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Smooth muscle-generated methylglyoxal
impairs endothelial cell-mediated
vasodilatation of cerebral microvessels in
type 1 diabetic rats
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BACKGROUND AND PURPOSE
Endothelial cell-mediated vasodilatation of cerebral arterioles is impaired in individuals with Type 1 diabetes (T1D). This defect
compromises haemodynamics and can lead to hypoxia, microbleeds, inflammation and exaggerated ischaemia-reperfusion
injuries. The molecular causes for dysregulation of cerebral microvascular endothelial cells (cECs) in T1D remains poorly defined.
This study tests the hypothesis that cECs dysregulation in T1D is triggered by increased generation of the mitochondrial toxin,
methylglyoxal, by smooth muscle cells in cerebral arterioles (cSMCs).

EXPERIMENTAL APPROACH
Endothelial cell-mediated vasodilatation, vascular transcytosis inflammation, hypoxia and ischaemia-reperfusion injury were
assessed in brains of male Sprague-Dawley rats with streptozotocin-induced diabetes and compared with those in diabetic rats
with increased expression of methylglyoxal-degrading enzyme glyoxalase-I (Glo-I) in cSMCs.

KEY RESULTS
After 7–8 weeks of T1D, endothelial cell-mediated vasodilatation of cerebral arterioles was impaired. Microvascular leakage,
gliosis, macrophage/neutrophil infiltration, NF-κB activity and TNF-α levels were increased, and density of perfused microvessels
was reduced. Transient occlusion of a mid-cerebral artery exacerbated ischaemia-reperfusion injury. In cSMCs, Glo-I protein was
decreased, and the methylglyoxal-synthesizing enzyme, vascular adhesion protein 1 (VAP-1) and methylglyoxal were increased.
Restoring Glo-I protein in cSMCs of diabetic rats to control levels via gene transfer, blunted VAP-1 and methylglyoxal increases,
cECs dysfunction, microvascular leakage, inflammation, ischaemia-reperfusion injury and increased microvessel perfusion.

CONCLUSIONS AND IMPLICATIONS
Methylglyoxal generated by cSMCs induced cECs dysfunction, inflammation, hypoxia and exaggerated ischaemia-reperfusion
injury in diabetic rats. Lowering methylglyoxal produced by cSMCsmay be a viable therapeutic strategy to preserve cECs function
and blunt deleterious downstream consequences in T1D.

Abbreviations
cECs, cerebral microvascular endothelial cells; cSMCs, cerebral microvascular smooth muscle cells; Glo-I, glyoxalase-I; STZ,
streptozotocin; T1D, Type 1 diabetes; VAP-1, vascular adhesion protein-1
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Introduction
Type 1 diabetes mellitus (T1D) is the syndrome that arises in
children and adolescents when insulin-producing beta cells
of the pancreas are destroyed by their immune system
(American Diabetes Association, 2010). Although a wide
variety of forms of exogenous insulin is available to assist in
the regulation of blood glucose in T1D to near physiological
levels before and after meals (Pickup, 2015), tight glycaemic
control for some is usually not achieved on a daily basis due
to fears of hypoglycaemia. One of the consequences of this
inadequate control is functional deterioration of the vascula-
ture in end organs (Petitti et al., 2009).

The brain is one of the organs whose function is negatively
affected by chronic or long-term hyperglycaemia.
Longitudinal, cross-sectional studies and meta-analyses over
the past decade have confirmed declines in motor speed and
psychomotor efficiency in individuals with chronic or long-
term T1D (Biessels and Reijmer, 2014; Moheet et al., 2015).
These deficits are independent of hypoglycemia but correlate
positively with microvascular complications, higher levels of
haemoglobin A1C, oxidative stress and inflammation (Wessels
et al., 2006; Kodl et al., 2008; Biessels and Reijmer, 2014;Moheet
et al., 2015). Adults with chronic or long-term T1D are alsomore
likely to have microbleeds in brains and a stroke with long
recovery times than non-diabetic adults (Biessels and Reijmer,
2014; Woerdeman et al., 2014). The latter has been attributed
in part to impaired microvascular perfusion and hypoxia,
and/or disruption of microvessels and neurovascular units
(Gilman 2006; Jackman and Iadecola, 2015).

Even before cognitive decline and/or a stroke occur, endo-
thelial cell (EC)-mediated dilator response of cerebral arteri-
oles becomes compromised (Mayhan, 1989; Fujii et al.,
1992; Brands et al., 2004). This early defect is thought to arise
from increased generation of ROS that reduces the bioavail-
ability and/or production of the EC-derived relaxing factor
NO (Shi and Vanhoutte, 2009). This surge in ROS in T1D
has been attributed to increases in expression and/or activi-
ties of ROS-producing enzymes (NADPH oxidase, cyto-
chrome P-450, xanthine oxidase, cyclo-oxygenase and NO
synthase) and/or a decrease in the activities of ROS-degrading
enzymes (Shi and Vanhoutte, 2009; Tomanek, 2015).

Recently, it was found that at supraphysiological concen-
trations, monocarbonyl and dicarbonyl species generated
from glucose and fatty acid degradation can augment ROS

production in cells by perturbing intracellular Ca2+ homeo-
stasis and disrupting the electron transport chain of mito-
chondria (Pun and Murphy, 2012; Alomar, 2014). The most
potent and best studied of these ROS-stimulating or amplify-
ing species is methylglyoxal (MG) (Baynes and Thorpe, 1999;
Pun and Murphy, 2012; Shao et al., 2012). In all mammalian
cells, methylglyoxal is constitutively generated, in high
nanomolar or low micromolar amounts, from polyol path-
way fluxes and oxidation of fatty acids, and it regulates a
diverse array of cellular and physiological functions, includ-
ing cell differentiation, proliferation, metabolism, apoptosis,
anxiety, seizures and sleep (Hovatta et al., 2005; Distler et al.,
2012; Distler et al., 2013; Jakubcakova et al., 2013). In T1D,
methylglyoxal production increases, and it is assumed that
the increase in blood methylglyoxal (Han et al., 2007) is
responsible in part for the dysregulation of ECs in the vascu-
lature of end organs, including the brain. However, to the best
of our knowledge, the concentration of methylglyoxal in
blood of patients and animals with T1D, typically ≤2 μM
(Han et al., 2007), is significantly lower than the concentra-
tions (well over 10μM) needed to potentiate mitochondrial
ROS production, perturb intracellular Ca2+ homeostasis and
impair endothelial function in vitro (Dhar et al., 2010, Shao
et al., 2012). Moreover, erythrocytes contain high levels of
the rate-determining methylglyoxal-degrading enzyme
glyoxalase-I (Glo-I), and its cofactor reduced GSH (Sakhi
et al., 2013; Mohanty et al., 2014) that rapidly degrade this
diffusible electrophile and prevent its accumulation. This
discrepancy led us to search for non-blood sources of
methylglyoxal that could be responsible for dysregulation of
ECs in T1D.

Vascular adhesion protein-1 (VAP-1, AOC3, EC 1.4.3.21)
is best known as an inflammation-induced adhesin that is
up-regulated on high endothelial venules to aid in the extrav-
asation of leukocytes from the blood into tissues (Salmi and
Jalkanen, 2001). A less sialylated, but more glycosylated
variant of VAP-1, is also expressed on the membrane of
smooth muscle cells (SMCs) where it functions as a Cu2+

amine oxidase enzyme that deaminates the glycine and thre-
onine metabolite aminoacetone to produce methylglyoxal
(Jaakkola et al., 1999). Earlier, Bono et al. (1999) reported
increased VAP-1 in SMCs of peripheral organs in non-obese
T1Dmice.Wu and colleagues found that SMCs grown in high
glucose can generate methylglyoxal (Liu et al., 2011). Nagaraj
and colleagues also found that feeding-control rats with
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aminoacetone increased methylglyoxal in aortic SMCs
(Mathys et al., 2002). The present study was designed to
determine if (i) VAP-1 and methylglyoxal production are also
up-regulated in cerebral microvascular smooth muscle cells
(cSMCs) of rats with diabetes induced by streptozotocin
(STZ) that develop cerebral vascular complications
comparable to those seen in T1D patients, and whether (ii)
methylglyoxal produced by cSMCs would impair the
functions of cerebral microvascular ECs (cECs) in cerebral
arterioles in a rat model of T1D.

Methods

Synthesis of methylglyoxal
MG was synthesized using a modification of a procedure de-
scribed earlier (Nemet et al., 2004). Briefly, Dowex 50 X 8 H+

ion exchange resin (5 g), methylglyoxal 1, 1-dimethyl acetal
(20 mL, 165) and water (300 mL) were refluxed for 1.5 h at
100°C. At the end of the reaction, unreacted methylglyoxal 1,
1-dimethyl acetal and methanol were removed from the mix-
ture using low pressure distillation (~20 mmHg with Vigreux
column, 19 × 1.5 cm). methylglyoxal was removed from the
ion exchange resin by filtration, and water was removed by
freeze-drying to afford a light pale yellow liquid (160 mL, yield
of 60%). 1H NMR and 13C NMR spectroscopy in deuterated
water (D2O) confirmed the structure of methylglyoxal (Nemet
et al., 2004). The concentration of methylglyoxal was deter-
mined via titration with commercially available Glo-I standard
(1 unit of Glo-I will react with 1.0 μmol of methylglyoxal to
form 1.0 μmol of S-lactoylglutathione).

Construction of adeno-associated viruses
Rat Glo-I (cat# RN208083, Origene, Rockville MD) was cloned
into pZac 2.1 (a gift from Dr. Tsuneya Ikezu, Boston Univer-
sity MA) using Nhe1 and Xho1. The plasmid was transformed
into the DH5α cells using heat shock and plated onto Luria-
Bertani (LB) agar plate containing ampicillin. The next day,
single ampicillin-resistant colonies were isolated and grown
in LB broth for 24 h. Plasmid DNA was isolated from each
colony using a Mini Prep kit according to the manufacturer’s
instructions (Qiagen, Valencia, CA, USA). Restriction enzyme
mapping with Nhe1 and Xho1 and DNA sequencing
confirmed the clones of interest. Clones of interest were
amplified in LB broth (2 L) overnight and plasmids were
isolated using Maxi Prep kits and sent to the University of
Pennsylvania Vector Core facility for construction of viruses.
The University of Pennsylvania Vector Core Facility created,
harvested and purified rAAV2/9 containing Glo-I driven with
(AAV2/9 Endo-Glo-I) and GFP driven control of the
endothelin-1 promoter (AAV2/9-GFP) under the Gene Ther-
apy Resource Program, GTRP 1053.

Induction, verification and treatment of T1D
All animal care and experimental procedures for this study
adhered to the Guide for the Care and Use of Laboratory
Animals and were approved by the Institutional Animal Care
and Use Committee, University of Nebraska Medical Center.
Animal studies are reported in compliance with the ARRIVE
guidelines (Kilkenny et al., 2010; McGrath & Lilley, 2015).

T1D was induced in anaesthetised male Sprague–Dawley
rats using a single intravenous injection of STZ (vein under
the tongue, 45 mg·kg�1 in 0.1 mL in citrate buffer pH 4.5).
Aminals with blood glucose >15 mM were considered
diabetic. Control animals were injected with same volume
of citrate buffer only. Details of the procedures have been
previously published (Shao et al., 2011; Shao et al., 2012).

Treatment protocol
One week after STZ injection, diabetic rats were randomly

divided into four groups. The first group received a single in-
travenous injection of AAV2/9-Endo-Glo-I (1.7 × 1012 viron
particles·kg�1 in sterile physiological saline solution (PBS),
Dia-Endo-Glo-I), the second group was injected with
AAV2/9-Endo-eGFP (Dia-GFP), a third group was injected
daily with 6–10 U·kg�1 of NPH insulin for 2 weeks, starting
5–6 weeks after STZ injection (Dia-Ins), and a fourth group
remained untreated for the duration of the 7–8 week study
(Dia group). Rats injected with citrate buffer only (Con group)
were divided into three groups 1 week after injection. The
first and second groups were injected with AAV2/9-Endo-
eGFP (Con-GFP) and AAV2/9-Endo-Glo-I (Con-Endo-Glo-I),
respectively, and the third group remained untreated (Con)
for the duration of the study. Figure 1 details the experimen-
tal procedure along with the experiments.

Overnight nest construction
The overall well-being of Con, Dia, Con-GFP, Con-Endo-Glo-
I, Dia-GFP, Dia-Endo-Glo-I and Dia-Ins groups of rats were
assessed at the end of the 7- 8-week study protocol using over-
night a nest construction assay (Deacon, 2012). For this, rats
were transferred to clean, dry cages 2 h prior to start of the
dark cycle. A piece of cotton (11 ± 0.5 g cotton, PetCo San
Diego, CA) was placed in a corner of each cage. Next day, a
5-point scale was used to assess overnight and score nest con-
struction: shredding and movement of <10% of cotton to
centre of cage = 1; shredding and movement of ~25% cotton
to centre of cage = 2; shredding and movement of ~50% to
the centre of cage = 3; shredding and movement of ~75% of
cotton to the centre of cage = 4; shredding and movement
of 100% to the middle of cage = 5.

Vasodilatation of cerebral arterioles
At the end of the 7- 8-week protocol, craniectomies were
performed on isoflurane-anesthetized Con, Con-GFP, Cont-
Endo-Glo-I, Dia, Dia-GFP and Dia-Endo-Glo-I rats over the
left parietal cortex to visualize the cerebral microcirculation
(Arrick et al., 2011). The cranial windows were suffused with
artificial cerebrospinal fluid (ACF) (124 mM NaCl, 3 mM
KCl, 2 mM CaCl2, 2 mM MgCl2, 1 mM NaH2PO3, 26 mM
NaCO3 and 5mM glucose, pH of 7.3–7.5 at 37 degrees C) bub-
bled prior with 95%O2 and 5%CO2. Changes in diameter of a
cerebral arteriole identified in the window (see insert between
Figure 2C and D) in response to the endothelial NO synthase
(eNOS)-activating ligand, adenosine-5-diphosphate (ADP)
(1 × 10�5 and 1 × 10�4 M) and the eNOS-independent ligand,
nitroglycerin (1 × 10�6 and 1 × 10�5 M) were determined
using a video edge imaging system (Instrumentation for
Physiology and Medicine, San Diego, CA).

Cranial windows were also prepared in a second group of
Con rats and suffused with ACF containing 25 μM
methylglyoxal for 30 min. After this time, the vasodilator
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response of the cerebral arteriole to ADP (1 × 10�5 and
1 × 10�4 M) or nitroglycerin (1 × 10�6 and 1 × 10�5 M) were
measured using video imaging.

Cerebral ischaemia-reperfusion injury
Transientmiddle cerebral artery (MCA) occlusion was utilized
to assess ischaemia-reperfusion insults and neurological
scores using the procedure described earlier without modifi-
cation (Zhao et al., 2008). For this, rats were anaesthetized
with ketamine/xylazine. Anaesthesia was maintained with
isoflurane (4%) in a gas mixture containing 30%
oxygen/70% nitrogen via a nose cone. Rectal temperature
was maintained at 37°C using a temperature controlled
heating pad (TC-1000 Temperature Controller, CWE). A
Laser–Doppler flow probe (PeriFlux System 5000, Perimed)
was attached to the right side of the dorsal surface of the skull
(2 mm caudal and 5 mm lateral to the Bregma) to monitor re-
gional cerebral blood flow (rCBF). A 10-0 monofilament ny-
lon suture was prepared by rounding its tip and coating
with silicon. The right common and external carotid arteries
were exposed and ligated. The MCA was occluded by
inserting the filament from the basal part of the external
carotid artery and advancing it cranially into the internal
carotid artery to the point where the MCA branched off from
the internal carotid artery. The onset of the MCA occlusion
was determined by a rapid drop in rCBF. After this, the right
MCA was occluded for 90 min, and reperfusion was initiated
by removing the suture. The rats were allowed to recover for
24 h in the laboratory, and neurological deficit scores were
assessed using the criteria detailed in Table 1 (Zhao et al.,
2008). After this, the rats were anaesthetized with sodium
thiobutabarbital (100 mg·kg�1) and decapitated. Brains were
quickly removed and placed in ice-cold sterile saline for

5 min and cut into six 2-mm coronal sections. Sections were
stained with 2% 2,3,5-triphenyltetrazolium chloride. Images
were digitalized, and the ischaemic lesions were quantified
using Kodak Molecular Imaging Software. Infarct lesions
corrected for cerebral oedema were expressed as percentage
of the contra-lateral hemisphere.

Microvessel perfusion and permeability
At the end of the study protocol, Con, Dia, Dia-Endo-Glo-I,
Dia-GFP and Dia-Ins groups of rats were injected i.p. with
heparin (100 unit·kg�1, i.p.); 5 min later, rats were anaesthe-
tized (100 mg·kg�1 sodium thiobutabital i.p.), and BSA
coupled to FITC (BSA-FITC, 50 mg·kg�1 in sterile PBS buffer)
was injected via a vein under the tongue (Carvey et al.,
2005); 10 min after BSA-FITC injection, animals were eutha-
nized and decapitated, and brains were quickly removed
and immersed in 4% paraformaldehyde for 16 hrs at 4°C.
Brains were then transferred to 4% paraformaldehyde/30%
sucrose solution for 24 h and then 30% sucrose solution for
24 h before storing at �80°C until analysed.

Cryoprotected brains were mounted using optimal tem-
perature cutting medium and cut coronally into 30 μm slices
from the olfactory bulb to the cerebellum on a cryostat and
mounted onto pre-cleaned glass slides. Slices were then
washed three times with 1X PBS to remove mounting me-
dium. Vectashield mounting medium with DAPI was then
added, and slides were cover slipped and sealed. Microscopy
(Zeiss ApoTome inverted fluorescence microscope or Zeiss
510 confocal microscope) was then conducted to determine
the density of microvessels perfused with BSA-FITC and im-
pairment in vascular permeability. For measurement of the
density of perfused microvessels, 200 X frames from three
adjacent sections (defined regions) in Bregma approximately

Figure 1
Overview of the experimental design for this study.
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�3.3 were used. A perfused vessel must contain BSA-FITC
(green) in a length of ≥40 μm. Branched vessels were counted
as one vessel. Impaired vascular permeability was detected
when BSA-FITC was present outside the confines of a
microvessel.

Immunohistochemistry on
paraformaldehyde-fixed brain sections
Immunohistochemistry was conducted on
paraformaldehyde-fixed brains (see above) for the astrocyte
marker protein, glial fibrillary acidic protein (GFAP). For this,
30 μm brain slices (Bregma �3.0 to �3.3 mm) were
rehydrated with 1X PBS and permeabilized using 0.1%
Triton-X 100 for 10 min at room temperature and blocked
with 10% normal goat serum for 1 h at room temperature.
After this, slices were washed three times with 1X PBS
(5 min) and incubated with anti-GFAP antibodies (1:100)
for 16 h at 4°C. At the end of the incubation, brain sections
were washed three times with 1X PBS and incubated in the
dark for 1 h with goat anti-mouse-Alexa Fluor 594 antibodies
(1:200) at room temperature. Slices were then washed three
times with 1X PBS. Vectashield mountingmediumwith DAPI
was then added, and slides were cover slipped and sealed.
Images were then taken using a Zeiss ApoTome inverted fluo-
rescence microscope A or Zeiss 510 Confocal microscope. The
number of activated astrocytes per 200 X frame was counted
manually without knowledge of the treatments (blinded).

Immunohistochemistry on paraffin-embedded
brain slices
At the end of the study protocol, a second set of Con, Dia
and Dia-Endo-Glo-I animals were injected i.p. with heparin
(100 unit·kg�1, i.p.); 3–5 min later, rats were anaesthetized
(100 mg·kg�1 sodium thiobutabital, i.p.), the chest cavity
was opened and animals were perfused intracardially with
100 mL of 1X PBS followed by 100 mL of 4% paraformalde-
hyde. After this, animals were decapitated, and brains were
removed and immersed in 4% paraformaldehyde overnight
at 4°C. Brains were then embedded in paraffin blocks, and
serial coronal 5μm sections were cut using a sliding micro-
tome. Brain sections were floated in a water bath at 38°C
and placed onto glass slides. Slides were then drained, dried
and stored at room temperature until use.

Immunohistochemical staining was conducted on
paraffin-embedded sections for the endothelial marker,
vWF, the SMC marker, smooth muscle actin (SM22α), Glo-I,
VAP-1, argpyrimidine (Arg, a surrogate marker for
methylglyoxal) in brain microvessels, and for macrophage,
neutrophils and microglia. For this, slides were heated in an
oven at 65°C for 2 h. Paraffin was then removed with xylene
(three changes, 10 min each) and rehydrated in decreasing
concentrations of ethanol (100, 100, 95, 70 and 50%, and dis-
tilled water, 3 min each). Antigens were retrieved by incubat-
ing slides in 0.01 M citric acid (pH 6.39) for 40 min at 95°C.
Sections were then cooled to room temperature for 20 min
and then blocked in 10% normal horse serum for 1 h at room
temperatureand incubated overnight at 4°C with the respec-
tive primary antibody combinations. Next day, sections were
incubated with the corresponding secondary Alexa Fluor
coupled antibodies or with HRP-coupled antibodies, followed

by 3,3-diaminobenzidine (for 2–5 min). Sections were then
washed with PBS and mounted with Prolong Gold Mountant
Anti-faid containing DAPI. Images were then taken with
either a Zeiss ApoTome inverted fluorescence microscope A
or Zeiss 510 Confocal microscope. A Nuance EXmultispectral
imaging system (Cambridge Research Instruments, Worburn,
MA) fixed to a Nikon Eclipse E800 and image analysis soft-
ware (Caliper Life sciences, Inc., a Perkin Elmer Company,
Hopkinton, MA) was used for quantitate changes of Glo-I,
vWF, VAP-1 expression and Arg level among different animal
groups according to an earlier procedure (Dash et al., 2011).
The number of activated microglia and macrophage and neu-
trophils was counted in three consecutive 200 X frames,
without knowledge of the treatments (blinded).

Determination of methylglyoxal levels
Methylglyoxal concentrations in serum and brain homoge-
nates from Con, Dia and Dia-Endo-Glo-I groups of rats were
determined using the procedure described earlier (Hasim
et al., 2014). Briefly, brain (Bregma�2.7 to�3.5, ~100mg), se-
rum (500 μL) and cerebral microvessels (50 mg, freshly
isolated) were placed in 3 X weight/volume of cold isolation
buffer containing 0.3 M sucrose, 10 mM histidine and
230 μM phenylethylsufonyl fluoride (dissolved in 100%
ethanol), pH 7.4, and placed on ice for 10–15 min to chill.
At the end of this time, samples were sonicated for 3 × 5 s
(15 s interval between sonication). The sonicated samples
were mixed with equal volumes of perchloric acid (5.0 M)
and placed on ice for 10 min. The samples were then
centrifuged in an Eppendorf 5417R centrifuge for 10 min at
1300 × g. Supernatants (50 μL) were then added to 150 μL of
0.1 M O-phenyldiamine in 1.6 M perchloric acid and allowed
to react overnight at room temperature in the dark. The reac-
tion product, 2-methylquinoxaline, was extracted with three
times with 2 mL each of chloroform, and water was removed
from the chloroform with anhydrous sodium sulfate (0.5 g).
Chloroformwas then removed from each sample using a gen-
tle stream of nitrogen. The dried samples were then resus-
pended in 500 μL methanol and analysed by HPLC (SCL-
Shimadzu 10 A) employing a Kinetex 5 μ C18 100R column
with a mobile phase consisting of methanol : water:
trifluoroacetic acid (52:48:0.1) at flow rate of 1 mL·min�1,
and wavelength of 312 nm to determine the amount of 2-
methylquinoxaline in each sample. A calibration curve using
commercially available 2-methylquinoxaline from 0.5 to
100 μM was used for the quantification. Reaction efficiency
and 2-methylquinoxaline recovery was 90%.

Methylglyoxal levels in the culture media of human brain
microvascular smooth muscle cells (ScienCell, Carlsbad, CA,
USA) grown in 5.5 mM and 25.0 mM glucose for 0, 6, 12 and
24 h were also assayed, using the procedure described above.

Glo-I activity
Glo-I activities in brain tissues and cerebral microvessels from
Con, Dia, Dia-Endo-Glo-I and Dia-GFP animals were deter-
mined spectrophotometrically (McLellan and Thornalley,
1989). Briefly, brain (Bregma�2.7 to�3.5, ~100mg) and cere-
bral microvessels (~50 mg) were placed in 300 μL of cold
isolation buffer (0.3 M sucrose, 10 mM histidine and
230 μM phenylethylsufonyl fluoride, pH 7.4) and placed on
ice for 10–15 min to chill. Samples were sonicated for 3 × 5 s
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(15 s intervals wait in between sonications) and centrifuged
for 10 min at 1300 × g, and protein concentrations in super-
natants were determined. In a 1 mL quartz cuvette, 250 μL
of 0.1 M NaPO4 buffer, pH 6.6, 233 μL of distilled water,
25 μL of 4 mM methylglyoxal and 50 μL of 2 mM reduced
GSH were mixed, and the absorbance at 240 nm was mea-
sured. Thereafter, 500 μg of brain homogenate or 100 μg cere-
bral vessel homogenate was added, solutions were mixed and
absorbance was recorded after 60 and 120 s at room tempera-
ture using a spectrometer (Smart Spec 3000, BioRad Inc, Bur-
lingame CA).

A standard curve was generated using commercially avail-
able Glo-I standard (1.63 units·ug�1) and used for quantifica-
tion. For this, 250 μL of 0.1 M NaPO4 buffer, pH 6.6, 233 μL of
distilled water, 25 μL of 4 mM methylglyoxal and 50 μL of
2 mM reduced GSH were mixed in a 1 mL quartz cuvette,
and absorbance was measured at 240 nm. Thereafter, Glo-I
(0, 0.5, 1.0, 1.5, 2 and 5 units) was added, and absorbance
changes were recorded after 60 and 120 s. Glo-I activity in
brain lysates was interpolated from Glo-I calibration curve.
One unit of enzyme corresponded to 1 μmol of S-
D-lactoylglutathione formed min�1·mg�1 protein.

GSH and enzymes that regulate GSH production
GSH was measured in brain lysates using a commercial kit
according to the manufacturer’s protocol (Oxis Research,
Portland, OR). Briefly, cut brain pieces (Bregma �2.7 to �3.5)
from Con, Dia and Dia-Endo-Glo-I animals were sonicated in
5% metaphosphoric acid and centrifuged at 4°C for 20 min
(3000 × g) to precipitate proteins. Supernatants from each group
of samples were collected, and total GSH [GSH + GSSG] was de-
termined by measuring the formation of 2-nitro-5-thiobenzoic
acid at 412 nm (25°C) in the presence of 5,5′-dithio-
bis-(2-nitrobenzoic acid), NADPH, GSH reductase and EDTA.
GSSG was also determined by derivatizing supernatants with
1-methyl-2-vinylpyridium trifluoromethane sulfonate and
assaying the derivatized samples as above for total GSH.
Standard curves for GSH and GSSG were constructed, and the
concentration of GSH was calculated by subtracting the GSSG
concentration from total GSH (GSH +GSSG).Measured concen-
trations of GSH and GSSG were expressed in μmol·L�1·mg�1

protein and as a ratio (GSH/GSSG).
GSH reductase and γ-glutamylcysteine ligase were also

measured in brain tissues from Con, Dia and Dia-Endo-Glo-I
animals. For GSH reductase activity, brain tissues were
homogenized in ice-cold Tris buffer (0.1 mol·L�1, pH 8.0,
with 2 mM EDTA) and centrifuged at 4°C (6000 × g) for
30 min as described earlier (Carlberg and Mannervik, 1995).
A 200 μL aliquot of the supernatant was added to a cuvette
containing KH2PO4 buffer (0.2 M, pH 7.0) plus 2 mM EDTA,
20 mM GSSG and 2 mmol·L�1 NADPH. The change in
absorbance at 340 nm was monitored for 5 min at 25°C using
a spectrophotometer. A milliunit (mU) of GSH reductase
activity was defined as the amount of enzyme catalysing the
reduction of 1 nmol NADPH min�1.

γ-Glutamylcysteine ligase activity was determined using
the method of Seelig and Meister (1995). Brain tissue homog-
enates were prepared as above, and a 50-μL aliquot of the su-
pernatant from each of Con, Dia and Dia-Endo-Glo-I animals
was added to a reaction mixture containing 0.1 M Tris buffer
and (in mM) 150 KCl, 5 Na2ATP, 2 phosphoenolpyruvate,

10 L-glutamate, 10 L-α-aminobutyrate, 20 MgCl2, 2 Na2-
EDTA, 0.2 NADH, 17 μg pyruvate kinase and 17 μg lactate de-
hydrogenase. The change in absorbance at 340 nm was mon-
itored for 5 min at 25°C, and γ-glutamylcysteine ligase
activity was expressed in milliunits, defined as the activity
converting 1 nmol of NADH to NAD min�1.

Measurement of TNF-α
Total RNA was extracted from brain tissues (Bregma �2.7 to
�3.5, ~100 mg) using Trizol and purified using the spin
column purification process, RNeasy Mini Kit according to
the manufacturer’s protocol (Qiagen; Germantown, MD).
RNA samples were treated with DNase I to remove any con-
tamination DNA. RNA concentrations and purity were mea-
sured at OD 260 and OD 280. Total RNA with OD260/OD280

greater than 1.8 (1 μg) were reverse-transcribed into cDNA
using MLV reverse transcriptase (Invitrogen Corporation,
Carlsbad, CA, USA) in 20 μL volume. cDNA of each sample
was used in Taqman real-time PCR to obtain the CT value for
TNF-α in anABI sequence detector (Applied Biosystems, Foster
City,CA,USA).The real-timePCR forβ-actinwas run inparallel
and served as the PCR control. Each sample was run in tripli-
cate in PCR to determine gene expression of TNF-α. Primers
used for TNF-α were 5′ ATG-AGC-ACT-GAA-AGC-ATG-AT
and 3′ CTC-FIG-ATG-GCA-GAG-AGG-AG (Integrated DNA
Technologies, Coralville, IA). Relative gene expression was
calculated from the CT values using the ΔCTmethod.

Western blot analyses
Cerebral microvessels were isolated from rat brains using the
method described by Kowaloff et al. (1980) with the excep-
tion that 50 μm nylon mesh filters were used to isolate
microvessels. Isolated microvessels were lysed, and Western
blot assays were conducted to determine steady state levels
of Glo-I, VAP-I and actin. Brain (Bregma�2.7 to�3.5) lysates,
prepared as described above, were also used to determine p-65
(NF-κB) and phospho-p65 (Ser536, NF-κB) levels using
Western blot assays.

Nitric oxide generation in ECs
ECs were isolated from the abdominal aorta and used for as-
sessment of ability to release the vasorelaxing factor NO. For
this, animals were anaesthetised, abdominal cavities were
opened and abdominal aortas were collected. A longitudinal
incision was made on each aorta and a cotton swab was used
to gently scrape the ECs and place then into polylysine-
coated dishes containing EC growth medium (Lonza, USA)
for 2 h. After this time, cells were incubated with 10 μM 4,5-
diaminofluorescein diacetate (DAF-2 diacetate; Sigma-
Aldrich) for 30 min and then washed three times with EC
growth medium to remove extracellular DAF-2-diacetate.
Cells were then placed on the stage of a Zeiss LSM 710 Meta
laser scanning microscope, with excitation at 488 nm, and
emissions were monitored at 516 nm, and basal DAF-2 fluo-
rescence was measured. Cells were then stimulated with ace-
tylcholine (10 μM), and images were taken every 1 s for
5 min for changes in DAF fluorescence. For some experi-
ments, ECs isolated from aortas were pretreated with 5 μM
of the eNOS inhibitor L-NG-nitroarginine methyl ester before
addition of acetylcholine. DAF-2 fluorescence was quantified
with Image J analysis software (http://rsbweb.nih.gov/ij/).
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Measurement of ROS by electron paramagnetic
resonance (EPR) spectroscopy
Freshly isolated cerebral microvascular vessels (≤50 μm in
diameter, 50 μg protein) were resuspended in Krebs-HEPES
buffer (in mM: 99.0 NaCl, 4.69 KCl, 2.5 CaCl2, 1.2 MgSO4, 25
NaHCO3, 1.03 KH2PO4, 5.6 D-glucose, 20 Na-HEPES) supple-
mented with metal chelators DETC (2 μM) and deferoxamine
(DF, 50 μM). Immediately after adding the spin probe 1-hy-
droxy-3-methoxycarbonyl-2, 2, 5, 5-tetramethylpyrrolidine
(CMH; 200 μM), microvessels were placed into 50 μL glass
capillary tubes. Using a Bruker E-scan EPR spectrophotometer
(Bruker BioSpin GmbH, Rheinstetten/Karlsruhe, Germany),
total ROS levels at 37°C were determined with the following
EPR settings: field sweep 60.0 G; microwave frequency
9.746 GHz; microwave power 21.90 mW; modulation
amplitude 2.37 G; conversion time 10.24 ms; time constant
40.96 ms.

Effects of methylglyoxal on viability of ECs and
SMCs
Human cECs (hcECs) and human cerebral microvascular
SMCs (hcSMCs; 1 × 106, ScienCell, Carlsbad, CA) were incu-
bated with varying concentrations of methylglyoxal
(1–1000 μM) for 24 h at 37°C. At the end of this time, cell vi-
ability was determined using MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) assay kit according to
the manufacturer’s instructions (EMD Millipore, Billerica,
MA). Western blots were also conducted for expression of
the claudin-5 and occludin in hcECs exposed to 25, 50 and
100 μM methylglyoxal.

Relative levels of Glo-I were also determined in hcECs
and hcSMCs. For this, cells were harvested in isolation
buffer (0.3 M sucrose, 10 mM histidine and 230 μM
phenylethylsufonyl fluoride, pH 7.4) and sonicated for
3 × 5 s (15 s intervals wait in between sonication). Samples
were then centrifuged for 10 min at 1300 × g. The superna-
tants were removed, and protein concentrations were
determined. Western blots were then conducted to
determine steady state levels of Glo-I protein.

Effects of methylglyoxal on mitochondrial ROS
production
The procedure described by Shao et al. (2012) was used with-
out modification. Briefly, hcECs were loaded with the
mitochondria-localizing probe MitoTracker Green (100 nM,
Life Technologies, Grand Island NY), followed by the
fluorogenic, mitochondria-targeted, ROS probe MitoSOX™

Red (2 μM), for 15 min each. After this, cells were washed
three times and placed on the stage of a Zeiss LSM 510 Meta
laser scanning microscope, with excitation at 488 nm to cap-
ture fluorescence images of MitoSOX Red. MitoTracker Green
was excited at 488 nm, and emissions were monitored at
516 nm. Methylglyoxal (30 μM) was then added, and images
were taken every 5 s for 10 min. For some experiments, bECs
were pretreated with manganese (III) tetrakis (4-benzoic acid)
porphyrin chloride (MnTBAP), a cell-permeable SODmimetic
for 30 min, and then, methylglyoxal was added. MitoSOX
Red fluorescence was quantified with ImageJ analysis
software (http://rsbweb.nih.gov/ij/).

Data and statistical analysis
The data and statistical analysis comply with the recommen-
dations on experimental design and analysis in pharmacol-
ogy (Curtis et al., 2015). Data shown are means ± SEM.
Differences among each of the seven groups of rats (Con,
Con-GFP, Con-Endo-Glo-I, Dia, Dia-GFP, Dia-Endo-Glo-I
and Dia-Ins) were evaluated using Prism GraphPad 6
(La Jolla, CA), using one-way ANOVA followed by
Bonferroni’s post hoc test to determine if there was signifi-
cant difference between control and diabetic rats and
whether these changes were attenuated with treatment.
Results were considered significantly different if P < 0.05
(95% confidence interval).

Materials
Primary antibodies were obtained from AbCam Inc,
Cambridge MA (von Willerbrand factor (vWF) sheep poly-
clonal, cat# ab11713; and smooth muscle actin α, SM22,
rabbit polyclonal, cat# ab14106, goat polyclonal, cat#
ab10135 and F4/80 (SP115), cat# MA5–16 363, IBA1 anti-
body, cat# ab5076), DAKO, Carpinteria, CA (vWF, rabbit
polyclonal, cat# A0082), JaiCA, Shizuoka, Japan
(argpyrimidine (MG surrogate), cat# JAI-MMG-030 N),
Santa Cruz Biotechnology Inc., Santa Cruz, CA (Glo-I anti-
bodies FL-184, rabbit polyclonal, cat# SC-67 351; VAP-1
antibodies, E-19, goat polyclonal, cat # sc-13 741; and actin
antibodies 1–19, goat polyclonal cat# SC-1616),
CalBiochem/EMD Bioscience, Billerica, MA (VAP-1 antibod-
ies TK8–14, mouse monoclonal, cat# OP190), Millipore,
Temecula, CA (anti-glial fibrillary acidic protein, GFAP,
rabbit monoclonal-GA5, cat# MAB3402), Invitrogen Life
Technologies, Grand Island NY (occludin, rabbit poly-
clonal, cat# 71–1500), Accurate Chemical and Scientific
Cooperation, Westbury, NY (polymorphonuclear neutro-
phil (PMN, cat# AIL395) and Cell Signaling Technologies,
Danves MA (NF-κB p65 cat #8242 and phospho-p65
(Ser536, NF-κB), cat#3031). Secondary antibodies were
obtained from Invitrogen Life Technologies (goat anti-
mouse IgG coupled to Alexa Fluor 594, cat# A-11 032;
chicken-anti-rabbit IgG coupled to Alexa Fluor 488, cat#
A-21 441; donkey anti-goat IgG coupled to Alexa Fluor
488 cat# A-11 055, donkey anti-goat IgG coupled to Alexa
594 cat# A11058; donkey-anti-sheep IgG coupled to Alexa
Fluor 594, cat# A-11 016), Santa Cruz Biotechnology, Inc.
Santa Cruz, CA (Donkey anti rabbit IgG-HRP, cat# sc-2305
Donkey anti goat IgG-HRP cat# sc-2304) and Vector Labo-
ratories, Burlingame, CA (Fluorescein rabbit anti-rat IgG
cat# FI-4000, and peroxidase-conjugated anti-mouse IgG).

BSA labelled with FITC (BSA-FITC, cat# A9771), 2,3,5-
triphenyltetrazolium chloride (cat# T8877), Dowex 50 X 8 H+

ion exchange resin (cat # 217492), methylglyoxal 1,1-dimethyl
acetal (cat# 170216), sodium thiobutabarbital (Inactin® cat#
T133), 3,4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT, cat# M2128) and Glo-I (cat# G4252–500, nitroglyc-
erin (cat # 146605) and adenosine-5-diphosphate (cat # 10905))
were obtained from Sigma-Aldrich (St Louis, MO, USA). 3,3 di-
aminobenzidine Substrate Kit was from (Vector Laboratories,
Burlingame, CA, cat# SK-4100). Neutral protamine hagedorn
(NPH) insulin was from Eli Lilly, Indianapolis, IN. All other
reagents used were of the highest grade commercially available.
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Results

Establishing that AAV2/9 targets cSMCs
Immunohistochemical and immunofluorescence assays were
first conducted to confirm that our custom-designed AAV2/9
virus exhibited selective tropism for SMCs in the cerebral
microvasculature of rats following a single intravenous
injection. Figure 2A shows that injecting Con rats with
AAV2/9-Glo-I leads to increased GFP fluorescence in cSMCs.
This green fluorescence did not overlap with the red
immunofluorescence of vWF, amarker for ECs, but it did with
SM22-α, a marker for SMCs. Similar results were seen in more
than 30 brain arterioles investigated from 5 rats. Having
established our AAV2/9 exhibited preferential tropism for
SMCs in the cerebral microvasculature (cSMCs) of rats, we
then used this custom-designed AAV2/9 to test our hypothe-
sis that methylglyoxal generated by cSMCs of cerebral
arterioles was dysregulating juxtaposed cECs.

General characteristic of animals used in the
study
The general characteristics of animals used for this study are
listed in Table 2. The results show that diabetic rats had sig-
nificantly elevated blood glucose and HbA1c levels, serum
thiobarbituric acids reactive substances, semicarbazide-
sensitive amine oxidase activity and serum and brain
methylglyoxal concentration. They also had significantly
lower body mass and blood insulin level. In Dia-Endo-Glo-I
and insulin-treated animals, these measured parameters were
partially restored.

Overnight nest construction
Nest building, which requires the complex interplay of atten-
tion, decision-making, motor function, and orofacial and
forelimb movement were used to assess overall well-being of
animals at the end of the study. After 7–8 weeks of diabetes,

the ability of rats to shred the cotton and create a nest in
the centre of the cage overnight was significantly compro-
mised (Figure 2B). Administering insulin for 2 weeks after 6
weeks of T1D to achieve a euglycaemic state, restored nest
construction capability (Figure 2B), indicating that impair-
ment in nest construction resulted from the hyperglycaemia
(T1D) and not from STZ toxicity. Administering a single dose
of AAV2/9-Endo-Glo-I 1 week after the onset of T1D (Dia-
Endo-Glo-I) preserved their ability to construct a nest over-
night. Diabetic animals injected with a single dose of
AAV2/9-GFP 1 week after the onset of T1D continued to show
impaired nest construction ability. Injection of AAV2/9-GFP
or AAV2/9-Endo-Glo-I in control rats had no effects on their
ability to construct nests.

EC-mediated vasodilatation of cerebral
arterioles
The responses of a cerebral arteriole to acute challenges
with ADP or nitroglycerin were used to discern between
impairment in EC-mediated vasodilatation and SMC-
mediated vasodilatation respectively. The specific arteriole
assayed in this study is shown in the insert between Figure 2
C and D. Figure 2C shows an attenuated response of this
arteriole from the Dia group of rats, to ADP but not to
nitroglycerin (Figure 2D); establishing EC-mediated but not
SMC-mediated vasodilatation was impaired in T1D. Adminis-
tering a single injection of AAV2/9-Endo-Glo-I 1 week after
the onset of T1D blunted impairment in EC-mediated vasodi-
latation of cerebral arterioles (Figure 2C). AAV2/9-Endo-Glo-I
administration did not alter nitroglycerin-induced vasodila-
tation in the Dia group of rats (Figure 2D). Administering
AAV2/9-GFP to diabetic rats did not blunt endothelial
dysfunction (Figure 2C). Administering AAV2/9-GFP and
AAV2/9-Endo-Glo-I to the Con group of rats did not affect
the vasodilatation of cerebral arterioles, mediated by cECs or
by cSMCs (Figure 2C and D).

Table 1
Neurological evaluation

Parameters 0 1 2 3

Spontaneous
activity (5 min)

No movement Slight movement
Touches 1 or
2 sides of cage

Touches 3 or
4 sides of cage

Symmetry of movement Left side: no movement
Left side:
slight movement

Left side: moves slowly
Both side: move
symmetrically

Response to
vibrissae touch

–
No response
on left side

Weak response on left side
Symmetrical response
on left side

Floor walking No walking Walks in circles only Curvilinear path Straight path

Beam walking Falls off of beam Hugs beam Stands on beam Walks on beam

Symmetry of forelimbs
(outstretching while
held by tail)

Left side: no movement,
no outreaching

Left side: slight movement
to outreach

Left side: moves and
outreaches less than
right side

Symmetrical outreach

Climbing wall
of wire cage

– Fails to climb Left side is weak Normal climbing

Reaction to
touch on either
side of trunk

–
No response
on left side

Weak response on left side Symmetrical response
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Figure 2
Panel A shows vWF, SM22-α, DAPI and green auto fluorescence in cerebral microvessels from a control rat injected with AAV2–9-GFP. Note the
overlap between SM22-α and GFP but not vWF and GFP, indicating that AAV2/9 targeted smooth muscle cells but not endothelial cells White
bar at bottom of each image = 20 μm. Panels B shows overnight nest construction of animals used in the study. Graph below shows means ± SEM;
n = 5–6 animals per group. * P < 0.05, significantly different from Con; # P < 0.05, significantly different from Dia. Panels C and D show the re-
sponses of cerebral arterioles of animals to varying concentrations of the e-NOS-activating ligand ADP and the e-NOS-independent ligand nitro-
glycerin respectively. Insert between 2C and 2D shows the cerebral arteriole assayed in the study. Values shown are means ± SEM; n = 5–6 animals
per group. * P < 0.05, significantly different from Con; # P < 0.05, significantly different from Dia.

Table 2
General Characteristics of animals

Parameter Con Con-GFP Con-Endo-Glo-I Dia Dia-GFP Dia-Endo-Glo-I Dia-Ins

n = 18 n = 18 n = 18 n = 20 n = 20 n = 20 n = 20

Body mass (g) 415 ± 10 401 ± 11 388 ± 15 275 ± 15a 290 ± 12a 320 ± 10b 390 ± 10b

Blood glucose (mmol·L�1) 5.5 ± 1.6 6.3 ± 1.7 6.6 ± 2.4 25.6 ± 4.5a 24.1 ± 3.5 22.9 ± 3.2 11.1 ± 3.3b

% Glycated haemoglobin
(HbA1c)

4.2 ± 0.3 4.3 ± 0.4 4.4 ± 0.5 7.6 ± 0.2a 7.5 ± 0.3a 7.2 ± 0.5 5.2 ± 0.2b

Serum insulin (ng·mL�1) 0.9 ± 0.2 1.0 ± 0.1 0.9 ± 0.2 0.3 ± 0.1a 0.3 ± 0.1a 0.6 ± 0.1b 1.2 ± 0.2b

Serum TBARS (nmol·mL�1) 2.4 ± 0.3 2.5 ± 0.6 2.7 ± 1.0 12.0 ± 2.1a 11.5 ± 1.9a 7.5 ± 1.0b 4.0 ± 1.1b

SSAO activity
(units·ml�1·min�1)

0.28 ± 0.02 0.26 ± 0.03 0.3 ± 0.02 0.71 ± 0.05a 0.65 ± 0.06a 0.60 ± 0.03b 0.41 ± 0.05b

Serum methylglyoxal (μM) 0.3 ± 0. 0.3 ± 0.1 0.2 ± 0.1 1.2 ± 0.2a 1.4 ± 0.2a 1.2 ± 0.3 0.7 ± 0.2b

Brain methylglyoxal
(μmol·(100 mg)�1)

2.5 ± 0.4 2.4 ± 0.6 2.2 ± 0.5 30.2 ± 4.0a 28.6 ± 3.8a 1.2 ± 0.5b 3.5 ± 0.6b

aP < 0.05, significantly different from control.
bP < 0.05, significantly different from diabetic.
TBARS, thiobarbituric acid-reactive substances; SSAO, semicarbazide-sensitive amine oxidase.
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Suffusing the cranial window of Con rats with ACF con-
taining 25 μM methylglyoxal for 30 min impaired
EC-mediated vasodilatation to an extent similar to that seen
in the Dia group of rats. Interestingly, this amount of
methylglyoxal did not attenuate SMC-mediated vasodilata-
tion of cerebral arteriole (Figures 3A), as seen in the Dia group
of rats (Figure 2C and D).

Nitric oxide production
The increased responsiveness of cerebral arterioles from
AAV2/9-Endo-Glo-I-treated animals to the eNOS-activating
ligand ADP prompted us to investigate whether AAV2/9-
Endo-Glo-I-treatment attenuated loss of production or bio-
availability of NO in ECs. In Figure 3B, the upper panels show
representative images for NO generation in live cell record-
ings from aortic ECs, taken from the Con or Dia groups of rats
and stimulated with 10 μM acetylcholine. Time to peak NO
production and the amount of NO generated (fluorescence
amplitude, [(F-F0)/F0]) following acetylcholine stimulation

were significantly reduced in aortic ECs from the Dia animals
compared with those from Con animals. Treating Dia ani-
mals with AAV2/9-eGFP did not restore acetylcholine-
stimulated NO production in aortic ECs (Figure 3B, table
below figure). However, treating Dia animals with AAV2/9-
Endo-Glo-I restored time to peak NO generation and the
amount of NO to near that in control animals. Treating Con
animals with AAV2/9-eGFP did not alter time to peak
acetylcholine-stimulated NO or the amount of NO generated
(Figure 3B, table below figure).

Ischaemia-reperfusion injury following
transient MCA occlusion
Mean neurological score averaged over the eight criteria listed
in Table 1, 24 h after a transient MCA occlusion was signifi-
cantly reduced in Dia rats compared with the the Con group
of rats, with similar cerebral blood flow (rCBF) (Figure 3C).
Ischaemia-reperfusion injury in the occluded hemisphere of

Figure 3
Panel A shows the responses of cerebral arterioles from Con animals pretreated with 25 μMmethylglyoxal for 30 min to varying concentrations of
the ADP and nitroglycerin. Values shown are means ± SEM; n = 6 separate animals. * P < 0.05, significantly different from no methylglyoxal pre-
treatment. Panel B upper panels show representative images for NO generation in live cells from Con and Dia aortic endothelial cells stimulated
with 10 μM acetylcholine. Lower table shows time to peak NO production and the amount of NO generated (fluorescence amplitude, [(F-F0)/F0])
following acetylcholine stimulation in aortic endothelial cells from Con, Con-GFP, Dia, Dia-GFP and Dia-Endo-Glo-I animals. Values shown are
means ± SEM; n = 12 cells from three separate animals. * P < 0.05, significantly different from control. ** P < 0.05, significantly different from
Dia. Panel B shows neurological score of animals 24 h after a 1.5-h MCA occlusion. Values shown are means ± SEM; n = 5–6 rats per group. *
P < 0.05, significantly different from Con; # P < 0.05, significantly different from Dia. Panel C shows quantification of infarct size in brains of an-
imals 24 h after a 1.5-h mid-cerebral artery occlusion. Values shown are means ± SEM; n = 5–6 rats per group. * P < 0.05, significantly different
from Con.
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the Dia rats was also significantly larger than that in the Con
group of rats (Figure 3D; P < 0.05). Injecting rats with
AAV2/9-Endo-Glo-I 1 week after onset of T1D blunted the
exacerbated ischaemia-reperfusion damage and significantly
improved mean neurological score (Figure 3C and D). Injec-
tion of AAV2/9-GFP did not improve neurological scores or
reduce ischaemia-reperfusion injury in Dia rats (Figure 3C
and D). Injecting Con rats with AAV2/9-Endo-Glo-I did not
increase ischaemia-reperfusion injury (data not shown).

Microvessel permeability and perfusion
Blunting of ischaemia-reperfusion damage by AAV2/9-Endo-
Glo-I prompted us to investigate further, whether the density
of microvessels perfused was altered in the Dia group of rats.
When injected into a vein, the fluorescent-labelled protein
BSA-FITC should distribute to all microvessels that are
actively perfused, and its fluorescence within the confines
of vessels was used as an index of the density (number) of per-
fused microvessels. In this study, the number of microvessels
(≤10 μm) with BSA-FITC per 200 X frame within Bregma �3.0
to �3.3 was significantly lower in Dia, compared with Con
rats (Figure 4A and B). The number of microvessels (≤10 μm)
perfused with BSA-FITC per 200 X frame in Dia-Endo-Glo-I
rats was similar to those of Con animals. Injecting Dia rats
with insulin also increased the density of microvessels, with
BSA-FITC per frame, in cortex and hippocampus but not thal-
amus (Figure 4A and B). Injecting Dia rats with AAV2/9-GFP
did not increase the density of microvessels perfused with
BSA-FITC (Figure 4A and B).

During analysis of microvessel perfusion within Bregma
�3.0 to�3.3 of Dia rats, we also noticed BSA-FITCwas leaking
from the microvessels, and this prompted us to scan the
whole brain for BSA-FITC transcytosis. In the five Dia rats
investigated, the mean number of leakage sites within
Bregma 4.0–3.7 mm was 2.6 ± 0.8; within Bregma 0.7 to
�1.0 mm, 3.2 ± 0.4 leakage sites were detected; within

Bregma �3.0 to �3.3 there were 13.0 ± 1.6 leakage sites; and
within Bregma �10.7 to �11.0 mm there were 4.7 ± 0.1 leak-
age sites (Figure 4C). Data from each rat are colour-coded for
clarity, in Figure 4C.

More detailed analyses within Bregma�3.0 to�3.3 of Dia
rats indicated that BSA-FITC was not only leaking from
microvessels with diameters ≤10 μm but was also leaking
from a limited number of arterioles, ranging in size from
~20 μm to ~50 μm, resembling microbleeds (Figure 5B, lower
panels). In brains of Con rats, little or no BSA-FITC
transcytosis was observed within Bregma �3.0 to �3.3
(Figure 5A). Injecting rats with AAV2/9-Endo-Glo-I 1 week af-
ter the onset of T1D blunted BSA-FITC transcytosis 7–8 weeks
later (Figures 5C and 5D). Injecting Dia rats with AAV2/9-GFP
did not prevent BSA-FITC transcytosis (Figure 5D). Injecting
Dia rats with insulin for 2 weeks to achieve a euglycaemic
state, blunted BSA-FITC transcytosis in all brain regions
except the thalamus (Figures 4A and B).

Glial activation
Astrogliosis and microgliosis are markers of inflammatory re-
sponses in the brain (Zhang et al., 2010; Ma et al., 2016). To
assess this, immunohistochemistry was conducted for GFAP
and IBA1, and qPCR and Western blot analyses were used to
determine the amount of the inflammatory marker, TNF-α
mRNA, and the phosphorylated form of oxidant transcrip-
tion factor, NF-κB (p-p65) respectively. In brains from control
animals, GFAP staining was punctate and confined to the
cytoplasm of the astrocyte (Figure 6A, left). However, in
brains of diabetic animals, GFAP staining transformed to
‘star-shaped’, characteristic of activation (Figure 6A, middle).
Note in the example shown, the star-shaped GFAP staining in
brain of Dia rats was around an arteriole (40 μm) from which
BSA-FITC was permeating (green, Figure 6A, middle panel).
Figure 6B also shows a significant increase in the number of
IBA1 positive cells in parenchyma of Dia rats. Data shown

Figure 4
Panel A shows representative images of BSA-FITC within the confines of microvessels in cortex, hippocampus and thalamus (Bregma �3.0 to
�3.3) used as an index of the density of microvessel perfusion in Con, Dia, Dia GFP, Dia-Endo-Glo-I and Dia-Ins rats. White bar at bottom of each
image = 50 μm. Panel B shows summary data from 5 animals per group as means ± SEM. * P < 0.05, significantly different from Con; # P < 0.05,
significantly different from Dia. Panel C shows sites of BSA-FITC leakage in the various brain regions (upper panel) obtained from 5 separate an-
imals. Data from each rat is colour-coded for easy visualization. Table below shows the number of leakage sites within each region of the brain.
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are from a thalamic region within Bregma �3.0 to �3.3, but
similar data were seen in other regions of the brain with
increased BSA-FITC transcytosis. Injecting Dia rats with
AAV2/9-Endo-Glo-I significantly blunted the number of
activated astrocytes and microglia (Figure 6A and B).
Injecting Dia rats with AAV2/9-GFP did not attenuate
astrocyte and microglia activation (data not shown).

Macrophage and neutrophil infiltration and
inflammation
Microglia activation is the first step of inflammatory response
in the brain, and this is usually followed by infiltration of
immune cells such as neutrophils, macrophages/monocytes
(Ma et al., 2016). To assess the latter, immunohistochemistry
was conducted for monocytes/macrophages and neutrophils,
infiltrating into the parenchyma. Figure 6C and D shows sig-
nificant increases in the number of monocytes/macrophages
and polymorphonuclear neutrophils (PMNs) in the paren-
chyma of Dia rats compared with control values. Images
shown are from the thalamus within Bregma �3.0 to �3.3
of Dia rats, but similar infiltration was also seen at other
BSA-FITC transcytosis sites. Injecting rats with AAV2/9-
Endo-Glo-I 1 week after the onset of T1D blunted infiltration
of monocytes/macrophages and PMNs in the parenchyma

(Figure 6C and D). Injecting Dia rats with AAV2/9-GFP did
not attenuate infiltration of monocytes/macrophages and
PMNs into the parenchyma (data not shown).

mRNA level for the inflammatory marker TNF-α was also
3.0-fold higher in brain (Bregma �2.7 to �3.5) of Dia rats
compared with control (Figure 6E). Figure 6F also shows a
fourfold increase in the amount of p-p65 (NF-κB) in Bregma
�2.7 to �3.5 from 7–8 week Dia rats, compared with control.
Injecting Dia rats with AAV2/9-Endo-Glo-I significantly
blunted p-p65 and decreased the amount of TNF-α mRNA.
Injecting Dia rats with AAV2/9-GFP only minimally attenu-
ated the increase in p-p65 and TNF-αmRNA (Figure 6E and F).

Steady state levels of VAP-1 and Glo-I in brain
microvessels
Western blot assays were then conducted to determine ex-
pression of VAP-1 and Glo-I proteins in isolated cerebral
microvessels from Con, Dia and Dia-treated rats. There was
30% reduction in Glo-I protein and an 85% increase in VAP-
1 in cerebral microvessels from the Dia group of rats
(Figure 7A). Administering AAV2/9-Endo-Glo-I to Dia rats in-
creased steady state level of Glo-I protein threefold over Dia
and 75% more than in the Con group of rats. Increasing
Glo-I protein in cSMCs also lowered VAP-I protein.

Figure 5
Panels A–C show representative BSA-FITC images from different regions within Bregma�3.0 to 3.3 fromCon, Dia and Dia-Endo-Glo-I rats. Panel D
shows the mean ± SEM of BSA-FITC transcytosis sites within Bregma �3.0 to �3.3 from 6 rats per group. * P < 0.05, significantly different from
Con; # P < 0.05, significantly different from Dia. White bar at bottom of each image = 50 μm. Each colour in brain map represents a different
animal.
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Administering AAV2/9-GFP to Dia rats did not alter expres-
sion of Glo-I and VAP-1 levels in cSMCs. Treating Dia rats
with insulin increased Glo-I expression and decreased
VAP-1 expression in cerebral microvessels (Figure 7A).

Basal level of ROS in brain microvessels
After 7–8 weeks of T1D, total ROS in cerebral miscrovessels
from Dia animals measured using EPR spectroscopy was 2.5-
fold higher than that in cerebral microvessels from Con
animals (Figure 7B). Not surprising, increasing expression of
Glo-I in cSMCs to reduce ROS-generating methylglyoxal
attenuated total ROS in cerebral miscrovessels of Dia rats to
near that in control animals (Figure 7B).

Levels of methylglyoxal and Glo-I activity in
brain and cerebral microvessels
Levels of methylglyoxal in the serum and brain of Dia rats
were 4× and 15× higher, respectively, than that in Con
animals (Table 2, lower rows). Glo-I activity, determined by
the formation of S-D-lactoylglutathione formation in Dia
brain (Bregma �2.7 to �3.5), was 30% lower than that Con
(Figure 7C). Injecting rats with AAV2/9-Endo-Glo-I 1 week
after the onset of T1D did not lower serum methylglyoxal.
However, injecting Dia rats with AAV2/9-Endo-Glo-I

significantly reduced brain methylglyoxal level (Table 2).
Mean Glo-I activity in brain homogenates from AAV2/9-
Endo-Glo-I was similar to that in Con animals (Figure 7C).
Injecting Dia rats with insulin for 2 weeks blunted serum and
brain methylglyoxal levels and also restored brain Glo-I pro-
tein and activity to near control levels (Table 2; Figure 7B).
Injecting Dia rats with AAV2/9-GFP did not increase Glo-I
activity and had only minimal effects on lowering serum and
brain methylglyoxal levels (Table 2).

Glo-I activity was also assessed in cerebral microvessels
isolated from brains of Con, Dia and Endo-Glo-I-Dia animals.
Glo-I activity in cerebral microvessels was also 30% lower
than that Con (Figure 7D). Injecting Dia rats with AAV2/9-
Endo-Glo-I increased Glo-I in cerebral microvessel homoge-
nates and increased Glo-I activity in cerebral microvessels to
32.5% higher than that in Con animals (Figure 7D).

Cell types in microvessels with altered VAP-1,
methylglyoxal and Glo-I level
Immunohistochemistry was then used to delineate the cell
type(s) in microvessels with altered Glo-I, VAP-1 and
methylglyoxal levels. Immunoreactivity for vWF, a marker
for ECs, was 62% lower in Dia rats compared with Con
(Figure 8A, left). We did not detect any change in

Figure 6
Panels A-D show representative images for GFAP-staining (activated astrocytes, red staining), activated microglia (IBA1 positive, brown staining,
red arrows), neutrophils (PMN positive, brown staining, red arrows) and monocytes/macrophages (F4/80 positive, brown staining, red arrows) in
the mid thalamus of Bregma �3.0 to �3.3 from Con, Dia and Dia-Endo-Glo-I animals. Graphs on the right show means ± SEM; n = 5–6 rats per
group. * P< 0.05, significantly different from Con; # P< 0.05, significantly different fromDia. White bar at bottom of each image = 50 μm. Panel E
shows relative amounts of TNF-αmRNA in brain tissues (Bregma �2.7 to �3.5 mm) of Con, Dia, Dia GFP, Dia-Endo-Glo-I and Dia-Ins rats. Values
shown in the graph are mean ± SEM; n = 5–6 rats per group, normalized to actin. * P < 0.05, significantly different from Con; # P < 0.05, signif-
icantly different from Dia. Panel F shows representative autoradiograms for phosphorylated NF-κB (p65) in brain homogenates (Bregma �2.7 to
�3.5 mm) in Con, Dia, Dia GFP and Dia-Endo-Glo-I rats. Values shown in the graph below are means ± SEM; n = 5–6 rats per group. * P < 0.05,
significantly different from Con; # P < 0.05, significantly different from Dia.
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immunoreactivity for smooth muscle actin (SM22-α, right).
In cSMCs of cerebral microvessels with reduced vWF immu-
noreactivity, steady state level of the VAP-1 was increased
fivefold (Figure 8B, left). In cSMCS with elevated VAP-1, the
methylglyoxal surrogate argpyrimidine (Arg) was also
increased nearly sixfold (Figures 8C and 8D (lower graph)).
cSMCs of Dia rats also had 40% less Glo-I immunoreactivity.
Administering AAV2/9-Endo-Glo-I to rats 1 week after the on-
set of T1D increased the steady state level of Glo-I protein in
cSMCs (Figure 8A, lower panels) but it did not increase Glo-I
protein in ECs (Figure 8A, left bottom right). Administering
AAV2/9-Endo-Glo-I to Dia rats also decreased Arg in cSMCs
(Figures 8C, lower left). VAP-1 immunoreactivity was also
significantly blunted in cSMCs of Dia rats overexpressing
Glo-I protein (Figure 8C, panel C right side). Microvessels
from Dia-Endo-Glo-I rats with increased Glo-I and reduced
Arg in SMCs also contained higher levels of vWF
immuno-staining (Figure 8C, bottom left). These vessels
also exhibited normal ADP-mediated vasodilatation
(Figure 2C).

cSMCs produce methylglyoxal in high glucose
Having found increased VAP-1 and the methylglyoxal surro-
gate in cSMCs of Dia rats, another series of experiments were
then conducted to verify that cSMCs can indeed produce
methylglyoxal when incubated in high glucose concentra-
tions. Figure 9A shows no significant difference in the media
from hcSMCs grown in 5.5 mM glucose over 24 h at 37°C in
ambient air. However, when cSMCs were grown in 25 mM
glucose over for 24 h, methylglyoxal level increased near sev-
enfold after 6 h but subsided after 12 and 24 h (Figure 9A).
Adding 25 mM glucose to culture media and leaving in the
incubator at 37°C in ambient air did not produce any signifi-
cant increase in methylglyoxal (Figure 9A). Interestingly, we
did not detect any significant change in VAP-1 level in cSMCs
grown in high glucose medium.

GSH and enzymes that regulate GSH level
Because reduced GSH is a cofactor for Glo-I, GSH and GSSH
levels as well as the enzymes that synthesize GSH were also

Figure 7
Panel A shows representative autoradiograms for VAP-1, Glo-I and actin in microvessels isolated from brains of Con, Dia, Dia GFP, Dia-Endo-Glo-I
and Dia-Ins rats. Values shown in the graph are means ± SEM; n = 5–6 rats per group, normalized to actin. * P < 0.05, significantly different from
Con; # P< 0.05, significantly different from Dia. Panel B shows basal ROS levels in cerebral microvessels isolated from Con, Dia and Dia-Endo-Glo-I
rats. Values shown in the graph are means ± SEM; n = 5 rats per group. * P < 0.05, significantly different from Con. ** P < 0.05, significantly dif-
ferent from Dia. Panel C shows the ability of Glo-I in brain homogenates (Bregma �2.7 to �3.5 mm) from Con, Dia and Dia-Endo-Glo-I rats to
metabolize methylglyoxal to produce S-D-lactoylglutahtione. Values shown in the graph are means ± SEM; n = 6 rats per group. * P < 0.05, sig-
nificantly different from Con; # P < 0.05, significantly different from Dia. Panel D shows the ability of homogenates from cerebral microvessels
(Bregma�2.7 to�3.5 mm) from Con, Dia and Dia-Endo-Glo-I rats to metabolize methylglyoxal to produce S-D-lactoylglutahtione. Values shown
in the graph are means ± SEM; n = 6 rats per group. * P < 0.05, significantly different from Con; # P < 0.05, significantly different from Dia.
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measured in brain tissues. In this study, GSH : GSSH ratio was
significantly lower in the Dia rats compared with Con
(1.5 ± 0.05, n = 5 brains, compared with 2.3 ± 0.3 for control,
n = 6). Administering AAV2/9-Endo-Glo-I to Dia rats
increased GSH/GSSH to near Con levels (2.1 ± 0.4, n = 6).
Administering AAV2/9-GFP to Dia rats did not significantly
alter GSH/GSSH ratio (1.6 ± 0.3, n = 5). Treating Dia rats with
insulin for 2 weeks, after 6 weeks of diabetes also restored
GSH/GSSH ratios to near Con levels (2.2 ± 0.1, n = 5).

In the brain of Dia rats (Bregma �2.7 to �3.5 mm)
γ-glutamylcysteine ligase (the rate-limiting enzyme in the
synthesis of GSH) and GSH reductase (the enzyme that
reduces oxidized GSH) were decreased by 41 and 28%, respec-
tively, compared with Con (289 ± 12 mU·mg�1 protein com-
pared with 490 ± 18 mU·mg�1 protein and 37 ± 8 mU·mg�1

protein compared with 52 ± 7mU·mg�1 protein). Administer-
ing AAV2/9-Endo-Glo-I to Dia rats restored the activities of
γ-glutamylcysteine ligase and GSH reductase to near
Con levels (503 ± 20 mU·mg�1 protein and 46 ± 10 mU·mg�1

protein respectively). Treating Dia rats with insulin for
2 weeks also restored the activities of γ-glutamylcysteine
ligase and GSH reductase to near control levels (515 ± 18
mU·mg�1 protein and 53 ± 9 mU·mg�1 protein respectively).

Administering AAV2/9-GFP to Dia rats did not significantly
increase the activities of γ-glutamylcysteine ligase and GSH
reductase (290 ± 21 mU·mg�1 protein and 38 ± 11 mU·mg�1).

Viability of hcSMCs and hcECs exposed to
methylglyoxal for 24 h
The present data, thus far, suggested that methylglyoxal
produced by cSMCs was impairing the function of juxta-
posed cECs in vivo. This prompted us to investigate why
healthy cSMCs were more resistant to methylglyoxal than
healthy cECs. Using Western blots, we found that hcSMCs
contain 4.5-fold more Glo-I protein than hcECs, and that
7.5-fold more methylglyoxal was needed to decrease the
number of hcSMCs in culture by 50%, compared with
hcECs (Figure 9B and C). Exposing hcECs to methylglyoxal
also rapidly increased production of ROS in mitochondria
(Figure 9D), and this effect was blocked by pretreating
hcECs with the SOD mimetic MnTBAP for 20 min.
Methylglyoxal also increased mitochondrial ROS produc-
tion in cSMCs, albeit at higher concentrations. Exposing
hcECs to methylglyoxal also decreased expression of the
tight junction proteins claudin-5 and occludin.

Figure 8
Panels A, B and C show representative immunohistochemical data for vWF, SM22-α, DAPI, Glo-I, VAP-I and Arg in cortical microvessels in 20-μm
thick brain slices (Bregma �3.0 to �3.3) from Con, Dia and Dia-Endo-Glo-I animals. White bar at bottom of each image = 20 μm. Graphs on the
right (Panels D), starting from the top, show quantification of the amount of vWF, Glo-I, VAP-I and Arg in cortical arterioles in brains from Con, Dia
and Dia-Endo-Glo-I animals. Values shown are means ± SEM for 40 vessels from n = 5–6 rats. * P < 0.05, significantly different from Con; #
P < 0.05, significantly different from Dia.
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Discussion
There are several new findings in the present study. First,
using immunohistochemistry, we show for the first time that
methylglyoxal production (detected by its surrogate
argpyrimidine) is up-regulated ninefold in cSMCs of cerebral
arterioles (≤50 μm) of STZ-induced Dia rats. This increase in
methylglyoxal arose from an increase in expression of VAP-
1 (fivefold) and a reduced expression of Glo-I (50%). Second,
using video imaging, we showed that cerebral arterioles with
elevated VAP-1 and methylglyoxal in their cSMCs were less

responsive to EC-mediated vasodilatation with ADP.
Preventing methylglyoxal increase in cSMCs by restoring
steady state levels of Glo-I prevented impairment in
EC-mediated vasodilatation, suggesting for the first time that
methylglyoxal produced by cSMCs is responsible for dysregu-
lation of juxtaposed cECs. Because the catalytic domain of
VAP-1 is on the outside of SMCs, methylglyoxal is likely to
be generated extracellularly, that is, in themicroenvironment
(Salmi and Jalkanen, 2001). This uncharged methylglyoxal
can readily diffuse away from cSMCs and alter the function
of neighboring cECs that contain low levels of the

Figure 9
Panel A showsmethylglyoxal levels in culture media from hcSMCs grown in 5.5mMglucose and 25mMglucose at 0.6, 12 and 24 h. Values shown
in graph are for five independent experiments carried out using three separate preparations of hcSMCs. * P < 0.05, significantly different from
5.5 mM glucose. Panels B and C show viability of hcECs and hcSMCs 24 h after addition of a single addition of varying concentrations of
methylglyoxal to the culture chambers. Values shown in graph are for eight independent experiments carried out using four separate preparations
of hcECs and hcSMCs. * P < 0.05, significantly different from 0 μM methylglyoxal. Inset shows Western blots for Glo-I and actin in hbECs and
hbSMCs. Panels D shows representative images of changes in mitochondrial ROS in hbECs before and after exposure to 30 μM methylglyoxal.
The third row also shows mitochondria ROS levels in hbECs that were pretreated for 30 min with 20 μM of MnTBAP, a cell permeable synthetic
metalloporphyrin that exhibits SOD activity. For these studies, cells were loaded with the mitochondria-localizing probe MitoTracker Green
(100 nM), followed by the fluorogenic, mitochondria-targeted, superoxide/ROS probe MitoSOX Red (2 μM), for 15 min each. Values shown in
the graph below are for n = 5 independent experiments carried out using three separate preparations of hbECs. * P < 0.05, significantly different
from 0 μMmethylglyoxal. # P< 0.05, significantly different from 30 μMmethylglyoxal. Panels E shows representative autoradiograms for claudin-
5 and occludin in hbECs, 24 h after adding a single addition of varying concentrations of methylglyoxal to the culture chamber. Values shown in
the graph below are for n = 5 independent experiments carried out using three separate preparations of hcECs and hcSMCs.
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methylglyoxal degrading enzyme Glo-I. Third, using the
fluorescent labelled-BSA and microscopy, we found a limited
number of arterioles ranging in diameter from 20 μm to
50 μm that were leaky in the brain of Dia rats, resembling
the microbleeds reported in patients with T1D (Biessels and
Reijmer, 2014; Woerdeman et al., 2014). These vessels were
detected primarily in the cortex and hypothalamus (Bregma
�3.0 to �3.3 mm). Increasing expression of Glo-I in cSMCs
to lower methylglyoxal blunted BSA-FITC transcytosis from
these arterioles, suggesting for the first time that
methylglyoxal produced in cSMCs may be causative for cere-
bral microbleeds at least in STZ-induced Dia rats. Fourth, in
the parenchyma surrounding BSA-FITC transcytosis sites,
gliosis and infiltration of immune cells (macrophage and
neutrophils) were prominent. NF-κB activation (p-p65) and
TNF-α production were also increased in brain (Bregma �3.0
to �3.3), indicative of increased inflammation. Increasing
Glo-I protein in cSMCs of Dia rats blunted macrophage and
neutrophil infiltration, astrogliosis and microgliosis, NF-κB
activation and TNF-α production, identifying for first time a
direct link between increased methylglyoxal production in
cSMCs and brain inflammation. Fifth, using BSA-FITC
fluorescence, we also found that the density of perfused
microvessels was reduced in the brains of Dia rats and that
Dia rats were also more susceptible to ischaemia-perfusion
damage, employing the widely utilized transient MCA occlu-
sionmodel of experimental stroke (Arrick et al., 2012). Blunting
methylglyoxal up-regulation in cSMCs of diabetic rats by
restoring expression of Glo-I not only increased the density of
microvessels perfused (with BSA-FITC), but it also minimized
ischaemia-reperfusion damage following transient MCA occlu-
sion. These data indicate for the first time that methylglyoxal
produced by cSMCs may be an initiating cause for hypoxia
and increased susceptibility of the brain to ischaemia-
reperfusion damage following transient MCA occlusion.

Mechanisms responsible for increased VAP-1
and reduced Glo-I in cSMCs of diabetic rats
The specific mechanisms responsible for up-regulation of
VAP-1 and for down-regulating Glo-I in cSMCs of Dia rats re-
mains uncharacterized. What we know from the published
literature is that VAP-1 expression is induced in ECs in vivo
by reactive carbonyl and oxygen species (RCS/ROS), IL-1
and IL-4, TNF-α, IFN-γ and lipopolysaccharide (Arvilommi
et al., 1997). It is also known that the VAP-1 gene (AOC3) is
transcriptionally regulated by NF-κB, AP-1 and Jun (Bono
et al., 1998). Whether the same molecules and transcription
factors responsible for inducing expression of VAP-1 in ECs
also regulate expression of VAP-1 on cSMCs remain to be
determined. In this study, measurable changes in RCS/ROS
and TNF-α were detected subsequent to dysregulation of
cECs. Therefore, ROS/RCS and TNF-α are likely to be sustain-
ing VAP-1 expression rather that inducing its expression.
Whether it is the increase inmethylglyoxal produced via deg-
radation of glucose/and or lipids within SMCs of Dia rats that
is responsible for the initial induction of VAP-1 expression
remains to be determined.

In this study, we also found reduced Glo-I protein in
cSMCs of Dia rats. Glo-I expression is transcriptionally regu-
lated by the transcription factor Nrf2 (Xue et al., 2012). In

the cytoplasm, Nrf2 forms a complex with Keap1 (Kelch-like
ECH-associated protein 1). Under oxidative stress conditions,
Keap1 dissociates from Nrf2 allow the latter to translocate
from the cytoplasm to the nucleus where it induces expres-
sion of anti-oxidant genes, including Glo-I (Uruno et al.,
2015). When oxidative stress or inflammation persists, as is
the case with T1D, the actions of Nrf2 could be attenuated,
preventing up-regulation of Glo-I expression in cSMCs. It
should be mentioned that in addition to Glo-I, three other
enzymes are known to degrade methylglyoxal, albeit with
higher KM values. They include aldehyde dehydrogenase, 2-
oxoaldehyde dehydrogenase and aldose reductase (Vander
Jagt and Hunsaker, 2003). Additional work is needed to deter-
mine if expression of these enzymes is altered in the cSMCs of
diabetic rats.

We also found that perfusing the cranial windows of con-
trols rats with 25 μM methylglyoxal for 30 min attenuated
ADP-stimulated vasodilatation of arterioles to levels similar
to that seen in T1D rats. These data led us to conclude that,
at a minimum 25 μmol·L�1 methylglyoxal would be needed
to be produced by the cSMCs into the microenvironment of
cECs. How much VAP-1 in cSMCs is required to achieve this
concentration of methylglyoxal in vivo remains to be deter-
mined. It should be mentioned that in addition to ECs, the
methylglyoxal generated vy the cSMCs could also affect the
function of other neighbouring cells, including astrocytes
and neurons.

Transcytosis, inflammation and microvessel
perfusion in parenchyma
Under healthy conditions, substances from the blood enter
into the brain parenchyma via fenestrated post capillary
venules. If cECs in arterioles lose their ability to vasodilate,
then it is possible that pressure can build up and transcytosis
could increase. In this study, we found that BSA-FITC
transcytosis also occurred from select arterioles (20�50 μm)
in the brain of diabetic rats. Leakage from these vessels resem-
ble the microbleeds reported in some but not all regions of
the brain of T1D patients (Biessels and Reijmer, 2014;
Woerdeman et al., 2014). Why some vessels become ‘leakier’
than others in T1D is not well defined. One explanation
could be heterogeneity in VAP-1 expression and therefore
the amount of methylglyoxal produced by cSMCs. Because
methylglyoxal impairs the function of cECs in a
concentration-dependent manner, it seems logical the more
VAP-1 and methylglyoxal produced, the greater the damage
to cECs. We also posit that the methylglyoxal produced in
SMCs arterioles, and met-arterioles could be diffusing and
affecting the function of ECs in neighbouring capillaries.

In the present study, astrogliosis and microgliosis and
macrophage/monocyte and neutrophil infiltration were
prominent in the parenchyma around sites with increased
BSA-FITC transcytosis. In the brain region with the highest
number of transcytosis sites (Bregma �3.0 to �3.3 mm),
NF-κB activation (p-p65) and TNF-α were increased threefold
to fourfold, consistent with increased inflammation.
Dominguez et al. (2015) also reported increased levels of
other pro-inflammatory cytokines and proteases, including
IL-1β, IL-3 macrophage colony-stimulating factor, IGF-I and
IGF-binding protein-3 in T1D rats.
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To date, the cell types in the brain of T1D rats responsible
for increasing TNF-α remain undefined. Astrocytes, the major
cell type by number in the brain, produce an array of
chemokines and contain receptors for several pro-
inflammatory cytokines. However, recent in vitro studies indi-
cate that while they respond to, they do not produce TNF-α
(Rama-Rao and Kielian, 2015). It is tempting to speculate that
activated microglia and macrophages are responsible for the
increase in TNF-α, but additional studies are needed to
confirm this.

By counting the number of microvessels with green fluo-
rescence of BSA-FITC in 200 X frames, we were able to assess
the density of perfused microvessels. In diabetic rats, the den-
sity of perfused microvessels in the cortex, hippocampus and
thalamus were significantly lower (P < 0.05) than that in
control rats. This reduction in the density of microvessel per-
fusion would create hypoxic environments that will compro-
mise the metabolic needs of neurons and other cell types. As
such, these regions will also bemore susceptible to ischaemia-
reperfusion injury (Natarajan et al., 2008), a likely reason for
the exacerbated cerebral infarct in diabetic rats following
transient MCA occlusion.

Increasing expression of Glo-I in cSMCs of
diabetic rats
AAV serotypes exhibit selective tropism for certain cell types.
In the brain, AAV2/9 shows preferential tropism for SMCs
and neurons (Rahim et al., 2011). In the vasculature,
endothelin-1 is synthesized by SMCs and ECs. By cloning
the endothelin-1 promoter in front of Glo-I cDNA, we were
able to selectively target expression of Glo-I protein in cSMCs
of the cerebral vasculature (Figure 2A). Agrawal and col-
leagues (Pankajakshan et al., 2012) also reported successful
transfection of GFP into the SMCs of swine arteries using
AAV2/9. Using this custom-designed virus, we found that re-
storing Glo-I protein in cSMCs of T1D rats (25% higher than
that in Con rats) was sufficient to blunt EC dysfunction and
its downstream consequences. At this time it is not clear

what if any would be the consequence of higher levels of
Glo-I expression in cSMCs of T1D rats.

In the brain, endothelin-1 is also expressed in selected
hippocampal and cortical neurons (Petrov et al., 2002). It
is therefore likely that our virus could also be increasing
expression of Glo-I in selected neuron populations as well.
An increase in expression of Glo-I in neurons would protect
neurovascular units from methylglyoxal, as well as improve
the ability of neurons to regulate the reactivity of the
cerebral microvasculature. These benefits may also be re-
sponsible, at least in part for the reduction in ischaemia-
reperfusion injury seen in AAV2/9-Endo-Glo-I-treated
Dia rats.

In summary, the present study is the first to show that dys-
regulation of the VAP-1 –methylglyoxal –Glo-I axis in cSMCs
with a consequent increase in methylglyoxal production, is
responsible for EC dysfunction, increased transcytosis, reduc-
tion in density of microvessels perfused, inflammation and
exacerbated ischaemia-reperfusion injury following transient
occlusion of aMCA in the brains of rats with diabetes induced
by STZ (Figure 10). The data further suggest that lowering
methylglyoxal in cSMCs could be therapeutically beneficial
to prevent cerebral vascular defects in T1D and possibly Type
2 diabetes.
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