D had an elevated BMI (p � 0.0012) with
duration of diabetes 4.5 ± 2.9 years. Systolic and diastolic blood
pressure was elevated in the T2D cohort (p � 0.001 and p � 0.003,
respectively), as was HbA1c (p < 0.0001).

Plasma protein levels are shown in Figure 2. At baseline (BL),
PPBP (p < 0.05) (Figure 2A), THBS1 (p < 0.05) (Figure 2B), and
CDH1 (p < 0.01) (Figure 2C) were elevated in T2D whilst there
was no difference between controls and T2D subjects at BL for
LYVE1 (Figure 2D). Levels of LYVE1 remained unchanged
throughout the study timecourse. PPBP and THBS1 showed
very similar patterns, tending to increase at hypoglycemia in
both T2D and controls, though only reaching significance in
controls (p < 0.05, control BL versus control hypo) and returning
to BL levels in both T2D and control subjects in the post-
hypoglycemia follow-up period. CDH1 levels were higher in
T2D at BL, at hypoglycemia and in the initial post-
hypoglycemic phase until 2-h when levels decreased
significantly in T2D, thereafter reverting to BL; in controls,
CDH1 levels remained steady throughout the experimental
timecourse.

Additional Markers of Large Vessel
Obstruction
As a subsequent analysis, baseline values were determined for
those additional markers that have been reported in the literature
as potential biomarkers of AIS due to LVO in acute hospitalized
patients, namely Glial fibrillary acidic protein, GFAP; D-dimer;
von Willebrand Factor, vWF; Apolipoprotein A1, APOA1;
Apolipoprotein B, APOB along with the ratio of baseline levels

FIGURE 1 | Schematic diagram of the insulin clamp study. The schematic indicates the intervention and blood sampling time points.

Frontiers in Molecular Biosciences | www.frontiersin.org December 2021 | Volume 8 | Article 7444593

Moin et al. Stroke Biomarkers in T2D

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


TABLE 1 | Study participant demographic and biochemical data. Data is presented as Mean ± 1 SD (Median).

Baseline Type 2 diabetes (n = 23) Controls (n = 23) p-value Statistically significant

Age (years) 64 ± 8 (66) 60 ± 10 (63) 0.15 No
Sex (M/F) 12/11 11/12 0.77 No
BMI (kg/m2) 32 ± 4 (32) 28 ± 3(27) 0.001 Yes
Systolic BP (mmHg) 132 ± 8 (130) 122 ± 8 (122) 0.0002 Yes
Diastolic BP (mmHg) 81 ± 7 (80) 75 ± 6 (75) 0.003 Yes
Duration of diabetes (years) 4.5 ± 2.2 (5.0) N/A N/A
HbA1c (mmol/mol) 51.2 ± 11.4 (50.0) 37.2 ± 2.2 (37.0) <0.0001 Yes
HbA1c (%) 6.8 ± 1.0 (6.7) 5.6 ± 0.2 (5.5) <0.0001 Yes
Total cholesterol (mmol/L) 4.2 ± 1.0 (4.1) 4.8 ± 0.67 (4.9) 0.02 Yes
Triglyceride (mmol/L) 1.7 ± 0.7 (1.5) 1.34 ± 0.6 (1.3) 0.06 No
HDL-cholesterol (mmol/L) 1.1 ± 0.3 (1.1) 1.5 ± 0.4 (1.4) 0.002 Yes
LDL-cholesterol (mmol/L) 2.27 ± 0.8 (2.1) 2.7 ± 0.7 (2.8) 0.06 No
CRP (mg/L) 3.0 ± 2.7 (1.9) 5.1 ± 10.3 (2.1) 0.33 No

BMI, body mass index; BP, blood pressure; HDL-cholesterol, High density lipoprotein cholesterol; LDL-cholesterol, Low density lipoprotein cholesterol; CRP, C-reactive protein; HbA1c,
Haemoglobin A1c; N/A, not applicable.

FIGURE 2 |Circulatory levels of endothelial cell marker proteins at baseline, at hypoglycemia and post-hypoglycemia timepoints in T2D and control subjects. Blood
sampling was performed at baseline (BL), at hypoglycemia (0 min) and post-hypoglycemia (30 min, 1-h, 2-h, 4-h, and 24-h) for controls (white circles) and for T2D (black
squares). At baseline (BL), blood sugar (BS) was 7.5 ± 0.4 mmol/L (for T2D) and 5.0 ± 0.1 mmol/L (for control, C). At the point of hypoglycemia, blood sugar (BS) was
2.0 ± 0.03 mmol/L (for T2D) and 1.8 ± 0.05 mmol/L (for control). Proteomic (Somalogic) analysis of proteins was undertaken for platelet basic protein (PPBP) (A),
thrombospondin-1 (THBS1) (B), cadherin-1 (CDH1) (C) and lymphatic vessel endothelial hyaluronic acid receptor 1 (LYVE1) (D). Statistics: T2D vs. control: *p < 0.05,
**p < 0.01; T2D BL vs. subsequent timepoints: $p < 0.05, $$p < 0.01; T2D hypoglycemia vs subsequent timepoints: &p < 0.05, &&p < 0.01; Control BL vs. subsequent
timepoints: @p < 0.05; Control hypoglycemia vs. subsequent timepoints: p̂ < 0.05. ^̂p < 0.01. RFU, relative fluorescent units.
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of apolipoprotein B to apolipoprotein A1 (APOB/APOA1) (As
et al., 2013; Katsanos et al., 2017; Sato et al., 2020; Baez et al., 2021;
Dagonnier et al., 2021; Gaude et al., 2021; Ramos-Pachón et al.,
2021); baseline levels of these proteins were not different between
controls and T2D (Figure 3).

DISCUSSION

Baseline elevation of PPBP, THBS1, and CDH1 was surprising
and is in accord with the fact that T2D patients have an enhanced
AIS risk. The changes in the levels following hypoglycemic stress
may also be indicative of increased risk of AIS, and exposure to
hypoglycemia has been suggested to be associated with
cardiovascular disease and stroke (Smith et al., 2018). This
suggests that prospective studies in those patients with
elevated levels should be undertaken to see if this translates
into increased clinical risk that could be prophylactically
addressed. However, it should be noted that the differences
between T2D and controls were only approximately 10% and
therefore, whilst statistically significant, it needs to be determined
whether this is clinically significant.

Whilst PPBP was reported to be elevated in AIS, it appeared
not to have any predictive value (Qin et al., 2019) and, in this
study, whether its elevation in T2D is a biomarker of AIS needs
clarifying.

As noted above, THBS1was shown to be elevated in AIS and
had positive predictive value at 3-month prognosis (Qin et al.,
2019); however, it remains unclear whether its elevation in T2D is
a biomarker of AIS or whether it is indeed being protective.
Similarly, LYVE1 was elevated in AIS and had positive predictive
value at 3-month prognosis (Qin et al., 2019), though its levels did
not differ in this study. CDH1 was reported to be downregulated
in AIS (Qin et al., 2019); however, here, its levels remained higher
in T2D at all timepoints, perhaps reflecting inflammation, with a
marked decrease at 2-h that may have been due to the impact of
hypoglycemia on the BBB.

Other proteins, such as Glial fibrillary acidic protein [GFAP],
D-dimer, von Willebrand Factor [vWF], Apolipoprotein A1
[APOA1], and Apolipoprotein B [APOB], along with the ratio
of baseline levels of apolipoprotein B to apolipoprotein A1
[APOB/APOA1 ratio], have been purported to be potential
biomarkers for AIS due to LVO (As et al., 2013; Katsanos
et al., 2017; Sato et al., 2020; Baez et al., 2021; Dagonnier
et al., 2021; Gaude et al., 2021; Ramos-Pachón et al., 2021).
However, these potential biomarkers have been reported in
cohorts of acutely ill, hospitalized patients; here, we studied an
ambulatory T2D cohort who had a relatively short duration of
disease (4.5 ± 2.2 years) with no diabetic complications and
therefore have only a minimally higher risk of AIS relative to
their non-diabetic counterparts. Therefore, this outpatient cohort
is lower risk and not comparable to the severe, high risk inpatient

FIGURE 3 |Circulatory levels of previously reported AIS due to LVO biomarkers at baseline, at hypoglycemia, and post-hypoglycemia timepoints in T2D and control
subjects. Blood sampling was performed at baseline (BL), at hypoglycemia (0 min) and post-hypoglycemia (30 min, 1-h, 2-h, 4-h, and 24-h) for controls (white circles)
and for T2D (black squares). Proteomic (Somalogic) analysis of proteins was undertaken for Glial fibrillary acidic protein, GFAP (A)D-dimer (B) vonWillebrand factor, vWF
(C) Apolipoprotein A1, APOA1 (D) Apolipoprotein B, APOB, (E) the ratio of basal levels of apolipoprotein B and apolipoprotein A1 (APOB/APOA1), (F). Statistics:
(A–E) T2D vs control: *p < 0.05, **p < 0.01; T2D BL vs. subsequent timepoints: $ p < 0.05, $$ p < 0.01; T2D hypoglycemia vs. subsequent timepoints: &p < 0.05, &&p <
0.01; Control BL vs. subsequent timepoints: @p < 0.05; Control hypoglycemia vs. subsequent timepoints: p̂ < 0.05.^̂p < 0.01; (F) Data presented in the bar graph as
mean ± SEM; ns, not significant.
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cohorts reported, and therefore it was not surprising that there
were no differences between controls and T2D in this non-acute
setting.

Short disease duration without diabetes complications perhaps
also helps to explain why the baseline elevations of PPBP, THBS1,
and CDH1 were modest in this T2D population, though may
additionally indicate that they are more sensitive markers of AIS
due to LVO.

Strengths of this study include that T2D subjects had a short
disease duration and were on minimal anti-diabetic therapy. The
main study limitation is the small study numbers in this proteomic
exploratory study although, despite this, clear differences were seen
between T2D and control cohorts. Although the T2D subjects were
more obese, this should not have altered the expression of these
proteins in response to the hypoglycemic insult. All subjects were
Caucasian, and therefore these results may not be generalizable to
other ethnic groups. One other notable feature was that the systolic
and diastolic blood pressures were higher in the diabetes
population, though not hypertensive, and whilst the diastolic
blood pressure was lower in the control population this was not
abnormally low (diastolic hypotension being defined as less than
60mmHg); none of the subjects had postural symptoms. In a
community dwelling cohort of 3544 subjects aged 60 and older,
20% had a diastolic blood pressure less than 80mmHg and 50%
had a diastolic blood pressure between 80 and 89mmHg,
suggesting that these values of 81mmHg in T2D and
75mmgHg in controls in subjects without hypotensive
symptoms are not abnormally low (Klein et al., 2013), though
the median values in this study differ to that report (Klein et al.,
2013), likely due to the populations being different between the two
studies. In this same study of 3544 subjects, the systolic blood
pressure was 139 mmHg or less in 582 subjects (16%) (Klein et al.,
2013), again suggesting differences between the populations. The
higher systolic and diastolic blood pressures in diabetes are in
accord with data showing that those with diabetes may have a
higher blood pressure than those without diabetes (Wright et al.,
2020) and with a much higher incidence of progressing to frank
hypertension.

In conclusion, patients with T2D showed elevated levels of
PPBP, THBS1, and CDH1, circulatory proteins that have been
suggested to be biomarkers of AIS due to LVO, and therefore may
identify a cohort of T2D patients at increased risk of AIS. This
data suggests that prospective studies on this group of subjects
should be undertaken to see if this reflects future clinical risk and
would therefore impact clinical practice. Further prospective
studies could also explore whether newer anti-diabetic
medications, such as glucagon-like peptide-1 receptor agonists
(GLP1-RAs) and sodium-glucose cotransporter 2 inhibitors
(SGLT2is), that can lower the risk of cardiovascular disease,
might have an impact upon the circulating levels of the
biomarkers studied here.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the North West-Greater Manchester East Research
Ethics Committee. The patients/participants provided their
written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

AM, MN, and AB analyzed the data and wrote the article. AA-Q
contributed to study design, performed experiments, collected,
analyzed, and interpreted data and edited the article. TS
supervised clinical studies and edited the article. SA
contributed to study design, data interpretation, and the
writing of the article. All authors reviewed and approved the
final version of the article. AB is the guarantor of this work.

REFERENCES

Abbruscato, T. J., and Davis, T. P. (1999). Combination of Hypoxia/aglycemia
Compromises In Vitro Blood-Brain Barrier Integrity. J. Pharmacol. Exp. Ther.
289 (2), 668–675.

Al-Qaissi, A., Papageorgiou, M., Deshmukh, H., Madden, L. A., Rigby, A.,
Kilpatrick, E. S., et al. (2019). Effects of Acute Insulin-Induced
Hypoglycaemia on Endothelial Microparticles in Adults with and without
Type 2 Diabetes. Diabetes Obes. Metab. 21 (3), 533–540. doi:10.1111/
dom.13548

As, S., Sahukar, S., Murthy, J., and Kumar, K. (2013). A Study of Serum
Apolipoprotein A1, Apolipoprotein B and Lipid Profile in Stroke. J. Clin.
Diagn. Res. 7 (7), 1303–1306. doi:10.7860/JCDR/2013/5269.3123

Baez, S. d. l. C., García del Barco, D., Hardy-Sosa, A., Guillen Nieto, G., Bringas-
Vega, M. L., Llibre-Guerra, J. J., et al. (2021). Scalable BioMarker Combinations
for Early Stroke Diagnosis: A Systematic Review. Front. Neurol. 12, 638693.
doi:10.3389/fneur.2021.638693

Birkett, M. A., and Day, S. J. (1994). Internal Pilot Studies for Estimating Sample
Size. Stat. Med. 13 (23-24), 2455–2463. doi:10.1002/sim.4780132309

Chen, J., He, J., Ni, R., Yang, Q., Zhang, Y., and Luo, L. (2019). Cerebrovascular
Injuries Induce Lymphatic Invasion into Brain Parenchyma to Guide Vascular
Regeneration in Zebrafish. Dev. Cell 49 (5), 697–710. doi:10.1016/
j.devcel.2019.03.022

Dagonnier, M., Donnan, G. A., Davis, S. M., Dewey, H. M., and Howells, D. W.
(2021). Acute Stroke Biomarkers: AreWe There yet?. Front. Neurol. 12, 619721.
doi:10.3389/fneur.2021.619721

Ehlken, C., Grundel, B., Michels, D., Junker, B., Stahl, A., Schlunck, G., et al. (2015).
Increased Expression of Angiogenic and Inflammatory Proteins in the Vitreous
of Patients with Ischemic central Retinal Vein Occlusion. PLoS One 10 (5),
e0126859. doi:10.1371/journal.pone.0126859

Einarson, T. R., Acs, A., Ludwig, C., and Panton, U. H. (2018). Prevalence of
Cardiovascular Disease in Type 2 Diabetes: a Systematic Literature Review of
Scientific Evidence from across the World in 2007-2017. Cardiovasc. Diabetol.
17 (1), 83. doi:10.1186/s12933-018-0728-6

Gao, J.-B., Tang, W.-D., Wang, H.-X., and Xu, Y. (2015). Predictive Value of
Thrombospondin-1 for Outcomes in Patients with Acute Ischemic Stroke.
Clinica Chim. Acta 450, 176–180. doi:10.1016/j.cca.2015.08.014

Gaude, E., Nogueira, B., Ladreda Mochales, M., Graham, S., Smith, S., Shaw, L.,
et al. (2021). A Novel Combination of Blood Biomarkers and Clinical Stroke

Frontiers in Molecular Biosciences | www.frontiersin.org December 2021 | Volume 8 | Article 7444596

Moin et al. Stroke Biomarkers in T2D

https://doi.org/10.1111/dom.13548
https://doi.org/10.1111/dom.13548
https://doi.org/10.7860/JCDR/2013/5269.3123
https://doi.org/10.3389/fneur.2021.638693
https://doi.org/10.1002/sim.4780132309
https://doi.org/10.1016/j.devcel.2019.03.022
https://doi.org/10.1016/j.devcel.2019.03.022
https://doi.org/10.3389/fneur.2021.619721
https://doi.org/10.1371/journal.pone.0126859
https://doi.org/10.1186/s12933-018-0728-6
https://doi.org/10.1016/j.cca.2015.08.014
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Scales Facilitates Detection of Large Vessel Occlusion Ischemic Strokes.
Diagnostics (Basel). 11 (7), 1. doi:10.3390/diagnostics11071137

Ghasemzadeh, M., Kaplan, Z. S., Alwis, I., Schoenwaelder, S. M., Ashworth, K. J.,
Westein, E., et al. (2013). The CXCR1/2 Ligand NAP-2 Promotes Directed
Intravascular Leukocyte Migration through Platelet Thrombi. Blood 121 (22),
4555–4566. doi:10.1182/blood-2012-09-459636

Kahal, H., Halama, A., Aburima, A., Bhagwat, A. M., Butler, A. E., Graumann, J.,
et al. (2020). Effect of Induced Hypoglycemia on Inflammation and Oxidative
Stress in Type 2 Diabetes and Control Subjects. Sci. Rep. 10 (1), 4750.
doi:10.1038/s41598-020-61531-z

Katsanos, A. H., Makris, K., Stefani, D., Koniari, K., Gialouri, E., Lelekis, M., et al.
(2017). Plasma Glial Fibrillary Acidic Protein in the Differential Diagnosis of
Intracerebral Hemorrhage. Stroke 48 (9), 2586–2588. doi:10.1161/
strokeaha.117.018409

Klein, D., Nagel, G., Kleiner, A., Ulmer, H., Rehberger, B., Concin, H., et al. (2013).
Blood Pressure and Falls in Community-Dwelling People Aged 60 Years and
Older in the VHM&PP Cohort. BMC Geriatr. 13, 50. doi:10.1186/1471-2318-
13-50

Lau, L. H., Lew, J., Borschmann, K., Thijs, V., and Ekinci, E. I. (2019).
Prevalence of Diabetes and its Effects on Stroke Outcomes: A Meta-
analysis and Literature Review. J. Diabetes Investig. 10 (3), 780–792.
doi:10.1111/jdi.12932

Maneerat, Y., Prasongsukarn, K., Benjathummarak, S., and Dechkhajorn, W.
(2017). PPBP and DEFA1/DEFA3 Genes in Hyperlipidaemia as Feasible
Synergistic Inflammatory Biomarkers for Coronary Heart Disease. Lipids
Health Dis. 16 (1), 80. doi:10.1186/s12944-017-0471-0

Moin, A. S. M., Al-Qaissi, A., Sathyapalan, T., Atkin, S. L., and Butler, A. E. (2021).
Mapping of Type 2 Diabetes Proteins to COVID-19 Biomarkers: A Proteomic
Analysis. Metab. Open 9, 100074. doi:10.1016/j.metop.2020.100074

Morrish, N. J., Wang, S. L., Stevens, L. K., Fuller, J. H., and Keen, H. (2001).
Mortality and Causes of Death in the WHO Multinational Study of Vascular
Disease in Diabetes. Diabetologia 44 (Suppl. 2), S14–S21. doi:10.1007/
pl00002934

Pal, D., Audus, K. L., and Siahaan, T. J. (1997). Modulation of Cellular Adhesion in
Bovine Brain Microvessel Endothelial Cells by a Decapeptide. Brain Res. 747
(1), 103–113. doi:10.1016/s0006-8993(96)01223-1

Perisic, L., Aldi, S., Sun, Y., Folkersen, L., Razuvaev, A., Roy, J., et al. (2016). Gene
Expression Signatures, Pathways and Networks in Carotid Atherosclerosis.
J. Intern. Med. 279 (3), 293–308. doi:10.1111/joim.12448

Qin, C., Zhao, X.-L., Ma, X.-T., Zhou, L.-Q., Wu, L.-j., Shang, K., et al. (2019).
Proteomic Profiling of Plasma Biomarkers in Acute Ischemic Stroke Due to
Large Vessel Occlusion. J. Transl Med. 17 (1), 214. doi:10.1186/s12967-019-
1962-8

Ramos-Pachón, A., López-Cancio, E., Bustamante, A., Pérez de la Ossa, N., Millán,
M., Hernández-Pérez, M., et al. (2021). D-dimer as Predictor of Large Vessel

Occlusion in Acute Ischemic Stroke. Stroke 52 (3), 852–858. doi:10.1161/
strokeaha.120.031657

Sato, T., Sato, S., Yamagami, H., Komatsu, T., Mizoguchi, T., Yoshimoto, T., et al.
(2020). D-dimer Level and Outcome of Minor Ischemic Stroke with Large
Vessel Occlusion. J. Neurol. Sci. 413, 116814. doi:10.1016/j.jns.2020.116814

Smith, L., Chakraborty, D., Bhattacharya, P., Sarmah, D., Koch, S., and Dave, K. R.
(2018). Exposure to Hypoglycemia and Risk of Stroke. Ann. N.Y. Acad. Sci.
1431 (1), 25–34. doi:10.1111/nyas.13872

Stapor, P. C., Azimi, M. S., Ahsan, T., and Murfee, W. L. (2013). An Angiogenesis
Model for Investigating Multicellular Interactions across Intact Microvascular
Networks. Am. J. Physiology-Heart Circulatory Physiol. 304 (2), H235–H245.
doi:10.1152/ajpheart.00552.2012

Tsai, C.-F., Anderson, N., Thomas, B., and Sudlow, C. L. M. (2016). Comparing
Risk Factor Profiles between Intracerebral Hemorrhage and Ischemic Stroke in
Chinese and White Populations: Systematic Review and Meta-Analysis. PLoS
One 11 (3), e0151743. doi:10.1371/journal.pone.0151743

Wright, A. K., Welsh, P., Gill, J. M. R., Kontopantelis, E., Emsley, R., Buchan, I.,
et al. (2020). Age-, Sex- and Ethnicity-Related Differences in Body Weight,
Blood Pressure, HbA1c and Lipid Levels at the Diagnosis of Type 2 Diabetes
Relative to People without Diabetes. Diabetologia 63 (8), 1542–1553.
doi:10.1007/s00125-020-05169-6

Yamauchi, M., Imajoh-Ohmi, S., and Shibuya, M. (2007). Novel Antiangiogenic
Pathway of Thrombospondin-1 Mediated by Suppression of the Cell Cycle.
Cancer Sci. 98 (9), 1491–1497. doi:10.1111/j.1349-7006.2007.00534.x

Yu, W., Yang, L., Li, T., and Zhang, Y. (2019). Cadherin Signaling in Cancer: Its
Functions and Role as a Therapeutic Target. Front. Oncol. 9, 989. doi:10.3389/
fonc.2019.00989

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Moin, Nandakumar, Al-Qaissi, Sathyapalan, Atkin and Butler.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Molecular Biosciences | www.frontiersin.org December 2021 | Volume 8 | Article 7444597

Moin et al. Stroke Biomarkers in T2D

https://doi.org/10.3390/diagnostics11071137
https://doi.org/10.1182/blood-2012-09-459636
https://doi.org/10.1038/s41598-020-61531-z
https://doi.org/10.1161/strokeaha.117.018409
https://doi.org/10.1161/strokeaha.117.018409
https://doi.org/10.1186/1471-2318-13-50
https://doi.org/10.1186/1471-2318-13-50
https://doi.org/10.1111/jdi.12932
https://doi.org/10.1186/s12944-017-0471-0
https://doi.org/10.1016/j.metop.2020.100074
https://doi.org/10.1007/pl00002934
https://doi.org/10.1007/pl00002934
https://doi.org/10.1016/s0006-8993(96)01223-1
https://doi.org/10.1111/joim.12448
https://doi.org/10.1186/s12967-019-1962-8
https://doi.org/10.1186/s12967-019-1962-8
https://doi.org/10.1161/strokeaha.120.031657
https://doi.org/10.1161/strokeaha.120.031657
https://doi.org/10.1016/j.jns.2020.116814
https://doi.org/10.1111/nyas.13872
https://doi.org/10.1152/ajpheart.00552.2012
https://doi.org/10.1371/journal.pone.0151743
https://doi.org/10.1007/s00125-020-05169-6
https://doi.org/10.1111/j.1349-7006.2007.00534.x
https://doi.org/10.3389/fonc.2019.00989
https://doi.org/10.3389/fonc.2019.00989
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

	Potential Biomarkers to Predict Acute Ischemic Stroke in Type 2 Diabetes
	Introduction
	Methods
	Study Participants
	Hyperinsulinemic Euglycemic Clamp Studies
	Biochemical Markers
	SOMA-Scan Assay
	Statistical Analysis

	Results
	Additional Markers of Large Vessel Obstruction

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	References


