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Hyperglycaemia perturbs blood-brain barrier integrity through its effects on 
endothelial cell characteristics and function
Arshad Hashmat, Jingyuan Ya, Rais Kadir, Mansour Alwjwaj, and Ulvi Bayraktutan

Academic Unit of Mental Health and Clinical Neurosciences, School of Medicine, The University of Nottingham, Nottingham, UK

ABSTRACT
Breakdown of blood-brain barrier (BBB) represents a key pathology in hyperglycemia-mediated 
cerebrovascular damage after an ischemic stroke. As changes in the level and nature of vasoactive 
agents released by endothelial cells (ECs) may contribute to BBB dysfunction, this study first 
explored the specific impact of hyperglycemia on EC characteristics and secretome. It then assessed 
whether secretome obtained from ECs subjected to normoglycaemia or hyperglycemia might 
regulate pericytic cytokine profile differently. Using a triple cell culture model of human BBB, 
composed of brain microvascular EC (BMEC), astrocytes and pericytes, this study showed that 
exposure to hyperglycemia (25 mM D-glucose) for 72 h impaired the BBB integrity and function 
as evidenced by decreases in transendothelial electrical resistance and increases in paracellular flux 
of sodium fluorescein. Dissolution of zonula occludens-1, a tight junction protein, and appearance 
of stress fibers appeared to play a key role in this pathology. Despite elevations in angiogenin, 
endothelin-1, interleukin-8 and basic fibroblast growth factor levels and a decrease in placental 
growth factor levels in BMEC subjected to hyperglycemia vs normoglycaemia (5.5 mM D-glucose), 
tubulogenic capacity of BMECs remained similar in both settings. Similarly, pericytes subjected to 
secretome obtained from hyperglycemic BMEC released higher quantities of macrophage migra-
tion inhibitory factor and serpin and lower quantities of monocyte chemoattractant protein-1, 
intercellular adhesion molecule, interleukin-6 and interleukin-8. Taken together these findings 
indicate the complexity of the mechanisms leading to BBB disruption in hyperglycemic settings 
and emphasize the importance of endothelial cell-pericyte axis in the development of novel 
therapeutic strategies.
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Introduction

Stroke continues to be one of the leading causes of 
mortality and morbidity worldwide.1 Each year, 
>15 million people suffer a first stroke, with two- 
thirds of them experiencing death or long-term 
disability.2 Brain edema stemming from the break-
down of blood-brain barrier (BBB) accounts for the 
majority of deaths during the first week after an 
ischemic stroke. The BBB controls the selective 
passage of circulating elements and toxic metabo-
lites between the blood and the brain tissue and is 
formed by brain microvascular endothelial cells 
(BMEC), capillary basement membrane, astrocyte 
endfeet and pericytes. Tight junctions, a multi- 
protein complex, composed of occludin, claudins 
and zonula occludes, account for much of the 
restraining role of the BBB.3,4 As cerebral edema, 
stemming from BBB breakdown, is more prevalent 

and severe in stroke patients with diabetes, hyper-
glycemia (HG) is likely to play a critical role in this 
defect.5 Although various mechanisms, notably 
inductions of polyol pathway, oxidative stress and 
protein kinase C-β/RhoA/Rho-kinase/MLC2 path-
ways have been implicated in cerebrovascular 
pathologies, the role of other mechanisms by 
which HG may compromise cerebral vasculature 
remain unexplored.6–8

Endothelial cells (ECs) cover the entire inner 
surface of all blood vessels and constitute the 
main cellular component of the BBB. They modu-
late cerebral perfusion in response to neuronal 
demand and regulate coagulation, immune 
responses, vascular tone and permeability by 
releasing a wide range of vasoactive substances 
such as nitric oxide, prostacyclins and endothelin- 
1 (ET-1).9–11 Given the diversity of these functions, 

CONTACT Ulvi Bayraktutan ulvi.bayraktutan@nottingham.ac.uk Academic Unit of Mental Health and Clinical Neurosciences, Queens Medical Centre, 
School of Medicine, The University of Nottingham, South Block, D Floor, Room 2101, Nottingham NG7 2UH, UK

TISSUE BARRIERS                                            
https://doi.org/10.1080/21688370.2024.2350821

© 2024 The Author(s). Published with license by Taylor & Francis Group, LLC.  
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc- 
nd/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built 
upon in any way. The terms on which this article has been published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.

http://orcid.org/0000-0001-6922-0237
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/21688370.2024.2350821&domain=pdf&date_stamp=2024-05-06


it is of paramount importance to maintain EC 
integrity and function at all times to maintain vas-
cular homeostasis. Pericytes that are embedded in 
capillary basement membrane also contribute to 
vascular stability and immune modulation and 
help regulate BBB function and cerebral blood 
flow.12–14 Due to their reparative and stabilizing 
roles following ischemic injury, pericytes may also 
serve as important therapeutic targets for stroke. 
Indeed, pericyte deficiency in vivo is closely asso-
ciated with elevations in tight junction dysfunction 
and endothelial transcytosis.15 HG is known to be 
a direct cause of pericyte apoptosis and loss.16

Following a cerebral ischemic event, various 
inflammatory cells, such as leukocytes and micro-
glia, are activated and accumulate within the brain 
tissue, eventually leading to inflammatory injury. 
Management of post-stroke inflammatory 
responses is of pivotal importance. Inflammation 
can promote tissue repair and axonal regeneration, 
especially through upregulation of IL-1 and IL-4.17 

However, it can also exacerbate tissue damage by 
promoting secondary pathologies like oxidative 
stress and excitotoxicity.18,19 While microglia, 
astrocytes, and leukocytes are known initiators of 
cerebral inflammation, pericytes can also contri-
bute to this process.20

Given that ECs and pericytes jointly support 
cerebrovascular recovery through angiogenesis, 
vasculogenesis and the modulation of immune 
responses and hyperglycemia is known to adversely 
affect these processes,21 this study explores how HG 
affects EC and BBB characteristics in hyperglyce-
mic settings. It also investigates whether changes 
induced in EC secretory profile by HG may influ-
ence pericyte cytokine profile and thus exacerbate 
BBB damage.

Materials and methods

Cell culture

Human brain microvascular endothelial cells 
(HBMEC, Neuromics, USA), pericytes (HP, 
Neuromics, USA and astrocytes (HA, 
Neuromics, USA) grown up to passage 8 in 
respective media and supplements were used in 
relevant experiments. HBMEC were grown to 
full confluence before exposure to 

normoglycaemia (NG; 5.5 mM D-glucose), 
hyperglycemia (HG, 25 mM D-glucose) or 
D-mannitol (osmotic control, 5.5 mM 
D-glucose +19.5 mM D-mannitol) for 72 h. 
Cells were visualized and photographed by 
light microscopy (Leica DFC3000 G, Wetzlar, 
Germany).

Establishment of in vitro model of human BBB

In this study, a triple cell culture model of human 
BBB, composed of BMEC, astrocytes and pericytes 
was employed. Due to well-established interactions 
amongst all cell layers, this model is preferred to 
other contact and non-contact cell culture 
models.22 To set up the model, ~7.5 × 104 astrocytes 
were seeded on the outer surface of transwell 
inserts as described before.22 On the 
following day, the inserts were inverted the correct 
way before seeding ~ 4 × 104 HBMECs onto the 
inner surface. Both cell layers were then cultured 
to full confluence in their respective media before 
transferring the filters to fresh 12-well plates con-
taining confluent pericytes.

Analyses of BBB integrity and function

The BBB integrity and function were studied suc-
cessively by measurements of trans-endothelial 
electrical resistance (TEER) and the paracellular 
flux of low and high molecular weight permeabil-
ity markers, sodium fluorescein (NaF, 376 Da) or 
Evan’s blue-labeled albumin (EBA, 67kDa). The 
TEER was measured using an EVOM resistance 
meter and STX electrodes (World Precision 
Instruments, Hertfordshire, UK). After TEER 
assessments, the inserts were rinsed with Hank’s 
Balanced Salt Solution (HBSS) and transferred to 
fresh 12-well plates containing 2 ml HBSS. To 
evaluate paracellular flux, 500 μl of NaF (50 μg/ 
ml NaF) or EBA (165 μg/ml) was introduced into 
the luminal chamber of each insert and incubated 
for 1 hour. 400 μl of solutions from both the lumi-
nal and abluminal chambers were then collected 
and analyzed in triplicate using a FLUOstar 
Omega microplate reader (BMG Labtech Ltd, 
UK). The flux across the barrier was calculated as 
before.22
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Immunocytochemistry

To investigate possible changes in subcellular 
localization of tight junction protein zonula 
occludens-1 (ZO-1) and in actin cytoskeleton 
organization, HBMEC were grown to about 
80–90% confluence on glass coverslips before 
fixation (4% paraformaldehyde for 15 min) and 
permeabilisation (0.1% Triton X-100 for 15  
min). To study ZO-1 localization, the cells 
were successively incubated with a ZO-1 pri-
mary antibody (1:200, ThermoFisher, UK) and 
a fluorescently labeled secondary antibody 
(1:250, Abcam, UK). To study cytoskeletal orga-
nization, the cells were stained with rhodamine 
phalloidin for 30 minutes. The coverslips were 
then mounted onto glass slides using 
a mounting medium (Vector Laboratories, 
Peterborough, UK). The cells were visualized 
by a fluorescence microscopy (pE-300white, 
Andover, Hampshire).

Tubulogenic assay

The angiogenic potential of HBMEC subjected to 
NG, HG or D-mannitol was evaluated over a period 
of three days by tubulogenesis assay. To this end, 
HBMEC were carefully seeded onto a layer of 
reduced Matrigel spread in a 96-well plate. The 
formation of tubular structures was visualized 
using a microscope (Leica DFC3000 G, Wetzlar, 
Germany) that captured detailed images from var-
ious fields in each well. These images were then 
analyzed using the ImageJ software, equipped 
with the Angiogenesis Analyzer plugin. The analy-
sis involved calculating both the total number and 
the cumulative length of the tubular networks 
formed which included the sum of all segments 
and branches within the observed area.

Analyses of secretome

To obtain the secretome from HBMEC subjected 
to NG or HG, the respective culture media were 
collected and condensed by filter centrifugation 
as per the manufacturer’s instructions (Amicon 
Ultra-15 Centrifugal Filter Units, Merck Group, 
Darmstadt, Germany). In some experiments, 

pericytes were treated with the condensed secre-
tomes for 24 hours prior to evaluation of peri-
cyte cytokine expression using proteome 
profiler kit.

Protein profiler assays

To analyze the contents of endothelial cell secre-
tome and cytokine profile of pericytes subjected 
to HBMEC secretome, a proteome profiler 
human angiogenesis array kit (R&D systems, 
Minnesota, United States) and a human cytokine 
array kit (R&D systems, Minnesota, United 
States) were used as per the manufacturers’ 
instructions. While the former concomitantly 
assesses 55 proteins and the latter assesses 103 
cytokines.

Statistical analysis

The data are presented as mean ± SEM from at 
least three independent experiments. Statistical 
analyses involved unpaired Student’s t-test for 
two-group comparisons and one-way or two- 
way ANOVA for multiple group comparisons, 
followed by Tukey’s test for post-hoc analysis. 
GraphPad Prism 9 was used for all statistical 
analyses. p < 0.05 was considered as statistically 
significant.

Results

Impact of hyperglycaemia on blood-brain barrier 
integrity and function

Scrutiny of the effects of HG on BBB integrity 
over three days led to marked disruptions in 
integrity at 48 and 72 h as ascertained by 
decreases in TEER compared to the values 
obtained from BBB subjected to NG or 
D-mannitol (Figure 1a). Studies assessing the 
effect of HG on BBB function showed significant 
increases in paracellular flux of a low molecular 
weight (NaF, 376 Da) but not a high molecular 
weight permeability marker EBA (67 kDa) com-
pared to NG and D-mannitol groups 
(Figure 1b,c).
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Effect of hyperglycaemia on subcellular localisation 
of zonula occludens-1 and actin filaments

To investigate whether disruptions in tight junc-
tional complex formation might account for the 
HG-mediated increases in BBB permeability, the 
subcellular localization of ZO-1, a key tight junction 
protein, was investigated in HBMECs subjected to 
HG, NG or D-mannitol. The ECs cultured under 
NG and D-mannitol conditions showed typical 
plasma membrane staining of ZO-1. The uniform 
ZO-1 localization in these conditions suggests that 
neither of these conditions disrupt the normal tight 
junctional organization. In contrast, HBMECs cul-
tured under HG conditions displayed a punctate and 
discontinuous staining on plasma membrane with 
visible gaps between cells (Figure 2a).

Similarly, to investigate the effects of high levels of 
glucose on actin cytoskeletal organization, HBMECs 
were subjected to HG for 24 and 72 h which led to 
time-dependent significant increases in actin stress 
fiber formation (Figure 2b,c). These changes were 
previously shown to be independent of increased 
osmolality.6

Impact of hyperglycaemia on tubulogenesis

Exposure of HBMECs to NG, HG or D-mannitol for 
72 h did not produce significant differences in tubule 
formation (Figure 3a), number of nodes (Figure 3b), 
number of junctions (Figure 3c), mesh area 
(Figure 3d), length of tubes formed (Figure 3e) and 
total segment length (Figure 3f).

Figure 1. Exposure of an in vitro model of human blood-brain barrier, consisting of brain microvascular endothelial cells, astrocytes and 
pericytes, to hyperglycemia (HG) for 24–72 h led to significant impairments in barrier integrity (a) compared to those exposed to 
normoglycaemia (NG) and D-mannitol. Although no differences were observed in paracellular flux of high molecular weight marker EBA 
across different experimental groups (b), the flux of low molecular weight marker sodium fluorescein (NaF) was higher (c) in HG group 
compared to both NG and D-mannitol groups. Data are expressed as mean±SEM from six independent experiments. ***p < 0.001 
compared to HG group.
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Impact of hyperglycaemia on angiogenic 
components

Comparative analyses of BMEC conditioned 
media obtained from cells subjected to NG or 
HG revealed significant increases in angiogenin, 
ET-1, basic fibroblast growth factor (bFGF) and 
interleukin-8 (IL-8) levels and a significant 
decrease in placental growth factor (PIGF) in the 
HG group. The levels of angiopoietin-2 (Ang-2) 
and vascular endothelial growth factor (VEGF) 
were similar in both groups (Figure 4). These 
results indicate that HG regulates the expression 
or availability of different angiogenic factors in 
a different manner.

Impact of endothelial cell secretome on pericytic 
cytokine expression

Pericytes incubated with the secretome of HBMEC 
subjected to HG showed significant decreases in 

monocyte chemoattractant protein-1 (MCP-1), 
intercellular adhesion molecule-1 (ICAM-1) and 
IL-8 and an increase in macrophage migration 
inhibitory factor (MIF) levels compared to their 
counterparts incubated with the secretome of 
HBMEC subjected to NG. The levels of IL-6, plas-
minogen activator inhibitor-1 (PAI-1) and growth- 
regulated oncogene-β (GRO-β) remained 
unchanged in both groups (Figure 5). These find-
ings reflect the complex alterations in cytokine 
expression in pericytes under hyperglycemic 
influence.

Discussion

The burgeoning epidemic of diabetes poses 
a significant threat to global health. It is expected 
that the number of individuals affected by diabetes 
will be well above 600 million by 2040.23 

Particularly alarming is the high incidence of dia-
betes among stroke patients.24 Given the worse 

Figure 2. Treatment of human brain microvascular endothelial cells with high glucose (HG) leads to disappearance of tight junction 
protein, zonula occludens-1 from plasma membrane (a) and increases actin stress fiber formation in a time-dependent manner (b-c) 
compared to cells subjected to normoglycaemia (NG) or equimolar concentrations of D-mannitol. Scale bars: 100 μm for ZO-1 and 20  
μm for actin microfilament staining. All images were captured using 20× magnification. ****p < 0.001 compared to HG group.

TISSUE BARRIERS 5



stroke outcome in diabetics, a critical examination 
of the relationship between diabetes and stroke is 
imperative. As the majority of stroke patients die 
from the brain edema within the first week of 
stroke, it is particularly important to explore the 
impact of HG on the function and integrity of the 
BBB and identify mechanisms involved in HG- 
mediated breakdown of the BBB. In this regard, 
this study paid a particular attention to tight 

junctional distribution of ZO-1, BMEC tubulogenic 
capacity and the changes in EC secretome that are 
likely to affect cerebrovasculature directly or 
through their impact on other BBB-forming cells, 
notably pericytes. Hence, the study specifically 
explored whether, and how, EC secretome may 
alter cytokine profile of pericytes.

Our initial studies aiming to consolidate the 
deleterious effect of HG on BBB has shown that 

Figure 3. Human brain microvascular endothelial cells subjected to hyperglycemia (HG), normoglycaemia (NG) or D-mannitol did not 
show significant difference in their angiogenic capacity as evidenced by similarities in morphology (a), the number of junctions (b), 
number of branching points (c), mesh area (d), total length (e) and total segment length (f). Data are expressed as mean±SEM from six 
independent experiments. The tubules were visualized using 10× magnification.

6 A. HASHMAT ET AL.



HG compromises the BBB integrity after 2 days of 
incubation which worsened on day 3. This HG- 
mediated disruption of the BBB is likely to have 
profound implications for patients with diabetes 
who manifest chronic HG.25 As disruption of BBB 
can heighten the risk of hemorrhagic transforma-
tion after thrombolytic therapy and exacerbate cer-
ebral injury and inflammation, the maintenance of 
BBB integrity is regarded as a key step in stroke 
management.26 Observation of specific increases in 
paracellular flux of NaF (367 Da) alone in the pre-
sent study suggests that HG elicits relatively small 
openings between neighboring endothelial cells 
which hinder the passage of high molecular weight 

molecules as evidenced by EBA (67 kDa) studies. 
A size-dependent flux in response to HG has also 
been reported in co-cultures established with 
hCMEC/D3, an immortalized BME cell line and 
astrocytes where low (4–10 kDa) but not high 
molecular weight dextran (70kDa) traveled across 
the barrier.27

To elucidate whether structural impairments in 
tight junctions may in part account for diminished 
TEER, this study investigated the subcellular loca-
lization of ZO-1 and revealed a discontinuity in its 
plasma membrane localization. ZO-1 is an essential 
component of the tight junction complex, playing 
a pivotal role in maintaining the integrity of the 

Figure 4. Analysis of angiogenic factors in human brain microvascular endothelial cells subjected to hyperglycemia (HG) or 
normoglycaemia (NG) revealed significant alterations in the levels of angiogenin, endothelin-1, basic fibroblast growth factor 
(bFGF), interleukin-8 (IL-8) and placental GF (PlGF) but not angiopoietin-2 (ang-2) and vascular endothelial GF (VEGF). Data are 
expressed as mean±SEM from three independent experiments. **p < 0.01 compared to HG group. ***p < 0.001 compared to HG group.

Figure 5. Analysis of cytokine profile in pericytes subjected to secretome obtained from human brain microvascular endothelial cells 
treated with hyperglycemia (HG) or normoglycaemia (NG) revealed significant alterations in the levels of monocyte chemoattractant 
protein-1 (MCP-1), intercellular adhesion molecule-1 (ICAM-1), interleukin-8 (IL8) and macrophage migration inhibitory factor (MIF) but 
not growth regulated oncogene-beta (GRO), IL6 and serpin. Data are expressed as mean±SEM from three independent experiments. 
***p < 0.001 compared to HG group.
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BBB by forming connections between transmem-
brane proteins and the actin cytoskeleton.28 The 
prominent role of ZO-1 in restricting molecular 
exchange between blood and the brain parenchyma 
confirms its status as a critical marker of BBB 
function. It is noteworthy here that changes in 
subcellular localization of other tight junction pro-
teins, notably claudins and occludin as well as vas-
cular endothelial (VE)-cadherin, an endothelial 
specific adhesion molecule located at junctions 
between endothelial cells may also contribute to 
the HG-induced barrier disruption. Despite 
a marginal transient increase in VE-cadherin 
expression in hCMEC/D3 after a short exposure 
(~3 h) to hyperglycemia,27 longer exposures to 
HG leads to internalization of VE-cadherin and 
promotes BBB dysfunction.29 Morphological 
changes stemming from microfilament reorganiza-
tion may also contribute to HG-induced BBB dys-
function. In this study, HBMEC grown under NG 
displayed a cortical actin filament distribution, 
whereas those subjected to HG had an elongated 
and cuboidal appearance and developed stress 
fibers traversing the cells. The cortical actin bands 
participate in the formation and stabilization of 
intercellular junctions and therefore play a critical 
role in control of the paracellular flux. In contrast, 
stress fibers generate a tensile centripetal force by 
which pull junctional proteins inward, breakup 
junctions and thus form inter-endothelial cellular 
gaps.30,31

Angiogenesis, the formation of blood vessels 
from preexisting ones, is a process induced by var-
ious growth factors, integrins, and enzymes. Under 
normal circumstances, angiogenesis is required to 
supply tissues with sufficient quantities of oxygen 
and nutrients. Stimulation of EC detachment from 
basement membrane initiates the process which is 
then spurred on by cell proliferation and 
migration.32,33 Using the tube formation assay, 
exploiting ECs’ natural propensity to form vessel- 
like structures on reduced matrigel,34 no significant 
changes in tubulogenic capacity were observed in 
BMEC exposed to HG, NG or D-mannitol. This 
was evidenced by the similarities in indicators of 
vascular branching (the number of nodes and junc-
tions) and network complexity (the lengths of the 
tubular structures). Taken together these findings 
corroborate the notion that EC metabolism rather 

than HG per se determines the extent of EC respon-
siveness to growth factors and angiogenic 
phenotype.35 Differences in the intensity and long-
evity of stress as well as in EC characteristics 
(immortalized vs primary cell lines) may distinctly 
affect EC metabolism and account for some of the 
differences previously reported in angiogenic 
response (enhanced or impaired) to HG.36 This 
also sheds some light on unaltered tubulogenic 
activity observed in this study despite increases in 
various promoters of angiogenesis, namely bFGF, 
ET-1, angiogenin, angiopoietin-2 (Ang-2) and IL-8.

The collection of molecules secreted by cells into 
the culture media, aka the secretome, influences the 
cellular microenvironment and cell-to-cell 
communication.11 Changes in the composition of 
secretome can provide insights into cellular 
responses to different stimuli. Considering the 
complexity of the EC secretome and its responsive-
ness to both endogenous and external factors, the 
present study probed the impact of HG and NG on 
BMEC secretome. Given the exaggerated release of 
reactive oxygen species and proinflammatory cyto-
kines in hyperglycemic settings, this was of parti-
cular importance.37

Elevations in angiogenin and Ang-2 in hypergly-
cemic secretome suggest that BMECs attempt to 
maintain vascular equilibrium despite metabolic 
challenges. Angiogenin is a secreted ribonuclease 
that promotes new blood vessel formation while 
Ang-2 plays a crucial role in EC physiology, angio-
genic function and vascular stability. Similarly, 
increases observed in bFGF, that regulate morpho-
genesis, cell growth and tissue repair, may also be 
an adaptive response to hyperglycemic stress. By 
synthesizing and storing bFGF intracellularly and 
incorporating it into the extracellular matrix, ECs 
ensure as to the contribution of bFGF to angiogenic 
processes as/when required. However, increased 
availability of bFGF is also coupled to the vascular 
complications in type 2 diabetic rats, indicating the 
complexity of mechanisms involved in vascular 
homeostasis in hyperglycemic settings.38 The con-
comitant increases observed in IL-8 secretion in 
BMEC subjected to HG in this study corroborates 
this notion. Besides being a potent promoter of 
angiogenesis, IL-8 is also an inducer of vasocon-
tractile, proinflammatory, chemotactic and matrix- 
degradative responses.39 Neutralisation of nitric 
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oxide, the most prominent endogenous vasodilator, 
represents the main cause of ET-1-mediated vascu-
lar contractility.40 Albeit needs confirming, 
increases in protein kinase C activity and ET-1 
mRNA may somewhat explain HG-mediated ET-1 
overexpression in BMECs.41

Contrary to the abovementioned agents, no dif-
ference was observed in VEGF expression between 
the secretomes of BMEC subjected to NG or HG. 
Although a correlation between VEGF overexpres-
sion and elevated TEER stemming from upregula-
tion of ZO-1 transcript and protein has been 
reported,42 VEGF overexpression is also associated 
with BBB leakage, cerebral hemorrhage and 
increased infarction volume. Discontinuous plasma 
membrane localization of ZO-1 in the current 
study somewhat suggests inability of VEGF to 
modulate ZO-1 availability in hyperglycemic set-
tings. Decreases in the levels of PlGF, a member of 
the VEGF subfamily that contributes to angiogen-
esis and vasculogenesis especially during embryo-
nic development, may add some weight to this 
notion.43 As alluded above, the impact of glucose 
on VEGF expression is far from being universal. 
For instance, human plasma VEGF levels were 
reported to increase and decrease in response to 
hyperglycemia and hypoglycemia, respectively. 
This may constitute a neuroprotective mechanism 
and maintain a constant rate of glucose influx to the 
brain.44 However, both hyperglycemia and hypo-
glycemia have been shown to induce VEGF expres-
sion at 24 h in hCMEC/D3.27 It is of note that 
despite retaining structural and functional aspects 
of primary human BMEC over some passages, these 
immortalized cells do not express specific tight 
junction molecules and transporters to the same 
extent as primary cells.45,46 Furthermore, while pri-
mary cells in culture conditions change their phe-
notype and go into senescence after a certain 
number of passages, immortalized cells can, in the-
ory, proliferate indefinitely.47 These functional dif-
ferences may somewhat explain some of the 
differences seen in primary and immortalized 
human BMECs.

As indicated above, endothelium-derived agents 
influence vasculature directly and through their 
effect on the surrounding cells. Amongst all other 
cells present in microcirculation, pericytes are of 
particular importance. Because, they contribute to 

the maintenance of the BBB, regulate cerebral 
blood flow and control immune cell entry to the 
central nervous system.12 Pericytes wrap around 
the ECs and communicate with them through this 
physical contact as well as via paracrine signaling. 
Bearing this in mind, the present study examined 
the specific impact of EC secretome obtained from 
cells exposed to NG or HG on pericytic cytokine 
profile which are implicated in various neurovas-
cular disorders.48 This revealed significant 
decreases in MCP-1, ICAM, IL-8 and elevations in 
MIF in pericytes exposed to secretome obtained 
from hyperglycemic BMEC. Taken together these 
changes imply that hyperglycemic conditions can 
shift the balance toward impaired fibrinolysis, 
potentially aggravating tissue damage, neuroin-
flammation and the risk of thrombus formation 
after a stroke.49

Intriguingly, the expression of MCP-1, 
a chemokine that plays a key role in monocyte 
recruitment, was found to be lower in pericytes 
cultured in hyperglycemic EC secretome. This 
may attenuate recruitment of monocytes to the 
site of vascular damage and somewhat explain the 
perturbed immune responses and vascular func-
tions reported in diabetics.50 Concurrent decreases 
induced in pericyte IL-8 and ICAM expressions by 
hyperglycemic EC secretome may further add to 
impairments in host defense and provide 
a mechanistic understanding for the prolonged 
infections or suboptimal tissue repair in patients 
with diabetes.51,52 Although the reason for the dif-
ference observed in pericyte and EC IL-8 expres-
sion is currently unknown, this may simply arise 
from few counter-regulatory mechanisms exist 
between the two cell types. The increase in the 
levels of MIF and serpin E1 in pericytes treated 
with secretome of BMEC exposed to HG support 
the hypothesis that the interactions amongst a large 
number of vasoactive elements capable of affecting 
vascular integrity and function as well as angiogen-
esis and inflammation ultimately determine the 
integrity and function of BBB in physiological and 
pathological settings.48,53,54

There are some limitations to the study. Firstly, 
this is an in vitro study using an experimental 
model of human BBB and employing a single con-
centration of high glucose for 72 h. These naturally 
cannot replicate the in vivo conditions where the 
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BBB is also affected by a variety of physiological 
and circulatory elements such as shear stress, hor-
mones, minerals, vitamins, growth factors, cyto-
kines, etc and the level of blood glucose may vary 
dramatically. Besides, the experimental model lack-
ing neurons cannot fully replicate the complexity of 
the neurovascular unit in vivo. As we had pre-
viously studied the impact of glycemic control on 
the BBB,7,55 this study did not focus on this aspect. 
However, a significant proportion of patients with 
diabetes would be on some sort of glycemic treat-
ment. It is of note that use of three-dimensional 
dynamic models, enabling better intercellular inter-
actions that more closely resemble in vivo behavior, 
may address some of the issues associated with 
static models of BBB. Ultimately, well-thought 
in vivo studies considering the abovementioned 
limitations in their design are needed to establish 
translational relevance of the findings generated in 
laboratory studies.

In conclusion, the present study provides some 
evidence as to how HG impacts the communication 
between BMEC and pericytes at a secretory level 
and provides some mechanistic understanding for 
the HG-mediated BBB damage, paying a particular 
attention to tight junctional formation and EC 
tubulogenic capacity.
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