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ARTICLE INFO ABSTRACT

Cigarette smoking (CS) is associated with vascular endothelial dysfunction in a causative way primarily related
to the TS content of reactive oxygen species (ROS), nicotine, and inflammation. TS promotes glucose
intolerance and increases the risk of developing type-2 diabetes mellitus (2DM) with which it shares other
pathogenic traits including the high risk of cerebrovascular and neurological disorders like stroke via ROS
. X generation, inflammation, and blood-brain barrier (BBB) impairment. Herein we provide evidence of the role
Blood brain barrier . . . . .
Tight junctions played by nuclear factor erythroid 2-related factor (Nrf2) in CS-induced cerebrobvascular/BBB impairments
Nrf2 and how these cerebrovascular harmful effects can be circumvented by the use of metformin (MF; a widely
prescribed, firstline anti-diabetic drug) treatment. Our data in fact revealed that MF activates counteractive
mechanisms primarily associated with the Nrf2 pathway which drastically reduce CS toxicity at the
cerebrovascular level. These include the suppression of tight junction (TJ) protein downregulation and loss
of BBB integrity induced by CS, reduction of inflammation and oxidative stress, renormalization of the
expression levels of the major BBB glucose transporter Glut-1 and that of the anticoagulant factor
thrombomodulin. Further, we provide additional insights on the controversial interplay between Nrf2 and
AMPK.
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1. Introduction coronary heart disease and stroke [4] and around 25 times more likely

to suffer from lung cancer. The risk of developing diabetes is 30—40%

Globally, tobacco use causes approximately 6 million deaths per
year, and predictions report that with current trends of tobacco use,
more than 8 million deaths are expected annually by 2030. Cigarette
smoking is accountable for more than 480,000 deaths each year in
United States (US) and is the leading cause of preventable death in the
US. What is further of concern is that 41,000 deaths out of 480,000
deaths results from secondhand smoke exposure. Nearly 50% of
chronic smokers die prematurely as a result of the adverse effects of
their tobacco addiction. For every individual who dies due to smoking,
at least 30 people are affected and live with a severe smoking-related
illness [1-3]. Smokers are 2—4 times more likely to suffer from

higher for smokers in comparison to nonsmokers, which further
increases with the number of cigarettes smoked [2,5]. Besides these
major illnesses, smoking has also been associated with the onset of
rheumatoid arthritis, pneumonia, asthma, blindness, hardening of the
arteries, reduced fertility and enhanced risk of infections [2,3,5,6].
From a cerebrovascular and neurological perspective, tobacco smoking
(TS) is associated with vascular endothelial dysfunction [7-9] in a
causative and dose dependent way [10] primarily related to the TS
content of reactive oxygen species (ROS) [8,11], nicotine [12—-17], and
smoking-induced inflammation [18]. As such TS is also a major
prodromal factor for numerous central nervous system (CNS) disorders
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including Alzheimer's, depression, cognitive impairment, stroke, and
vascular dementia. TS promotes glucose intolerance and increases the
risk of developing type-2 diabetes mellitus (2DM) [19,20] with which
it shares other pathogenic traits via ROS generation, inflammation,
and blood-brain barrier (BBB) impairment [21-23]. It also impairs
cerebrovascular development in fetus during pregnancy [5].

Even though the Food and Nutrition Board of the National
Academy of Sciences recommends a higher dietary allowance (RDA)
of vitamin C for smokers (more than 200 mg/day as compared to
90 mg/day for non-smokers), the benefits of prophylactic antioxidant
use in smokers remains controversial [24,25]. Considering this pre-
mise, it is evident that studies are needed to explore biologic mechan-
isms by which exposure to tobacco smoke compromises health, identify
biomarkers of injury, and detect smokers at early stages of disease
development and find clinical drugs with prophylactic/therapeutic
benefits against smoke exposure effects.

From this perspective, recent findings from our group [26] support
an additive release pattern of angiogenic and inflammatory factors
(besides activation of common anti-oxidant mechanisms) by BBB
endothelial cells in response to hyperglycemia (HG) with concomitant
exposure to cigarette smoke extracts (CSE), thus suggesting the
involvement of common pathogenic modulators of BBB impairment.
To this end, metformin (MF; a widely prescribed, firstline anti-diabetic
drug) treatment before and after stroke injury has been shown to
reduces stress and inhibits inflammatory responses [27,28]. Herein we
provide novel in vitro and in vivo data demonstrating how MF
activates counteractive mechanisms which drastically reduce TS toxi-
city at the cerebrovascular level. These beneficial effects are mediated
by MF's activation of nuclear factor erythroid 2-related factor (Nrf2)
[27]. These novel findings support and build on previous research from
our group demonstrating that Nrf2 plays a functional role in preserving
BBB integrity [29] and that alterations of gene transcription/transla-
tion related to the Nrf2-ARE pathways were among the most pre-
dominant in human BBB microvascular endothelial cells exposed to TS
[30].

2. Methods
2.1. Materials and reagents

Sterile culture wares were purchased from Fisher Scientific
(Pittsburgh, PA, USA), reagents and chemicals were purchased from
Sigma-Aldrich (St. Louis, MO, USA) or Bio-rad laboratories (Hercules,
CA, USA). Gel electrophoresis was carried out by using Mini-Protean®
TGXTM gels 4-15% (#456—1084) from Bio-rad laboratories (Hercules,
CA, USA). Dextran-Cascade Blue® (10,000 MW; #D-1976) was ob-
tained from life technologies (Grand Island, NY, USA), while
Fluorescein isothiocyanate (FITC)-dextran (3000—5000 MW; #FD4)
and Rhodamine B isothiocyanate (RITC) - dextran (70,000 MW;
#R9379) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
The antibodies used in this study were obtained from the following
sources: Rabbit anti-ZO-1 (#402200) from Invitrogen; mouse anti-
Occludin (#331500) from Life Technologies; mouse anti-Glut-1
(#12939), rabbit GFAP (#3670), p-AMPKx (#2535) and AMPK«
(#5831) from Cell Signaling Technology; Rabbit anti-ZO-1 (# sc-
10804), mouse anti-ICAM-1 (#sc-18853), mouse anti-VCAM-1 (#sc-
13160), mouse anti-PECAM-1 (#sc-376764), rabbit anti-Nrf2 (#sc-
722), mouse anti-NQO1 (#sc-376023), mouse anti-HO1 (#s¢-390991)
from Santa Cruz Biotechnology. Donkey anti-rabbit (#NA934) and
sheep anti-mouse (#NA931) HRP-linked secondary antibodies were
obtained from GE Healthcare (Piscataway, NJ, USA); goat anti-rabbit
(#A11008, A21428) conjugated to Alexa Fluor® 488 and 555 respec-
tively and anti-mouse (#A11001, A21422) conjugated to Alexa Fluor®
488 and 555 respectively from Invitrogen (Camarillo, CA, USA).

59

Redox Biology 12 (2017) 58—69

2.2. Experimental design (in vivo)

The animal protocol for this work was approved by the Institutional
Animal Care and Use Committee, TTUHSC, Lubbock, Texas. Sixteen
male C57BL/6 J mice, age range 8—10 weeks were purchased from
Jackson Laboratories. They were divided into two groups either
chronically exposed (via direct inhalation) to cigarette smoke (CS)
mixed with oxygenated air or oxygenated air alone, 6 times/day; 2
cigarettes/hour, 6—8 h/day, 7 days/week for 2 or 4 weeks following
International Organization for Standardization/ Federal Trade
Commission (ISO/FTC) standard smoking protocol (35 ml draw, 2s
puff duration, 1 puff per 60s). CS was generated using a Single
Cigarette Smoking Machines (SCSM, CH Technologies Inc.,
Westwood, NJ, USA) following previously published methods [31].
Mice were sacrificed and samples were collected for further analysis.
Based on the results, 4 weeks of CS exposure was selected as the time
course for a subsequent study to evaluate the protective effects of MF
treatment against CS exposure. MF (Sigma, St. Louis, MO, USA) was
dissolved in sterile saline at a concentration of 30 mg/ml. MF was
administered daily (via intraperitoneal Injections of doses of 100 or
200 mg/kg, 100 mg/kg - MF100 and 200 mg/kg — MF200 [28,32]) to
mice either exposed to CS (mixed with oxygenated air) or oxygenated
air alone (controls) for 4 weeks as earlier mentioned. An equal volume
of saline (corresponding to 200 mg/kg MF dose) was used for the
control group which received either oxygenated air or CS (mixed with
oxygenated air). At the end of the study, mice were sacrificed and
samples (plasma and brain) were collected for further analysis.

2.3. Tissue preparation

Mice were sacrificed within an hour of their last CS exposure cycle
at the end of the day. Mice were decapitated under anesthesia to collect
blood and brain for subsequent biochemical and molecular prepara-
tions.

2.4. Cotinine analysis

Plasma and brain homogenate cotinine levels were determined by
using Cotinine EIA ELISA kit (1124EB) from OraSure Technologies,
Incorporation (PA, USA). Analysis was carried out as per manufac-
turer's guidelines.

2.5. Glucose analysis

To determine glucose, a tail pin prick was performed on the
anesthetized mice and the glucose level was determined using contour
next blood glucose meter obtained from Bayer Healthcare (Indiana,
USA).

2.6. Cell culture

C57BL/6 mouse primary brain endothelial cells (mBMEC, #C57-
6023) were obtained from Cell Biologics (Illinois, USA). mBMEC
(passages no. 4—7, obtained from vendor at P3) were seeded on gelatin
coated cell culture flasks or glass chamber slides, cultured in recom-
mended medium (M1168) and maintained at 37 °C with 5% CO,
exposure. Apart from primary cells, an immortalized mouse brain
endothelial cell line, bEnd.3 (passage no. 22—25, ATCC® CRL-2299™)
obtained from ATCC, VA, USA was also used in in vitro experiments.
Immortalized bEnd.3 endothelial cells were seeded on uncoated cell
culture flasks as per manufacturer's protocol and maintained at 37 °C
with 5% CO, exposure. Cell culture medium for bEnd.3 consisted of
ATCC- formulated Dulbecco's Modified Eagle's Medium ( #30-2002
from ATCC, VA, USA), which was supplemented with 10% FBS
(Atlanta Biologicals, GA, USA). The culture medium was changed every
other day until the cells reached confluency. Phase contrast microscopy
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and the expression of characteristic phenotypic markers confirmed the
monolayer integrity of both mBMEC and bEnd.3 cells at confluency.
On similar notes primary human brain microvascular endothelial cells
(HBMEC, obtained from Cell Biologics) were cultured in accordance
with the supplier's protocol.

2.7. Soluble cigarette smoke extract preparation

Soluble CSE was prepared according to the FTC standard smoking
protocol (35 ml draw, 2 s puff duration, 1 puff per 60 s) from 3R4F
research cigarettes (equivalent to full flavor brands containing 9.4 mg
tar and 0.726 mg nicotine per cigarette; University of Kentucky) using
a Single Cigarette Smoking Machine (SCSM, CH Technologies Inc.,
Westwood, NJ, USA) following previously published methods [30,33].
CSE solutions were prepared fresh for each cycle and used in culture at
a 5% dilution (yielding approximately 100 ng/ml of nicotine).

2.8. Transwell cell culture setup

Clear polyester transwell inserts (Costar’ Transwell’ polyester
membrane cell culture inserts 0.4 um pore membrane insert; #3470)
were seeded with bEnd.3 cells on the luminal side and grown in the
culture medium containing DMEM basal media and supplements as
mentioned above. The wells were coated with matrigel prior to seeding.
Trans-endothelial electrical resistance (TEER) measurement and phase
contrast microscopy were used to confirm the confluence and integrity
of the cell monolayers.

2.9. Cell viability

MF pretreatment dose for in vitro studies were selected based on a
MTT cell viability study. In brief, cells cultured in a 96 well plate were
pre-treated with varying concentrations of MF and were later treated
with 5% CSE for 24 h. Parallel MF untreated controls (with and without
5% CSE) were also assessed for cell viability. Cells were stained with
10 ul of 5 mg/ml tetrazolium MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-
diphenyltetrazolium bromide) for 3 h at 37 °C, after which 100 pul of
DMSO (solubilizing agent) was added. The absorbance was read on a
Biorad plate reader at a wavelength of 570 nm.

2.10. Treatment (in vitro)

mBMEC and bEnd.3 cells in culture flasks, chamber slides and
transwell setup were maintained overnight in respective basal medium
(as mentioned earlier) containing 1% FBS with no growth factors
(referred to as low serum media). HBMEC cells were seeded in
chamber slides for certain studies. These were then exposed to 5%
CSE for 24h (model of mainstream smoke exposure previously
described by our group [34]) w/wo MF pretreatment (10—40 uM based
on our cell viability results).

2.11. Preparation of protein extracts

Cells were lysed using either RIPA lysis buffer or subcellular protein
fractionation kit for cultured cells (Thermo scientific, # 78840) as per
manufacturer's guidelines, such that total, nuclear, cytosolic and
membrane fractions were collected. For brain tissue lysis, a weighed
amount of minced brain was taken in a tube to which ice-cold RIPA
lysis buffer (containing protease and Phosphatase inhibitors,15 pl/mg
of brain tissue weight) was added. It was homogenized and allowed to
stand on a shaker for 30 min. Total protein extract was collected by
centrifugation at 14000g for 30 mins. Samples were then aliquoted and
stored at —-80 °C until needed for protein expression analysis by
western blotting.
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2.12. Western blotting

Proteins expression was quantified by using Pierce BCA Protein
Assay Kit (Thermo Scientific, # 23225). Samples (15-30 pg for cell
lysates, 60-90 pg for tissue lysates) were then prepared following
method as described in our previous lab report [34]. These denatured
samples were run on SDS-PAGE (4-15% gradient gel) and transferred
to PVDF membranes for further blotting. Band densities were analyzed
by Image Studio Lite Ver 3.1 and calculated as fold change/ percentage
change over control protein expression.

2.13. Immunofluorescence

mBMEC, bEnd.3 and HBMEC cells were seeded in two-well
chamber slides, grown and treated as mentioned earlier. Cells were
fixed (using 16%, methanol free formaldehyde diluted 1 in 4 in 1X PBS;
from Polysciences Inc. # 18814), washed and permeabilized (using
0.02% Triton 100X). Cells were then blocked with 5% goat serum in
PBS (blocking buffer) at room temperature (RT) for about an hour and
incubated with primary antibodies prepared in blocking buffer for
overnight at 4 °C. The following day, cells were washed, stained with
Alexa Fluor® 488 or 555 conjugated goat anti-rabbit or anti-mouse
antibodies or vice-versa at RT and mounted with DAPI in prolonged
gold anti-fade mounting media (Invitrogen, OR, USA). Mounted slides
upon overnight drying were observed under EVOS digital inverted
fluorescence microscope. Cell slides stained with only secondary
antibodies served as negative controls [34].

2.14. ELISA

Cell culture supernatants and plasma collected from mice were
analyzed by Quantikine ELISA kits (R & D systems, Minneapolis, MN,
USA) for quantitative determination of thrombomodulin. The proce-
dure followed was in accordance to the manufacturer's protocol.

2.15. BBB integrity

Our previously reported method [35] was followed to evaluate BBB
integrity. Briefly, a mixture of labeled dextrans in PBS (FITC ~4 kDa,
10 mg/ml and RITC ~70 kDa, 10 mg/ml) were added to the luminal
compartment of the transwells after 24 h of treatment and exposure to
CSE as described earlier in the treatment section. 50 ul of media
sample was collected from abluminal compartment. It was replaced
with the equal volumes of fresh media to maintain appropriate sink
conditions. Baseline permeability coefficients for FITC and RITC under
normal conditions were approximately 2.1x10"*cm/s and
5.8x107* cm/s. Fluorescent measurements were taken at specified
excitation and emission wavelengths to determine the concentration
of each fluorescent dye in the sample. Appropriate references such as
media samples without dextran and that from abluminal compart-
ments of cell free inserts with dextran added to the luminal compart-
ment were taken into consideration during calculations. The perme-
ability measurements were reported as percentage of controls. Further,
we also measured TEER (Q.cm2) using EVOM 2 (World Precision
Instruments, Sarasota, FL, USA) to confirm the findings.

2.16. Statistical analysis

Data from all experiments were expressed as mean + standard
mean (SEM) or standard deviation (SD) and analyzed by either t-test
or one-way ANOVA using GraphPad Prism 6 Software Inc. (La Jolla,
CA, USA). Post hoc multiple comparison tests were performed as
suggested by the software. P values < 0.05 were considered statistically
significant.
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Fig. 1. Effects of CS exposure on anti-oxidant and inflammatory mediators, TJ proteins and thrombomodulin release. Panel A) Prolonged CS exposure (4 weeks)
downregulates Nrf2 expression/response and its downstream effector molecule NQO1 and TJ proteins ZO-1 and Occludin (Panel B) in mice brain. By contrast, prolonged CS exposure
enhanced the expression of HO-1 (significantly) and GFAP (Panel C). Initial up-regulation of the inflammatory markers VCAM-1 and ICAM-1 (Panel D) normalized back to levels
similar to controls upon prolonged CS exposure. Further, prolonged CS exposure (4 weeks) reduced the expression of major glucose transporter Glut-1 (Panel E) in mice brain and the
levels of thrombomodulin in plasma (Panel F). n=4 mice per group. * p < 0.05, ** p <0.01, *** p <0.001 vs control; $$$ p < 0.001 CS (2 weeks) vs CS (4 weeks). WB analyses report
protein/beta actin ratios.
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3. Results

3.1. Chronic cigarette smoke exposure promotes cerebrovascular
impairment and decreases the plasma level of thrombomodulin

We previously reported that CSE in vitro downregulated BBB TJ
proteins but also prompted the activation of the cellular antioxidative
response system (Nrf2-ARE pathway). Activation of the Nrf2 pathway
is indicative of oxidative damages sustained by the BBB endothelium.
To understand the effects of CS toxicity in vivo at the cerebrovascular
level, we analyzed brain lysates from mice chronically exposed to CS via
direct inhalation. Plasma cotinine levels were evaluated by ELISA from
blood/plasma samples after 4 weeks of CS exposure and was found to
be 49.24 + 4.04 ng/ml. Cotinine levels in brain homogenates was 6 +
2 ng/ml. Western blot analysis of the whole brain homogenate from
C57BL6/J mice that were exposed to CS revealed an initial increase in
Nrf2 and its downstream protein NQO1 expression (at 2 weeks, p <
0.05) followed by a significant decrease in its expression at 4 weeks (p
< 0.01 for Nrf2, p < 0.05 for NQO-1, Fig. 1A). While ZO-1 and occludin
expression levels were practically unchanged following 2 weeks of
chronic CS exposure, downregulation of these TJ proteins became
markedly evident in mice chronically exposed to CS for 4 weeks as
demonstrated by the WB analysis. In addition to ZO-1, occludin
expression levels were also significantly downregulated at 4 weeks
exposure (p < 0.01; see Fig. 1B). Similarly, 2 weeks of CS exposure did
not significantly alter HO-1 (modest increase) and GFAP expression
however, both stress markers were substantially upregulated at 4 weeks
of CS exposure (p < 0.001; see Fig. 1C). By contrast, the expression
levels of inflammatory adhesion molecules VCAM1 (p <0.01) and
ICAM1 were upregulated following 2 weeks of CS exposure but
remained unchanged at 4 weeks’ time point (Fig. 1D). Noteworthy
was the upregulation of the glucose transporter Glut-1 following 2
weeks of CS exposure (p < 0.05) which however, reversed at 4 weeks
exposure (p <0.05, Fig. 1E). On a similar pattern, 2 weeks of CS
exposure caused a slight increase in plasma levels of the anticoagulant
protein thrombomodulin which reversed at 4 weeks’ exposure becom-
ing significantly downregulated (p < 0.0001; see Fig. 1F).

3.2. Metformin prevents cigarette smoke-induced loss of BBB
integrity and function both in vitro and in vivo

MTT cytotoxicity studies were used to assess MF dosing based on
its impact on cell viability (using bEnd.3 cells) w/wo concomitant
exposure to CSE. As shown in Fig. 2A, 24 h continuous exposure to
different MF doses w/wo CSE did not cause any significant cellular
toxicity (except for the 5 mM dosing) as demonstrated by MTT assay.
Thus based on these results and literature evidence the MF working
dose [36] for all our in vitro studies was finalized at 10 yM which
corresponds approximately to half the plasma concentration of MF.
Immunofluorescence and Western blot analyses demonstrated that
CSE in mBMEC cells enhanced the expression levels of the oxidative/
inflammatory stress markers HO-1 and PECAM-1 while downregulat-
ing that of tight junction proteins ZO-1 (p < 0.01) and occludin (p <
0.05) (vs. controls) (Fig. 2B2 and C). Notably, these adverse changes
were countered by MF pretreatment (p <0.01, Fig. 2B and C).
Although the total levels of Nrf2 in mBMEC cells remained unaltered
in response to CSE exposure, its nuclear translocation was significantly
enhanced (Fig. 2B1). Also in cells exposed to CSE and pre-treated with
MF both the increased expression level and nuclear translocation on
Nrf2 were clearly evident. This resulted in an overall increase of Nrf2
nuclear activity which was evidenced by a comparable increase in the
expression level of NQO-1 (downstream product of Nrf2-ARE pathway
of activation; p <0.05) coupled with renormalization of ZO-1 and
Occludin expression levels as further evidenced by immunofluorescent
analysis of the cell monolayers (Fig. 2C and S1). From a functional
point of view, CSE negatively impacted BBB integrity as expected (also
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based on CSE effect on TJ protein expression) however its harmful
effect was negated by MF treatment (p < 0.0001) as clearly shown by
the TEER measurements (Fig. 2D) and confirmed by the parallel
increase in permeability to FITC and rhodamine conjugated dextran
molecules (paracellular markers [29]). Further, CSE exposure signifi-
cantly decreased the endothelial release of the anticoagulant factor
thrombomodulin (p < 0.05) and these effect was offset by MF as shown
in Fig. 2E.

Following in wvivo studies (as rationalized in Fig. 3A) were
performed to assess and validate the protective effect of MF against
impairment of the BBB and cerebrovascular functions caused by CS
exposure. Initial tests were performed to assess whether MF dosing had
any negative impact on body weight and glucose levels. For this
purpose mice were regularly weighed and tested for fasting blood
glucose levels. As shown in Fig. 3B, there was a significant increase (p
< 0.05) in weight in control group receiving either saline or 100 mg/kg
metformin i.p. over a time period of 4 weeks. Note however, that there
were no differences in body weight within the groups on day O or after
termination of the study at 4 weeks’ time point (see Fig. 3B top panels).
Further, fasting blood glucose levels across the groups were within
limits with no significant inter group differences either at 2 or 4 weeks’
time points indicating the neither MF nor CS exposure influenced these
safety parameters in any significant way. To evaluate the cerebrovas-
cular and BBB impact of the MF treatments and CS exposure, we
performed western blot analysis for Nrf2, NQO-1, Glut-1, ZO-1 and
Occludin (all were downregulated following 4 weeks of CS exposure as
shown in Fig. 1A to E). Our results indicate that both 100 mg/kg and
200 mg/kg of MF were sufficient to counteract CS’ adverse effects (see
Fig. 4A) by preventing the downregulation of ZO-1 (p <0.05 for CS
+MF100, p<0.0001 for CS+MF200), Occludin (p<0.001 for CS
+MF100, p < 0.001 for CS+MF200), Nrf2 (p < 0.05 for CS+MF100, p
<0.01 for CS+MF200) and NQO-1 (p < 0.01 for CS+MF100, p < 0.001
for CS+MF200). The protective effects were dose dependent. Also MF
prevented downregulation of the glucose transporter Glut-1 by CS and
the effect was also dose dependent. Interestingly, western blot analysis
of brain homogenate from our in vivo studies revealed an increase in
AMPK phosphorylation in response to CS exposure which was en-
hanced in a dose-dependent fashion by pre-treatment with MF (p <
0.05 Ctrl vs CS+MF100, p < 0.01 Ctrl vs. CS+MF200 and p < 0.05 CS
+MF100 vs CS+MF200) (Fig. 4B).

Also noteworthy is the fact that MF (both MF100 and MF200)
prevented CS-induced downregulation of thrombomodulin levels (p <
0.05 for CS+MF100, p < 0.01 for CS+MF200, Fig. 4C). Note however,
that these doses are approximately 0.45 (MF100) to 0.9 (MF200) the
maximum recommended human daily dose of 2000 mg based on body
surface area comparisons.

3.3. Nrf2 activation by MF enhances ZO-1 and Glut-1 protein
expression and is independent of AMPK phosphorylation

WB analysis of whole brain homogenate from MF-treated mice only
revealed a significant increase in the expression level of Nrf-2 both
MF100 and MF200 mice (p < 0.01 Ctrl vs MF100 or MF200, Fig. 5A)
when compared to controls (saline only) although, corresponding
increase in NQO-1 expression levels where statistically significant (p
<0.01 Ctrl vs MF200, p <0.01 MF100 vs MF200) only at the higher
MF dosing. Similar to in vitro, MF increased the protein expression
level of ZO-1 (p < 0.05 Ctrl vs MF100, p < 0.01 Ctrl vs MF200, p < 0.05
MF100 vs MF200, Fig. 5A) and Occludin (p < 0.05 Ctrl vs MF100 or
MF200) however, in the case of ZO-1 the responses were dose
dependent but not for Occludin. An MF dose-dependent increase of
Glut-1 expression was also observed although was not statistically
significant. Further, phosphorylation of AMPK was only observed with
MF200 (p <0.01 Ctrl vs MF200).

To understand the inter-relation between Nrf2, Glut-1 and ZO-1
expression, parallel mBMEC cell cultures were treated with sulfora-
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phane (SFN; an established Nrf-2 activator [37,38]) 5 uM.
Immunofluorescence imaging revealed an increase in both ZO-1 and
Glut-1 expression (Fig. 5B1) in SFN treated cells in comparison to
controls. Effects on Glut-1 expression where further verified by western
blotting as shown in Fig. 5B2. Using different doses of MF (10 uM,
20 uM and 40 pM) we reproduced a corresponding upregulation in the
expression levels of Nrf2 (including nuclear translocation), NQO-1,
Glut-1 and ZO-1 (Fig. 5C and S2). These concentrations are within the
plasma levels measured in patients with the exception of 40 pM which
is above these values [39]. To determine whether MF-induced Nrf2
upregulation and nuclear translocation was linked to the activation of
AMP-activated protein kinase (AMPK), we performed immunofluor-
escence imaging on cells exposed to compound C (a well-known AMPK
inhibitor [40]) with or without MF. As shown in Fig. 5D MF increased
the expression of Nrf2 (including its nuclear translocation) and that of
its downstream product NQO-1 unhindered by the presence of
compound C.
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4. Discussion

A key regulator of redox homeostasis in inactive cells, Nrf2 exerts
cytoprotective functions encompassing anti-oxidative and anti-inflam-
matory responses under physiological conditions [41]. Absence of Nrf2
has been shown to exacerbate brain injury with increased susceptibility
to brain edema and BBB breakdown [42]. Effects of CS in relation to
Nrf2 have been heavily investigated in terms of pulmonary responses.
In comparison to wild-type mice, Nrf2 deficient mice exposed to CS for
6 months were associated with more pronounced oxidative stress and
bronchoalveolar inflammation leading to early onset and extensive
emphysema [43]. Clinically, Nrf2 protein levels were found to be
significantly downregulated in both cytosol and nuclei in biopsy-
derived human lung tissue, in whole lung tissue samples and alveolar
macro phages from smokers with emphysema in comparison to
smokers and nonsmokers without emphysema [44]. Further, results
from our previous reports have shown that Nrf2 regulates BBB
endothelial tight and adherence junction protein expressions [29],
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indicating that increased and persistent levels of oxidative stress that
adversely impact Nrf2 levels can negatively influence BBB function and
integrity. Thus, the effects of prolonged CS exposure on Nrf2, its
downstream proteins and tight junction proteins (such as ZO-1 and
Occludin) observed in our study strongly support these previous
observations. Results from this study demonstrate a progressive
down-regulation of Nrf2, NQO-1, ZO-1 and Occludin in total brain
homogenates in vivo following 4 weeks of CS exposure, although an
initial cytoprotective increase of Nrf2, NQO-1 and ZO-1 expressions
was observed after 2 weeks of chronic CS exposure (Fig. 1), the
negative impact of CS on these same targets was keenly noticeable at
4 weeks’ time point. Importantly, a similar biphasic trend of increase
followed by a decrease in Glut-1 expression was observed in 4 weeks
CS-exposed mice vs. 2 weeks groups (Fig. 1). While activation of the
transcription factor Nrf2 is well known to be one of the major cellular
defense lines against oxidative and xenobiotic stress, its influences on
genes involved in lipid and glucose metabolism has also been recently
established. Heiss and colleagues [45] have demonstrated that avail-
ability of glucose is a decisive factor for Nrf2-mediated gene expression,
which detrimentally influence the outcome in many models of disease,
including cancer, vascular disease, type II diabetes or neurodegenera-
tive disorders. In fact, there are studies demonstrating that the absence
of Nrf2 worsens the diabetic phenotype in mice; and that impairment
in endothelial glucose uptake downregulates tight junction protein
expression [46]. Thus, it is not surprising to observe a similar pattern
of biphasic trend in expression of Glut-1, Nrf2 and ZO-1 levels upon CS
exposure. Although HO-1 (an oxidative stress marker) is considered to
be one of the downstream proteins of Nrf2 activation (Nrf2-ARE
pathway), its induction has also been reported to be Nrf2 independent
[47,48]. HO-1 activity is significantly increased both in vitro and in
vivo upon exposure to cytokines, hypoxia, heme, metals, xenobiotics,
endocrine factors, tobacco smoke and multiple oxidative stressors [49].
Similarly, gliogenesis marked by significant increase in GFAP (reactive
astrocytosis) is evident upon abnormal aggregation of the protein and
concomitant cerebrovascular toxicity due to oxidative stress [50,51].
Interestingly, both HO-1 and GFAP increased upon prolonged CS
exposure (4 weeks) indicating higher levels of oxidative stress.
Inflammatory mediators such as VCAM-1 and ICAM-1 were upregu-
lated upon acute CS exposure (2 weeks). However, there expressions
returned to those similar to controls upon further CS exposure. This
data is in line with the earlier reported in vivo works wherein a
decrease of endurance capacity and systemic inflammation was noticed
upon prolonged smoke exposure (32 weeks) in mice [52].
Measurements of protein expression levels in whole brain homogenate
does not allow us to specifically assess the impact of CS exposure on the
vascular endothelium and although some of the proteins we measured
are fairly specific to the endothelium such as ZO-1, occludin, Glut-1,
VCAM, ICAM; nrf-2, HO-1, NQO-1 are ubiquitously expressed. This
indicates that the impact of CS on the Nrf2-ARE system spreads to the
all brain tissue. However, concerning the specific impact on the BBB,
our in vitro data (Supplementary Fig. 1) clearly show that chronic CS
exposure does indeed decrease Nrf2 and ZO-1 expression in primary
human brain microvascular endothelial cells. Taken together, our data
indicate that prolonged CS exposure increases oxidative stress, thereby
compromising the Nrf2-ARE anti-oxidant pathway and causing cere-
brovascular impairment in terms of loss of tight junction proteins such
as ZO-1, occludin and glucose transporter such as Glut-1. Thus, these
in vivo studies provide a good indication of the chronic effects of CS
exposure.

Metformin has lately been established to act by both AMPK
dependent and independent mechanisms [53]. Montalvo and his
colleagues showed that metformin treatment provides benefits of
calorie restriction by increase in AMPK activation and antioxidant
activity resulting in increased lifespan and improved health span of
aging mice [32]. Furthermore in separate studies, pre-treatment with
MF was also found to prevent ischemia induced brain injury by
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activation of AMPK and Nrf2 pathway and promotion of ZO-1, occludin
and claudin-5 rearrangement [27,28]. In the present study, we
demonstrated that pretreatment with MF in vitro prevented CSE-
induced tight junction protein (ZO-1 and occludin) downregulation
and induced Nrf2 and AMPK pathway activation, although, our data
suggest that activation of Nrf2 (upregulation and nuclear translocation)
is not strictly linked to that of AMPK activation. In fact data reported in
Fig. 4A and B show that in CS exposed mice Nrf2 downregulation
(Fig. 4A) is in opposition with a slightly increase of AMPK activation
(Fig. 4B) caused by CS. Also MF-induced Nrf2 upregulation in CS
exposed mice is clearly dose dependent (Fig. 4A) while that of AMPK
activation is not (observed only at MF highest dose; Fig. 4B) and as
shown in Fig. 5C, blockade of AMPK activity by the use of compound C
did not hinder the ability of MF to upregulate Nrf2 expression and
nuclear translocation. Thus it is possible that additional pathway-
specific mediators/facilitators may be involved in these processes. We
also observed an inhibition in membrane expression of pro-inflamma-
tory mediator PECAM-1 in MF pre-treated cells exposed to CSE vs
CSE-free cultures (Fig. 2). These observed effects are well in line with
our previously published in vitro study showing that CSE contains high
concentrations of NO and hydrogen peroxide causing cellular oxidative
stress and loss of BBB endothelial cell function [30,34]. Additionally,
CSE-induced reduction in ZO-1 and occludin expression was accom-
panied by a loss of BBB integrity as demonstrated by the TEER
decrease of the endothelial monolayers (in transwell set-ups) and the
parallel increase in paracellular permeability to both 4 and 10 kDa
labeled dextrans (Fig. 2D). This suggests a loss of selective permeability
to low molecular weight paracellular markers although it is possible
that restriction to the passage of larger polar compounds remained
intact. Importantly, MF pre-treatment countered the CSE impact on
BBB permeability (Fig. 2D), thus implicating a possible cerebrovas-
cular protective effect in smokers.

Metformin is a glucose lowering agent and is also known to inhibit
weight gain [53]. Furthermore, TS is also known to cause a loss in
appetite leading to lower body weight [54]. Therefore a time dependent
body weight and fasting blood glucose analysis was carried out to
understand whether MF administration or/and CS exposure had any
synergistic detrimental effects on these health parameters. Our data
indicate that control mice receiving either saline or MF followed a
regular trend in increase in body weight. Even though the remaining
groups did not show a similar trend, no loss of body weight was
observed either, thus demonstrating that the MF dosing and the levels
of CS exposure did not have any relevant safety impact on the animals.
This was also demonstrated by the lack of significant changes in fasting
blood glucose levels we observed in tests vs. control animals (Fig. 3). As
for the protective effects of MF administration against CS induced
cerebrovascular impairment, a dose dependent restoration and in-
crease in Nrf2 levels were observed in brain homogenates of MF
treated CS exposed mice in comparison to untreated CS exposed mice.
Similar restoration/prevention of CS induced downregulation of NQO-
1, Glut-1 and tight junction proteins ZO-1 and occludin were also
observed at the cerebrovascular level in CS exposed mice treated with
MF (Fig. 4). These novel data clearly indicate that metformin is capable
in preventing CS induced cerebrovascular dysfunction and should be
further explored clinically to improve healthspan and lifespan of ex-
smokers or possibly people exposed to second hand smoke. The
protective nature of Nrf2 may be altered in smokers by means of
somatic mutation, epigenetic alteration, and accumulation of disruptor
proteins, thereby promoting cell resistance and proliferation of cancer-
ous cells as indicated by many studies [55,56].

Even though our experiments model chronic CS exposure, the
adverse effects of CS we observed may not fully recapitulate those
experienced by chronic smokers who have been exposed to CS (either
first or second hand exposure) for many years (decades). Comparable
long term experimental conditions would be unfeasible in a laboratory
setting. Nevertheless the beneficial effects of MF against CS-induced
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cerebrovascular damages should also be assessed and explored in a
clinical setting for ex-smokers and second hand smokers at lower risks
for Nrf2 mutation. Epigenetic studies focusing Nrf2 mutations and
their impact on cellular function should also be undertaken. Further, in
relation to the impact of Nrf2 on TJ expression and BBB integrity is it
unclear whether this is a direct effect of Nrf2 mediated by the activation
of the Nrf2-ARE pathway or these are secondary effects related to
prevention of protein degradation by oxidative stress. Previous studies
by Shintani et al. on airway epithelial barrier integrity suggest that a
direct effect is indeed possible [57] which is in line with our in vitro
data using either sulforaphane or MF to enhance Nrf2 expression (see
Fig. 5B1 and C). However, this does not rule out the possibility that a
concomitant secondary effects related to prevention of TJ degradation
by oxidative stress is also in place and further studies will be needed to
elucidate these mechanisms of action.

Smoking can elicit hemostatic activation and thrombosis by several
mechanisms including reduction in the release of anti-coagulant factors
such as thrombomodulin from endothelial cells. Lack of thrombomo-
dulin can severely impact the anticoagulant feature of thrombin
(through activation of Protein C [58]) and negatively impact the ability
to control the coagulation cascade. This can lead to increased risk of
blood clot formations and stroke as observed in smokers. In fact, our
data clearly show that CS (and CSE in vitro) exposure significantly
decreased in the vascular levels of thrombomodulin both in vitro
(Fig. 1F) and in vivo (Fig. 2E). In both cases, lowering of thrombo-
modulin levels by CS (or CSE) was prevented by MF. This suggests the
possible use of MF as a therapeutic/prophylactic venue to prevent/
reduce smoking-dependent cerebrovascular damage and reduce the
risk and severity of stroke in both chronic smoker and early stage
former smokers who are still at high risk of stroke.

AMPK is a ubiquitously expressed energy sensing enzyme which is
activated by increases in the AMP to ATP ratio [59], occurring in
various stress conditions such as hypoxia, ischemia and CS [60].
Increased susceptibility to lung inflammation (increased levels of
cytokines such as IL-8) and emphysema were observed in AMPKal-
deficient mice upon CS exposure, implying a pivotal role played by
AMPK in reducing lung inflammation and emphysema [61]. We
observed AMPK activation in mice brain upon CS exposure (Fig. 5).
Furthermore, MF a known activator of AMPK pathway was also found
to increase the phosphorylation of AMPK in a dose dependent manner
(Fig. 5). We also observed that MF alone increased Nrf2, its down-
stream detoxification protein NQO-1, Glut-1 and tight junction pro-
teins ZO-1 and occludin (Fig. 5); thereby further validating a positive
relation between Nrf2 redox pathway, metabolic pathway and cere-
brovascular integrity. A similar relation was observed upon cellular
treatment with known Nrf2 activator- sulforaphane [37] and MF (dose-
dependent) which increased Glut-1 and ZO-1 expression along with
promoting Nrf2 activation (see Fig. 5). In light of the emerging
interplay between redox and metabolic signaling pathways, several
articles have reported the existence of a potential positive cross talk
between Nrf2 and AMPK pathways [62—-64]. As previously mentioned
above, we observed that prolonged CS exposure (4 weeks) minimally
increases phosphorylation of AMPK (Fig. 2B2) but substantially
decreases the total level of Nrf2 and its downstream protein NQO-1
(Figs. 1 and 4). Further, while MF increases Nrf2 expression at each
concentration we tested in vivo, only the highest one (200 mg/Kg)
elicited AMPK activation. In view of these results the Nrf2 and AMPK
pathways seem to share limited cross-talking and perhaps other
pathway specific modulators/promoters may be implicated (e.g.,
insulin [40]). Supporting this hypothesis, we also observed that
compound C, an established inhibitor of AMPK phosphorylation did
not inhibit Nrf2 upregulation by MF treatment (Fig. 5D). Nonetheless,
our data taken together demonstrate protective effects of MF against
CS- induced cerebrovascular impairment by both activation of Nrf2
and AMPK pathway which seems to be independent of each other in
this scenario.
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In conclusion, this study emphasizes the critical role of Nrf2 in
maintaining healthy cerebrovascular conditions and BBB endothelial
structure and functional integrity. Our data suggests that CS signifi-
cantly impairs the cerebrovascular condition and endothelial function
by increased load of oxidative stress due to altered Nrf2 signaling.
Metformin notably counteracts these CS- induced adverse effects
through modulation of Nrf2 expression and helps in restoring the
cerebrovascular homeostasis. Thereby, strategies to augment Nrf2
activity could hold therapeutic potential to prevent CS- induced
cerebrovascular dysfunction. In addition, we also provide a mechanistic
insight regarding the interplay of Nrf2 and AMPK pathway which
seems to be more independent than expected.
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