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Abstract

Blood-brain barrier (BBB) damage is a characteristic feature of diabetes mellitus pathology, and
plays significant roles in diabetes-associated neurological disorders. However, effective treatments
for diabetes targeting BBB damage are yet to be developed. Fibroblast growth factor 21 (FGF21)
is a potent regulator of lipid and glucose metabolism. In this study we tested the hypothesis that
recombinant FGF21 (rFGF21) administration may reduce type 2 diabetes (T2D)-induced BBB
disruption via NF-E2 related factor-2 (Nrf2) upregulation. Our experimental results show that
rFGF21 treatment significantly ameliorated BBB permeability, and preserved junction protein
expression in db/db mice /n vivo. This protective effect was further confirmed by ameliorated
transendothelial permeability and junction protein loss by rFGF21 under hyperglycemia and IL1p
(HG-1L1p) condition in cultured human brain microvascular endothelial cells (HBMEC) /n vitro.
We further reveal that rFGF21 can activate FGF receptor 1 (FGFR1) that increases its binding with
Kelch ECH associating protein 1 (Keapl), a repressor of Nrf2, thereby reducing Keapl-Nrf2
interaction leading to Nrf2 release. These data suggest that rFGF21 administration may decrease
T2D-induced BBB permeability, which is in part via FGFR1-Keap1-Nrf2 activation pathway. This
study may provide an impetus for development of therapeutics targeting BBB damage in diabetes.
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Introduction:

Diabetes mellitus represents a pathological condition caused by insufficient insulin
production or insulin resistance leading to metabolism dysfunctions of lipids and proteins.
Type 2 diabetes (T2D) is the most common form of diabetes in which the cells are not able
to absorb and use insulin (insulin resistance) [1]. Diabetes causes structural and functional
alterations of multiple organ systems including brain. Multiple neurological disorders
including dementia, stroke and anxiety/depression have been extensively documented in
diabetes mellitus [2]. Indeed diabetes has been regarded as a risk factor of stroke, and
negatively impacts the outcomes of stroke as demonstrated in T2D mouse models [3].

Blood-brain barrier (BBB) is mainly composed of endothelial cells that are connected by
tight junction and adherens junction proteins. BBB acts as a gate keeper allowing nutrient
transportation while preventing harmful substances from entering the brain [4]. It has been
demonstrated that diabetic conditions can impair BBB function [5,6]. Particularly, BBB
permeability is increased in hyperglycemia or experimental diabetic animal models [7,8].
Accumulating evidence indicate that BBB disruption in T2D is one of the crucial risk factors
leading to neurological deficits. Preclinical studies in mice indeed show that vascular injury
following stroke is significantly exacerbated in diabetic subjects [9], hence development of
new anti-diabetes compounds targeting both metabolic dysfunction and neurological/
cognitive complications are considered clinically significant [2].

Fibroblast growth factor 21 (FGF21) is a 181-amino acid circulating protein that has been
demonstrated to be a robust regulator of metabolism [10]. FGF21 exerts its physiological
function mainly through interaction with FGF receptor 1c (FGFR1) and co-factor p-Klotho.
FGF21 knockout mice show significantly increased adipose mass [11], whereas FGF21
overexpression in transgenic mice extends lifespan without reducing food intake, and
increases insulin sensitivity [12]. Moreover, administration of rFGF21 to obese diabetic
rodents markedly alleviated hyperglycemia, lowered triglycerides and body weight [13,14].
Studies using type 2 diabetes animal models show that recombinant FGF21 (rFGF21)
significantly improves insulin sensitivity and corrects dyslipidemia [15]. Our very recent
study using high fat diet-induced obese diabetic mice demonstrates that rFGF21 attenuated
diabetes-associated cognitive dysfunction through metabolic regulation and anti-
inflammation [16]. These findings imply that FGF21 may play critical roles in diabetic
pathophysiology. However, whether FGF21 has protective effect against diabetes-associated
BBB injury remains elusive. In this study we therefore aim to investigate the putative roles
of rFGF21 administration in BBB dysfunction in diabetes mouse models.

NF-E2 related factor-2 (Nrf2) is a transcriptional regulator of multiple cytoprotective genes
including anti-oxidant and glutathione generating enzymes [17]. Early brain inflammation
and oxidative stress in the T2D brain disturb metabolic and cellular homeostasis[18,19],
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which later provokes defective Nrf2-dependent signaling functions [20] that are linked to
brain vascular dysfunction in T2D [21]. Experimental studies show that BBB disruption is
associated with defective Nrf2 signaling in diabetic mice [22] and under hyperglycemic
condition /n vitro [23]. Nrf2 is a rapidly turned-over protein that is normally sequestered in
the cytoplasm by Kelch ECH associating protein 1 (Keapl), a repressor of Nrf2. Keapl
binds to Nrf2 and promotes its degradation by the ubiquitin pathway [24]. Interestingly,
emerging evidence suggested FGF21 might engage in upregulation or activation of Nrf2
[25,26]. Thus in this study we tested the hypothesis that rFGF21 administration may reduce
T2D-induced BBB permeability via Nrf2 upregulation, using T2D db/db mice and cultured
human brain microvascular endothelial cells (HBMECs) monolayer.

Material and methods:

All animal experiments were performed following protocols approved by the Massachusetts
General Hospital Animal Care and Use Committee in compliance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals. Experimenters were
blinded to data acquisition.

Animals and drug treatments:

Male leptin receptor deficient mice (db/db) mouse and control mice (db/+) were purchased
from Jackson Laboratory (Bar Harbor, Maine) at ages of 16 weeks. The animals were
randomly assigned to vehicle-treated or rFGF21-treated groups. rFGF21 was administered at
the dose of 3mg/kg/day for 10 days using IP-implanted Alzet osmotic pumps (DURECT
Corporation, CA) before being sacrificed. The dose was based on previously established
dose regimen of rFGF21 treatment in rodents [13].

Mice BBB permeability:

For assessment of BBB permeability, mice were introperitoneally injected with sodium
fluorescein (NaFl, M.W 376) at the dose of 200 mg/kg (n= 8). One hour after NaFI injection,
the mice were sacrificed by transcardial perfusion with saline under isoflurane anesthesia.
The hippocampus and cortex were isolated and NaFIl was extracted using 30%
trichloroacetic acid (TCA), and the fluorescence (excitation 440 nm and emission 525 nm)
was quantified using fluorescence microplate reader (SpectraMax M5, Molecular Device).
The extraction and quantification procedures were performed in a blinded manner.
Fluorescence emission values from duplicate wells containing brain extracts were fitto a
standard curve, averaged, and expressed relative to total protein as determined by Bradford
assay.

Human brain microvascular endothelial cell (HBMEC) culture and viability:

Primary HBMEC was obtained from Cell Systems Corporation (ACBRI376, Kirkland, WA),
and cultured in complete growth media EBM-2 containing supplements growth factors
(Lonza, Walkersville, MD). The viability of cultured HBMEC was assessed by WST assay
in 24-well plates. Briefly, after treatment, WST-1 reagent (50 pl) (Donjindo Molecular
Technologies) was added to each well (containing 450-ul medium) and the cells were
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incubated for 2 h at 37 °C. The absorbency at 450 nm was measured against a background
blank control using microplate reader (SpectraMax M5, Molecular Devices).

Endothelial monolayer permeability:

Endothelial monolayer permeability was assessed following our previously published
methods [27] except that the cells were treated with hyperglycemia and IL-1p. Briefly,
primary HBMEC was cultured on the inner surface of collagen-coated Transwell inserts
(6.5-mm diameter, 0.4-um pore size; Corning, NY) in complete EBM-2 containing 25 mM
glucose (hyperglycemia). The cell monolayer normally reaches confluency after 2 days.
Then the cells were switched to hyperglycemia EBM without FBS or growth factors but with
IL-1B (20ng/ml) for 16 hrs. For rFGF21-treated group, rFGF21 was added to the medium
(final concentration 50nM) during IL-1p treatment. The media in both upper and lower
chambers were then removed and replaced with fresh media without supplement.
Permeability was measured by adding 0.1 mg/ml of fluorescein isothiocyanate (FITC)-
labeled dextran (Sigma) to the upper chamber, with lower compartment containing 500 pl
fresh serum-free media. After incubation for 20 min, 100 pl sample from the lower
compartment was measured for fluorescence at excitation 490 nm and emission 520 nm. All
independent experiments were performed in duplicate or triplicate.

Western blot:

For mouse brain tissue, the mouse was cardio-perfused with saline after 10-day treatment
with rFGF21 (for junction protein Western blot), or after 7-day rFGF21 treatment (for Nrf2,
Keapl Western blot and co-IP etc.), then the cortex was dissected and protein was extracted
using lysis buffer. For total protein isolation of cultured HBMEC, the cells were washed
twice with PBS, then lysed with lysis buffer. For junction proteins examination, plasma
membrane protein was isolated using the “Plasma Membrane protein Extraction Kit”
(Abcam). Equal amount of protein were separated in a 4-20% NuPage gel and transferred to
nitrocellulose membranes. Actin was used as the loading control. The membranes were
incubated with primary anti-FGFR1 (1:1000, abcam), pFGFR1 (1:1000, abcam), p-Klotho
(1:2000, R&D systems), Nrf2, Keapl, ZO-1 (1:1000, cell signaling), Occludin (1:1000,
abcam), Claudin-5 (1:1000, ThermoFisher), VE-cadherin (1:1000, Enzo Life Sciences), IL-1
B (1:1000, cell signaling), Na,K-ATPase (1:1000, Abcam), Nrf2 (1:1000, cell signaling), p-
Nrf2 (1:1000, abcam), Keapl (1:400, Santa Cruz), Smad2 (1:1000, Abcam), p-Smad2
(1:12000, Cell signaling), Snail (1:1000, cell signaling), Histone-H3 (1:2000, cell signaling),
and anti-B-actin antibody (1:10,000; Sigma) at 4 °C overnight. After washing with PBS
containing 0.1% Tween 20, the membranes were then incubated with horseradish
peroxidase-linked secondary antibody (1:2000) for 1 h at room temperature, developed by
enhanced chemiluminescence (Pierce, Rockford). The optical density of protein bands from
repeated experiments was quantified with ImageJ, normalized by actin, and then statistically
analyzed.

Immunohistochemistry for junction protein in brain vessel:

Coronal brain sections (16 pm) were fixed in 100% cold aceton and blocked with 3% bovine
serum albumin (BSA) for 1 h and incubated at 4 °C overnight with anti-VE-cadherin (rabbit
monoclonal, 1:200, Abcam) and occludin (rabbit monoclonal, 1:200, abcam) together with
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rat anti-CD31 antibody (mouse monocolonal:100; BD Bioscience). The sections were then
washed and incubated for 1 h with fluorescence-conjugated secondary antibodies (Jackson
ImmunoResearch). Vectashield mounting medium containing DAPI (Vector Laboratory,
Burlingame, CA) was used to coverslip the slides. Fluorescent signals were examined using
Nikon Eclipse T300 fluorescence microscope.

Immunocytochemistry:

Immunostaining for junction proteins in HBMEC was performed following our previously
published methods [27]. Briefly, cultured HBMEC in 24-well plates were washed with PBS
and fixed with 4% paraformaldehyde (PFA) for 30 min, then washed with PBS containing
0.1% Tween and further incubated with 5% FBS for 1 h. Next the cells were incubated with
primary antibodies against VE-cadherin (rabbit monoclonal; 1:200; Abcam) and ZO-1
(rabbit polyclonal; 1:200; Abcam) at 4 °C overnight. After PBS washing, the cells were
incubated with fluorescence-conjugated secondary antibodies (Jackson ImmunoResearch),
for 1 h at room temperature. Vectashield mounting medium containing DAPI was used to
cover the wells. Fluorescent signals were examined using Nikon Eclipse T300 fluorescence
microscope.

Co-immunoprecipitation (Co-I1P):

Proteins were extracted from mouse brain or cultured HBMEC, and immunoprecipitation
was performed using 2 g polyclonal antibodies against mouse Keapl (Santa Cruz
Biotechnology) and FGFR1 (Abcam). After 3 hr incubation, protein G sepharose was added
and incubated overnight at 4°C, and then centrifuged for 1 min at 12 000 g. The precipitates
were rinsed with immuno-precipitation buffer (0.5% NP-40, Tris-Cl pH 8.0, 0.15 M NaCl)
four times to remove non-specific binding molecules. 1gG was used as a negative control for
precipitation. The protein levels of Nrf2, pNrf2 and Keap1l in precipitates were then assessed
by Western blot.

Statistical analysis:

Results:

Results were expressed as mean + SD. The number of samples was 6 per group for mice
BBB permeability and endothelial monolayer permeability assays, and 4 for western blot
experiments. Multiple comparisons were evaluated by one-way ANOVA followed by Tukey-
Kramer’s tests between all groups. p< 0.05 was considered statistically significant.

rFGF-21 treatment protects against diabetes-induced BBB permeability and junction
protein loss in db/db mice

(1) rFGF-21 treatment ameliorated BBB leakage of NaFl in db/db mice—NaFI
is a fluorescent tracer (M.W 376) that has been used for measuring BBB permeability in
animal models of brain injury [28-30]. We first examined the BBB integrity of db/db mice
by testing the permeability of NaFIl. The db/+ mice was used as negative control. We show
that NaFIl permeability was significantly increased in db/db compared to db/+ mice (Figure
1A). We also tested the BBB leakage using bigger tracers FITC-Dextran (4k, 10k), but found
no detectable leakage of these tracers (data not shown). These data suggest an early and
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moderate BBB damage at this age (~16 weeks) of db/db mice, which is consistent with
previous report [29]. For the rFGF21 treatment group (3mg/kg/day for 10 days), BBB
permeability assay shows that rFGF21 significantly decreased NaFI permeability compared
to non-treated group (Figure 1A). Moreover, we show that rFGF21 treatment significantly
decreased blood glucose level in db/db mice (Figure S1), which is consistent with previous
studies [13], whereas the body weight of db/db mice was slightly reduced by rFGF21.

(2) rFGF21 treatment rescued junction protein expression in db/db mice.—
Tight junction and adherens junction proteins play crucial roles in maintaining BBB
integrity [31,32]. We next examined the junction protein expression in the brain cortex of
db/db mice compared to db/+ by Western blot. We show that ZO-1, Occludin and VE-
Cadherin protein levels were significantly decreased in db/db mice compared to db/+, while
rFGF21 treatment significantly rescued the expression of ZO-1, occludin and VE-Cadherin
(Figure 1B-E).

(3) Immunostaining for junction proteins in brain vessels of db/db mice after
rFGF21 treatment—\We further performed immunostaining for occludin and VE-cadherin
in brain vessels by co-staining with CD31. The results show that occludin and VE-cadherin
staining is integral and continuous along brain vessels in db/+ mice, whereas in db/db mice
the staining is fragmented, losing continuity. rFGF21 treatment reversed this process,
making occludin and VE-cadherin staining more integral and continuous compared to
untreated db/db group (Figure 1F, E).

rFGF21 treatment reduced endothelial monolayer permeability after Hyperglycemia-IL18
(HG-IL1B) injury

Inflammation has been demonstrated to be a key mechanism of diabetes pathogenesis
[33,34]. We first detected IL-1p protein level, an inflammation marker, in the brain cortex of
db/db mice using Western blot. Our results show that IL-1 protein level was significantly
increased in db/db mice brain compared to db/+ mice, suggesting increased inflammation in
db/db mice brain at 16 weeks of age (Figure 2A).

Based on the increased IL-1p level in db/db mice brain, we used hyperglycemia (25mM
Glucose) plus IL-1p (20ng/ml) (HG-IL1B) in HBMEC monolayer culture as an /n vitro
model of diabetic BBB injury. We first show that treatment with HG-1L1p or HG-IL1p
+rFGF21 (50nM) did not significantly change the cell viability of HBMEC (Figure 2B).
Next we examined the permeability of HBMEC monolayer using the methods as we
previously described [27]. We show that HG-IL1 injury significantly increased the
permeability of HBMEC monolayer, whereas this increase was significantly reversed by
rFGF21 treatment (Figure 2C).

rFGF21 treatment rescued junction protein loss in cultured HBMEC after HG-IL1 injury

To investigate the putative mechanisms of compromised HBMEC monolayer integrity, we
next isolated the plasma membrane fractions of HBMEC and examined the junction protein
expression by Western blot. We show that ZO-1 and VE-cadherin protein levels were
significantly reduced by HG-IL1p injury (Figure 2D-F), whereas this reduction was rescued
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by rFEGF21 treatment. Occludin protein level was also significantly upregulated by rFGF21
treatment (Figure 2G).

Moreover, we performed immunocytochemistry for ZO-1 and VE-cadherin in cultured
HBMEC. We show that the protein levels of ZO-1 and VE-cadherin on plasma membrane
were significantly decreased by HG-IL1 injury, and this decrease was rescued by rFGF21
treatment (Figure 2H).

rFGF21 protection against HG-IL1p-induced HBMEC monolayer permeability is mediated

by FGFR1

We next investigated whether the protection effect of rFGF21 on HBMEC monolayer
permeability is mediated through its receptor FGFR1 and p-Klotho. We used a specific
inhibitor of FGFR1, PD173074 (50 nM) [35], to co-treat HBMEC with rFGF21. PD173074
significantly abolishes the protection effect of rFGF21 on endothelial monolayer integrity
(Figure 3A). Moreover, Western blot confirmed that rFGF21 treatment increases FGFR1
activation marked by FGFR1 phosphorylation (Pfgfrl), and this effect is reversed by
PD173074 (Figure 3B, C). rFGF21 did not change the protein level of B-Klotho (Figure 3B).
These results suggest that rFGF21 may protect HBMEC monolayer integrity at least in part
through FGFR1-dependent mechanism.

Nrf2-Keapl interaction is involved in the protection effect of FGF21 against diabetes-
induced BBB leakage

(1) pNrf2 (phospho-Nrf2) level was increased by rFGF21 in db/db mice and
cultured HBMEC after HG-IL1 injury.—NTrf2 has protective roles against BBB
damage in CNS pathologies [23,36]. We next investigated whether Nrf2 is involved in the
protective effect of FGF21 on BBB by examining the protein levels of total Nrf2 and
phosphorylated Nrf2 (pNrf2), the activated form of Nrf2 [37], in the nuclear extract of db/db
mice brain after rFGF21 treatment. Histone-H3 was used as internal nuclear protein marker.
We show that both Nrf2 and pNrf2 level was decreased in db/db mice compared to db/+,
whereas this decrease was significantly rescued by rFGF21 (Figure 4A). Moreover, we
examined the protein levels of Nrf2 and pNrf2 in nuclear fraction of cultured HBMEC. Nrf2
and pNrf2 protein levels were significantly decreased by HG-IL1p injury, and this decrease
was significantly rescued by rFEGF21 treatment (Figure 4B).

(2) Nrf2 inhibitor blocked the protection effect of rFGF21 on HG-IL1g-induced
endothelial monolayer permeability.—We further investigated whether Nrf2 is
required for the protection effect of rFGF21 on HG- IL1B-induced endothelial monolayer
permeability. During HG-1L1p injury HBMEC monolayer was treated with rFGF21 alone or
rFGF21 combined with Nrf2 inhibitor, trigonelline [38], followed by measurement of
permeability. We show that trigonelline (1pM) significantly blocked the protection effect of
rFGF21 on HG-IL1p-induced endothelial monolayer permeability (Figure 4C), suggesting
that Nrf2 is at least partially required for rFGF21 protection of BBB integrity.

(3) Keapl-Nrf2 interaction in db/db mice after rFGF21 treatment—NTrf2 is
normally sequestered in the cytoplasm by its repressor Keapl [24]. We further investigated
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whether Keapl is involved in the Nrf2 upregulation by FGF21. We first examined Keapl
protein level in mice brain lysate by Western blot. Keapl protein level was significantly
increased in db/db compared to db/+ mice, and this increase was significantly ameliorated
by rFGF21 treatment (Figure 4D).

We next performed co-IP to examine the Keap1-Nrf2 interaction by using Keapl antibody to
do immunoprecipitation, followed by Western blot using Nrf2 and pNrf2 antibodies. We
observed significantly increased interaction of Keapl with both Nrf2 and pNrf2 in db/db
mice compared to db/+, whereas this increase was significantly blocked by rFGF21
treatment (Figure 4E). These results imply that rFGF21 might upregulate nuclear Nrf2 and
pNrf2 levels through reducing Keapl protein level and Keap1-Nrf2 interaction as well.

(4) Keapl-Nrf2 interaction in cultured HBMEC after HG-IL1p injury—To further
investigate the roles of Keapl and Nrf2 in rFGF21 protection of BBB integrity, we examined
Keap1 protein level in cultured HBMEC by Western blot. Keapl protein level in HBMEC
cell lysate was significantly increased after HG-IL1 injury, which was significantly blocked
by rFGF21 treatment (Figure 4F). We next performed Co-IP in HBMEC using anti- Keapl
antibody followed by Western blot for pNrf2. We show that rFGF21 treatment after HG-
IL1B injury significantly reduced pNrf2 binding to Keapl compared to non-treated control
group (Figure 4G).

(5) Smad2-Snail pathway is not involved in the protection effect of rFGF21
against diabetes- induced BBB leakage.—We next asked whether other regulators
might be involved in the protection effect of rFGF21 against diabetes-induced BBB leakage.
Snail is a negative regulator of VE-Cadherin gene expression by suppressing the promoter
activity [39]. Moreover, Snail can be up-regulated by Smad?2 [40]. We examined the protein
levels of Smad2, phophos-Smad2 (the activated form of Smad2), and Snail in the nuclear
extract of db/db mice brain after rFGF21 treatment. Our results show that Smad2, p-Smad2
and Snail were not changed among db/+, db/db and db/db-FGF21 groups (Figure 4H),
implying that Smad2-Snail pathway may not be involved in the protection effect of rIFGF21
against diabetes-induced BBB leakage.

Keapl interaction with FGFR1 in HBMEC cells

We further asked whether there is direct interaction between Keapl and FGFR1. Co-IP was
performed using Keapl antibody for HBEMC cell lysate, FGFR1 and pFGFRL1 in the
precipitate were examined by Western blot. We show that Keap1 interacts with FGFR1 and
pFGFR1, and the pFGFR1-Keapl binding was significantly decreased by HG-IL1 injury,
while rEGF21 treatment significantly increased pFGFR1-Keapl binding (Figure 5A, B).

We also used FGFR1 antibody to perform Co-IP and measured Keapl protein levels in the
precipitate. Keapl interaction with FGFR1 was reduced after HG-IL1p insult, and rFGF21
treatment significantly rescued this interaction. Nrf2 was not detectable in the precipitate,
suggesting that FGFR1 did not directly interact with Nrf2 (Figure 5C, D).

Overall, these results suggest that rFGF21 treatment may lead to increased binding of
FGFR1 with Keapl, and subsequently decreased binding of Keapl with Nrf2, therefore
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decreasing the Nrf2 ubiquitination and degradation in the cytoplasm, and eventually
increasing the nuclear translocation of Nrf2 from cytoplasm.

Based on the above findings, the signaling pathways for rFGF21 protection against diabetes-
induced BBB injury involving Nrf2 and Keapl are depicted in the diagram (Figure 6).
Discussion:

BBB permeability is a characteristic feature of diabetes-associated CNS disorders including
vascular dementia, Alzheimer’s disease and stroke, therefore understanding the mechanisms
of T2D-induced BBB permeability is of high clinical priority. In this study we for the first
time investigated the effect of rFGF21 administration on BBB permeability using both
diabetes mice model and cultured HBMEC monolayer. We found that: (1) rFGF21 treatment
ameliorated BBB permeability in db/db mice and HBMEC monolayer permeability after
HG-IL1p insult; (2) rFGF21 treatment rescued junction proteins loss induced by diabetic
condition; (3) the protection effect of rFGF21 on BBB permeability is dependent on FGFR1
activation; (4) the protection effect of rFGF21 on BBB permeability relies on Nrf2
activation; (5) rFGF21 treatment decreased the binding of Nrf2 to keapl, the negative
regulator of Nrf2; (6) FGFR1 interacts with Keapl, but not Nrf2, and this interaction was
increased by rFGF21 treatment. These data suggest a FGF21-FGFR1-Keapl-Nrf2
upregulation pathway in modulating BBB permeability in diabetes.

FGF21 has been recognized as a potent regulator of glucose and lipid metabolism thus
playing crucial roles in diabetes-related pathology in db/db mice [13]. Accordingly,
recombinant FGF21 has been applied in a big array of studies to treat db/db mice or diet-
induced obesity (D1O) mice, which unanimously showed beneficial effects in reducing
blood glucose and triglycerides (TGs) levels, reducing body weight, and improving insulin
sensitivity [41,42]. Our recent study further demonstrated that rFGF21 improved obesity-
induced cognitive dysfunction and anxiety-like behavior, potentially through reducing
glucose tolerance, insulin resistance and hyperlipidemia [16]. It has been demonstrated that
diabetic conditions significantly impair BBB function including glucose and amino acid
transportation, permeability to harmful substances and immune regulation [6], however,
whether FGF21 has protection effect against diabetes-associated BBB damage has not been
investigated. In this study we for the first time found that rFGF21 administration ameliorated
diabetes-induced BBB leakage, which extends our understanding of the functional spectrum
of FGF21, and may also be part of the mechanisms underlying the protection effect of
rFGF21 in ameliorating obesity-induced cognitive dysfunction [16].

Nrf2 is a master transcriptional regulator of cytoprotective genes including anti-oxidant and
glutathione generating enzymes through binding to the antioxidant/electrophilic response
element (ARE/EpRE) located in the promoter regions of target genes [17]. Previous studies
using Nrf2 activators demonstrated that Nrf2 protects against BBB dysfunction in CNS
disorders [23]. Nrf2 is normally sequestered in the cytoplasm through binding to Keapl, an
actin cytoskeleton- associated adaptor protein [43]. Keapl tags Nrf2 for ubiquitination
leading to rapid degradation of Nrf2 by proteosome system. This Nrf2-Keap1 signaling
pathway has been established as the major mechanism of cellular defense against oxidative
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stress in a wide array of pathological conditions, including type 2 diabetes [43]. Nrf2
upregulation by Keapl knockout preserved the pancreatic p-cell mass and function in
diabetic mice. Moreover, Nrf2 overexpression has been demonstrated to increase insulin
sensitivity in diabetic mice, and decrease body weight and blood glucose level as well,
potentially through enhanced energy consumption [44]. These findings reveal that Nrf2 has
beneficial effect in overcoming the metabolic dysfunction in diabetes condition.

Recent experimental studies documented that Nrf2 protects against BBB damage in CNS
pathologies [36]. In this study we revealed that FGF21 may protect against diabetes-induced
BBB damage through upregulating Nrf2 levels. We also find that this Nrf2 upregulating
effect might be mediated by FGFR1 binding to Keapl, which led to decreased binding of
Keapl with Nrf2. This is a novel mechanism that links FGF21 protection for BBB with
Nrf2-Keapl pathway under diabetic conditions, which broadens our understanding of the
functions of Nrf2-Keapl in diabetes. However, one limitation is that we did not investigate
how Nrf2 is translocated from cytoplasm to nuclei, and how rFGF21 treatment affects this
process. These questions warrant further investigation in the future.

There are a few more caveats in this study. First, the C57BLKS-Leprdb T2D mice
containing leptin receptor deficiency may not reflect the diabetes etiology in humans,
although FGF21 research in metabolic regulation has been translated from db/db T2D mice
to human T2D [45]. There are variable pathological mechanisms among different T2D
animal models [46], thus future studies testing rFGF21 in other diabetes models should be
pursued. Second, we only tested Nrf2 mechanism in rFGF21 protection for BBB in T2D
mice. However, other signaling pathways related to metabolic regulation might be also
involved in T2D BBB permeability, which requires further investigations. Third, although
the permeability assay using /n vitro cultured endothelial monolayer has been commonly
used, it may not reflect the physiological features of cerebrovascular endothelium, thus
endothelium-astrocytes co-culture may be a better in vitro model for future studies [47].

Overall, in this study we for the first time discovered the beneficial effects of rFGF21 on
diabetes-induced BBB permeability, and established FGFR1-Keap-Nrf2 pathway as a
potential mechanism for this protection effect. These findings provide new insights into the
mechanisms of diabetes-induced BBB damage, and may help in development of therapeutics
targeting BBB permeability in T2D.
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Figure 1: rFGF-21 reduces diabetes-induced BBB permeability and rescues junction protein
expression in db/db mice.

db/db mice at age of 16 weeks were treated with rFGF21 for 10 days. BBB leakage was
measured by permeability to sodium fluorescein (NaFl), and junction protein expression was
measured by Western blot and immunohistochemistry. (A) BBB permeability for NaFI after
rFGF21 treatment in db/db mice. (B) Representative Western blot images of junction
proteins ZO-1, Occludin, Claudin-5 and VE-cadherin. (C-E) Quantification of western blot
results for ZO-1, Occuldin and VE-cadherin. (F) Immunohistochemistry for VE-cadherin in
db/db brain vessels after rFGF21 treatment. (G) Immunohistochemistry for occludin in
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db/db brain vessels after rFGF21 treatment, dashed white box show the vessels. (* p<0.05
vs. db/+; # p<0.05 vs. db/db; n=6).
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Figure 2: rFGF21 reduced the permeability of cultured HBMEC monolayer after
Hyperglycemia-1L1g (HG-IL1p) injury.

Cultured HBMEC monolayer treated with HG-IL1p was used to mimic BBB injury under
diabetic conditions. The monolayer was then treated with rFGF21 and the permeability was
measured. (A) IL-1p protein level in diabetic mice brain measured by Western blot (*
p<0.05 vs. db/+, n=4); (B) Viability of cultured HBMEC after treatment with HG-IL1p and
rFGF21; (C) Relative HBMEC monolayer permeability after treatment with HG-IL1p and
rFGF21 (* p<0.05 vs. norm; # p<0.05 vs. HG-IL1B; n=6); (D) Representative western blot
images of junction protein expression in cultured HBMEC after HG-IL1p and rFGF21
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treatment; (E, F, G) Quantification of junction protein ZO-1, VE-cadherin and Occludin in
cultured HBMEC (*p<0.05 vs. norm; # p<0.05 vs. HG-IL1B; n=6); (H)
Immunocytochemistry of ZO-1 and VE-cadherin in cultured HBMEC after HG-IL1p and
rFGF21 treatment.
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Figure 3. FGFR1 is required for the protection effect of FGF21 against HG-I1L1p induced
HBMEC monolayer permeability.

The FGFRL1 inhibitor, PD173074, was used to examine the roles of FGFR1 in BBB
protection effect by FGF21 using cultured HBMEC monolayer. (A) Relative permeability of
HBMEC monolayer after HG-IL1p and FGF21 treatment with or without PD173074; (B)
Representative Western Blot images to measure FGFR1, pFGFR1 and B-Klotho in cultured
HBMEC after HG-1L1p and FGF21 treatment with or without PD173074; (C)
Quantification of pFGFRL1 in cultured HBMEC. (* p<0.05 vs. HG-IL1; #p<0.05 vs. HG-
IL1B+F21; n=4).
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Figure 4. Nrf2-Keapl pathway is involved in the protection effect of FGF21 against HG-1L1p
induced endothelial monolayer permeability.

The involvement of Nrf2 in FGF21 protection for BBB was examined using db/db mice and
cultured HBMEC monolayer. (A) Nrf2 and pNrf2 protein levels measured by Western blot
in nuclear extract of db/db mice brain after rFGF21 treatment (* p<0.05 vs. db/+; #p<0.05
vs. db/db; n=4); (B) Nrf2 and pNrf2 protein levels measured by Western blot in cultured
HBMEC after HG-1L1p and rFGF21 treatment (* p<0.05 vs. norm; # p<0.05 vs. HG-IL1p;
n=3). (C) Relative HBMEC monolayer permeability after treatment with HG-IL1p and
rFGF21, with or without Trigonelline, the Nrf2 inhibitor (* p<0.05 vs. norm; # p<0.05 vs.
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HG-IL1B; & p<0.05 vs. HG-IL1p+F21; n=4). The roles of Nrf2-Keap1l interaction in BBB
protection by FGF21 was further investigated using db/db mice and cultured HBMEC. (D)
Representative Western blot images and quantification for Keapl protein in db/db mice brain
after FGF21 treatment; (E) Representative Western blot images and quantification for Nrf2
and pNrf2 detection after Co-IP with Keapl antibody using the brain lysate of db/db mice
after rFGF21 treatment (* p<0.05 vs. db/+; # p<0.05 vs. db/db; n=4). Keapl and Nrf2
interaction was also measured in cultured HBMEC after HG-IL1p and rFGF21 treatment.
(F) Keapl Western blot and quantification in cultured HBMCE; (G) Co-IP was performed
using Keapl antibody with HBMCE lysate, and pNrf2 in the precipitate was assessed using
Western blot (* p<0.05 vs. norm; # p<0.05 vs. HG- IL1p; n=3). (H) Representative Western
blot images of Smad2, p-Smad2 and Snail in db/db mice after rFGF21 treatment.
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Figure 5. Keapl interaction with FGFR1
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The interaction between Keapl and FGFR1 was investigated by Co-IP using HBMEC cell

lysate. (A) Representative Western blot image for FGFR1 and Pfgfrl in the precipitate after
Co-IP using Keapl antibody; (B) Quantification of pFGFRL1 protein levels; (C)
Representative Western blot image for Keapl and Nrf2 detection in the precipitate after Co-
IP using FGFR1 antibody; (D) Quantification of Keapl protein levels (* p<0.05 vs. norm; #

p<0.05 vs. HG-IL1B; n=4).
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Figure 6. Potential signaling pathways in the FGF21-FGFR1 protection against T2D-associated
BBB permeability involving Keap1-Nrf2

Under diabetic conditions, Nrf2 is negatively regulated by Keapl binding, which leads to
ubiquitination and degradation of Nrf2 by the proteasomes. Upon rFGF21 administration,
FGFR1 binds to Keapl, which causes Nrf2 dissociation from Keapl and increased
translocation of Nrf2 into the nucleus, eventually leading to activation of cytoprotective
genes.
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