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Activation of Kriippel-Like Factor 2 with Ginkgo
Biloba Extract Induces eNOS Expression and
Increases NO Production in Cultured Human

Umbilical Endothelial Cells

Tsung-Neng Tsai, Wei-Shing Lin, Chun-Hsien Wu, Wen-Yu Lin, Kai-Min Chu, Cheng-Chung Cheng, Chih-Hsueng Hsu,
Wei-Che Tsai, Shu-Meng Cheng® and Shih-Ping Yang®

Background: The mechanisms responsible for the effects of Ginkgo biloba extract (GbE) are not fully understood.
Krippel-like factor 2 (KLF2), a zinc transcription factor, has vasculoprotective effects if activated. The present study
attempted to explore whether GbE may activate KLF2 and its consequences.

Methods: To determine the effects of GbE on endothelial cells, human umbilical vein endothelial cells (HUVECs)
were incubated with various concentrations of GbE. KLF2 expression levels were determined by quantitative
reverse transcription polymerase chain reaction. Cytoskeleton staining and cell migration assays were performed
to determine the effects of KLF2 activation. Moreover, endothelial NO synthase (eNOS) expression levels were
detected by PCR and Western blot testing. Nitric oxide (NO) production was also measured with 4,5-diaminofluorescein.
A knockdown of KLF2 was performed to identify the role of KLF2 in GbE-induced eNOS expression and NO
production.

Results: HUVECs that were incubated with GbE increased KLF2 expression. These cells demonstrated an altered cell
morphology, cytoskeleton rearrangement, and inhibited migration activity. Moreover, eNOS expression and NO
production increased in a dose-dependent manner when cells were treated with GbE. Correspondingly, silencing
of KLF2 in HUVECs decreased eNOS expression and NO production in GbE-treated cells.

Conclusions: GbE significantly activated KLF2 expression and KLF2-related endothelial function, including cytoskeleton
rearrangement, inhibition of migration, eNQS activation, and NO production. These findings suggest that GbE may
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induce a vasculoprotective effect in endothelial cells.
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medicine, has been used to treat cerebrovascular dis-
ease and dementia.”? Building evidence suggests that
GbE not only acts as a neuroprotective agent, but also
provides a vasculoprotective effect. However, clinical
observations have been conflicting. The vasculopro-
tective effect of GbE may be related to its modulation of
lipid metabolism, reduction of blood pressure, and
amelioration of atherosclerosis.>* Additionally, GbE has
been shown to have antiplatelet and anticoagulant ac-
tivity. These vasculoprotective effects of GbE may be re-
lated to activation of endothelial nitric oxide (NO) syn-
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thase (eNOS) and increased NO production in endothe-
lial cells.”

Endothelial cells line the inner lumen of blood ves-
sels and serve as the interface between blood and ves-
sels. Endothelial dysfunction plays a critical role in the
development of atherosclerosis. Kriippel-like factor 2
(KLF2), also referred to as lung Krippel-like factor (LKLF),
belongs to the zinc finger family of transcription factors,
and plays a critical role in cellular differentiation and tis-
sue development.®® A growing number of studies have
suggested that KLF2 is involved in endothelial cell bio-
logy. Activation of KLF2 by shear stress may have sig-
nificant vasculoprotective effects, such as a reduction in
adhesion molecular expression, increased anti-throm-
botic factor secretion, and enhanced NO production via
an upregulation of eNOS activity.>** Recent studies have
shown that several small molecular compounds, such as
statin and resveratrol, can increase KLF2 expression, and
subsequently increase eNOS activity and enhance NO
production.’>*?

In the present study, we investigated whether GbE
can increase the eNOS expression and induce NO pro-
duction via KLF2 activation.

MATERIALS AND METHODS

Cell culture

Human umbilical vein endothelial cells (HUVECs)
were obtained from Lonza (Walkersville, MD, USA). Cells
were cultured in sterile endothelial growth medium
(EGM-2, Lonza, Walkersville, MD, USA) and maintained
at 37 °Cin a 5% CO; environment throughout the ex-
periment. HUVECs at 80-90% confluence were used in
the experiment and treated with either vehicle (DMSO)
or various concentrations of GbE (i.e., 10, 50, and 100
ug/mL) for 24 hours.

Ginkgo biloba extract preparation and storage

GbE originating from Indena (Settala, Italy) was pro-
vided by Yung Shin Pharmaceutical Ind. Co. Ltd. (Taiwan,
ROC). The Ginkgo biloba were prepared and stored, as
earlier described.’ Briefly, Ginkgo biloba, EGb 761, was
used for the preparation of the GbE solution. One gram
of GbE was dissolved into 10 mL of sterile phosphate-
buffered saline (PBS) to make a stock solution with the
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concentration of 100 mg/mL. Then, the Ginkgo biloba
suspension was filtered twice through a standard filter
0.45 um, whereafter the filtrated solution was frozen in
aliquots at -20 °C.

Reverse transcription polymerase Chain reaction
(RT-PCR) and quantitative real-time polymerase
Chain reaction (Q-PCR/qRT-PCR)

Total RNA was isolated from HUVECs in 3.5-cm cul-
ture dishes treated with GbE in the presence of TRIzol
reagent (Invitrogen Corp., Carlsbad, CA, USA), as per the
manufacturer’s instructions. RNA concentrations were
spectrophotometrically established at 260 nm. First-
strand cDNA synthesis was performed with 2 pg of total
RNA using random hexamers as primers in a final vo-
lume of 20 uL (100 ng/uL random hexamers, 1 mM
dNTPs, 1 U/uL RNasin®, and 5 U/uL Moloney Murine
Leukemia Virus Reverse Transcriptase). The reaction was
carried out at 42 °C for 90 min. cDNAs encoding gly-
ceraldehyde 3-phosphate dehydrogenase (GAPDH), KLF2,
and eNOS were amplified from 2 uL of the cDNA reac-
tion mixture using specific gene primers. The sense and
antisense primers for GAPDH, KLF2, and eNOS were as
follows: GAPDH: CCTCCCGCTTCGCTCTCTG and
GCGCCCAATACGACCAAA-TC; KLF2: CTACACCAAGAGTTC
GCATCTG and CCGTGTGCTTTCGGTAGTG; and eNOS:
TGATGGCGAAGCGAGTGAAG and ACTCATCCATACACAG
GACCC.

To compare the expression levels of KLF2 and eNOS
mRNA among various cell lines, real-time PCR analysis
was performed using the ABI Prism 7500 Sequence De-
tection System with the EvaGreen Master Mix (Bio-
genesis, Taipei, Taiwan). PCR amplification consisted of
an initial denaturation step (95 °C for 3 min) and 40 cy-
cles of denaturation (95 °C for 15 s), annealing, and
extension (60 °C for 1 min). The forward and reverse
primers for the amplification of the cDNA were the
same as those used in RT-PCR.

Western blot analysis

Cells were washed in PBS and isolated by scraping.
The scraping was performed on ice in RIPA buffer and
protease-inhibiting cocktail (Roche Molecular Bioche-
micals, Almere, Netherlands). Western blot analysis was
performed on 20 g of total protein. Samples were run
on 9% SDS-PAGE, electroblotted onto membranes, and
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incubated with primary antibodies against human eNOS
(1:500 dilution; AP11828a; Abgent, San Diego, Califor-
nia, USA), p-eNOS (S1177; 1:1000 dilution; 612392; BD
Biosciences, San Jose, California, USA), KLF2 (1:500 dilu-
tion; AP14973a; Abgent, San Diego, California, USA),
and a-actin (1:3000 dilution; A2228; Chemicon, Te-
mecula, CA). Proteins were detected by enhanced che-
miluminescence using peroxidase-labeled luminol as the
detection fluid (ECL, Amersham Life Sciences, UK).

Detection of NO by flow cytometry

HUVECs (2 x 10° cells) were seeded into 3.5 cm
dishes and incubated with varying doses of GbE for 48
hours. Cells were stained with 1 pg/mL 4,5-diamino-
fluorescein (DAF-2, Cayman Chemicals, Ann Arbor, Ml,
USA) for 30 min. Cells were harvested and washed twice
with PBS, re-suspended in PBS, and analyzed by flow
cytometry.

Wound-healing assay

HUVECs were cultured in a 6-well plate with cell-
culture insert (ibidi) and grown in Endothelial Cell
Growth-2 medium to a nearly confluent cell monolayer.
After overnight seeding, culture inserts were removed
and a linear “wound” was introduced in the cell
monolayer of each well. The monolayer was then
washed twice with PBS to remove debris or detached
cells. Cells were then incubated with varying doses of
GbE. Cells were photographed under a light microscope
(magnification, X40 and X100) at the indicated times.
All experiments were performed in triplicate.

Actin staining

To investigate whether GbE-induced KLF2 activation
alters cytoskeleton distribution, HUVECs were incubated
with DMSO or 100 pg/mL of GbE for 24 hours. Then,
staining for F-actin, a cytoskeleton fiber involved in the
formation of stress fibers, was performed by using fluo-
rescent conjugates of phalloidin. Briefly, cells were washed
twice with PBS and fixed in a 3.7% paraformaldehyde-
PBS solution for 10 min at room temperature. After two
additional washes with PBS, cells were permeabilized
with a solution of 0.1% Triton X-100 in PBS for 3 to 5 min
and washed again with PBS. Texas Red-X phalloidin (2
unit/mL) and Alexa Fluor 488 DNase | conjugate (9 pug/
mL) were used to localize filamentous actin (F-actin) and

G-actin. Fluorescent dyes were diluted on blocking solu-
tion (1% bovine serum albumin and 0.025% saponin in
PBS) and added to coverslips for 90 min at room tem-
perature. After three washes with PBS, coverslips were
mounted on a microscopy slide with Prolong Gold anti-
fade reagent (Life Technologies). F-actin cytoskeleton
imaging was performed with a confocal laser scanning
microscope (ZEISS LSM510) at a magnification of X630.

Genetic knockdown using the lentivirus shRNA
system

Transfection vectors of short hairpin RNA (shRNA)
for KLF2 and Mock were obtained from the National
RNAi Core Facility located at the Institute of Molecular
Biology/Genomic Research Center, Academia Sinica.
Lentiviral particles were generated in 293FT cells grown
in Dulbecco’s Modified Eagle Medium (DMEM) supple-
mented with 10% FBS in an incubator at 37 °C and 5%
CO,. Cells were plated to ~2.4 x 10° cells in a 10-cm dish
before the day of transfection. 293FT cells were trans-
fected with 6.0 pg shMock [shLuc (TRCNO000072243)
and shKLF2 (TRCN0000020725)], pCMVDR8.91 (5.4 png),
and pMD.G (0.6 ug) in virus LT1 transfection reagent
(Mirus Bio, Madison, WI, USA), according to the manu-
facturer’s instructions. Plasmids were also obtained
from the National RNAi Core Facility. Briefly, stock re-
combinant lentivirus vectors were prepared as stocks
and HUVECs were infected with a multiplicity of infec-
tion (MOI) of 1 to 2. Transformants were selected with
puromycin (2 pug/mL), and the selected cells were used
for further experimentation.

Statistical analysis

Statistical analysis was performed with SPSS Version
17 statistics software. ANOVA and the two-tailed Stu-
dent’s t-test were used for comparisons. A p < 0.05 was
considered statistically significant.

RESULTS

GbE upregulated KLF2 expression and induced
changes in cell morphology of endothelial cells

GbE was found to upregulate KLF2 expression in a
dose-dependent manner (Figure 1A and B). It is well
known that shear stress increases KLF2 expression, which
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Figure 1.  Ginkgo biloba extraction (GbE) upregulated the expression of

Kriippel-like factor 2 (KLF2). Human umbilical endothelial cells (HUVECs)
incubated with dimethyl sulfoxide (DSMO) or 10, 50, and 100 mM of GbE
for 24 h. mRNA expression in endothelial cells was assessed by (A) poly-
merase chain reaction (PCR) and (B) quantitative real time PCR. GbE sig-
nificantly increased KLF2 expression in a dose-dependent manner. Data
expressed as mean + SEM. * p < 0.01 and * p < 0.001 vs. control.

alters the morphology of endothelial cells into spindle-
shaped cells that are aligned in the direction of blood
flow.? Interestingly, we found that the morphology of
GbE-incubated cells also changed from their typical cob-
blestone-shaped cells to spindle-shaped cells (Figure 2A).

GbE altered endothelial cell cytoskeleton distribution
and inhibited cell migration

KLF2 activation has been shown to involve cyto-
skeleton distribution and contributes to stress fiber for-
mation when endothelial cells are exposed to shear
stress. GbE-treated cells exhibited a reorganization of
stress fibers and stress fiber formation (Figure 2B).
Moreover, recent studies demonstrated that an over-
expression of KLF2 may inhibit endothelial cell migra-
tion. To evaluate whether GbE induction of KLF2 affects
migration, a wound-healing assay were performed. It
was found that endothelial cells incubated with GbE had
inhibited cell migration (Figure 3).

GbE increased eNOS expression and NO production

In endothelial cells, KLF2 activation plays a critical role
in the stimulation of eNOS activity. We found that GbE
increased eNOS expression in a dose-dependent manner
both at the RNA and protein level (Figure 4A and B). Fur-
thermore, NO production was also increased in a dose-
dependent manner in GbE-treated cells (Figure 4C),
which is consistent with the upregulated eNOS expression.

KLF2 expression was critical for eNOS induction and
NO production in GbE-treated HUVECs

KLF2 has been previously shown to induce eNOS
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Figure 2. Ginkgo biloba extraction (GbE) altered cell morphology and
cytoskeleton arrangement. Human umbilical endothelial cells (HUVECs)
were treated with different concentrations of GbE or DMSO as control
for 24 h. (A) Cell morphology gradually shifted from a typical cobble
stone shape to a spindle shape (black arrow) when cells were incubated
with increasing GbE concentrations. (B) Immunofluorescence Texas
Red-X phalloidin staining for F-actin stress fibers revealed cytoskeletal
rearrangement and increased stress fiber formation (white arrow) after
treatment with 100 ng/mL of GbE. Alexa Fluor 488 DNase | conjugate
was used for G actin staining to localize the nucleus. Images were ac-
quired at 40X and 100X magnification. A confocal laser scanning micro-
scope was used for the 400X magnification (n = 3).

expression and subsequently NO production when
HUVECs are applied to shear stress or statin. HUVECs
transfected with shMock had significantly greater in to-
tal or phosphorylation form eNOS expression levels and
NO production when treated with GbE. However, KLF2
silenced cells had lower eNOS expression level and NO
production, even when incubated with GbE (Figure 5).
Thus, KLF2 appears to be critical for GbE-induced eNOS
activation and NO production.

DISCUSSION

In the past decade, GbE has gained popularity for

the treatment of dementia and hypertension in the

14-16

clinical setting. From a clinical perspective, its use is

controversial for the treatment of cardiovascular dis-
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Figure 3.  Effects of GbE on endothelial cell migration. Representative
examples of the wound-healing assay 8 h after HUVECs were treated
with either DMSO or different concentrations of GbE (i.e., 10, 50, and
100 ug/mL). Cells incubated with GbE demonstrated a decrease in mi-
gration compared with control. A microscope was used to obtain a mag-
nification of 100X. Data are representative of a sample size of 3. * p <
0.05 and* p < 0.01 vs. control.

ease. Additionally, despite its growing use, the molecular
mechanisms responsible for the beneficial effects of
GbE are not yet fully understood. Recently, KLF2 activa-
tion was found to have a vasculoprotective effect when
endothelial cells are exposed to shear stress. The activa-
tion of KLF2 can significantly increase eNOS expression,
and subsequently NO production. NO, an important
mediator of endothelial cell function, can inhibit the
adhesion and migration of leukocytes, prevent platelet
aggregation, and decrease vessel tone through smooth
muscle cells relaxation. Most of NO production in endo-
thelial cells is related to the activity of eNOS." It is
well-known that eNOS can be activated by several fac-
tors, such as shear stress. Recently, an increasing num-
ber of studies have also demonstrated that shear stress
increases eNOS expression by enhancing KLF2 activity.'%*®
The mechanisms behind the effects of KLF2 on endo-
thelial cells had been widely explored, and the role of
KLF2 on the functioning of endothelial cells had been
clarified. Additionally, subsequent studies were per-
formed to determine what small molecules can stimu-
late KLF2 activity, and in turn, enhance endothelial cell
function and inhibit the progression of atherosclerosis.
Several well-known medicinal compounds, such as re-
sveratrol and statin, have been shown to possess vas-
culoprotective effects in clinical practice, as well as sug-
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Figure 4. GbE increased endothelial NO synthase (eNOS) expression at
the RNA and protein level, which subsequently increased nitric oxide
(NO) production. HUVECs were treated with DMSO (control) or GbE (10,
50, or 100 ng/mL) for 24 h. Cells were collected and eNOS mRNA and
protein expression levels were determined with PCR and Western blot,
respectively. eNOS expression levels increased in a dose-dependent
manner at the (A) mRNA and (B) protein level, which coincided with in-
creases in (C) NO production, as detected by flow cytometry with
4,5-diaminofluorescein. Data are presented as mean * SD of experi-
ments performed in triplicate. * p < 0.05 and ! p < 0.001 vs. control.

gested to be involved in the activation of KLF2 expres-
sion."® Gracia-Sancho et al. demonstrated that resver-
atrol increased KLF2 expression through sirtuin 1 activa-
tion in human endothelial cells, where treated cells had
a vasculoprotective phenotype.™ Cui and colleagues re-
ported that grape seed proanthocyanidin extracts po-
tentially increase eNOS activity, which is mediated th-
rough KLF2 activation.” In the present study, we found
that GbE can increase the expression of KLF2, which is
then followed by enhanced eNOS expression and NO
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Figure 5. Knockdown of KLF2 decreases eNOS expression and NO production in GbE-treated endothelial cells. HUVECs were transfected with either

short hairpin KIf2 (shKLF2) or a mock vector (control). Transfected cells were treated with DMSO or 100 pug/mL of GbE. Real time PCR and Western
blot were used to determine eNOS RNA and protein expression, respectively. Furthermore, NO production was measured by 4,5-diaminofluorescein.
shMock-infected HUVECs treated with GbE had increased eNOS expression at the (A) RNA and (B) protein level, which was blocked by KLF2 silencing.
Additionally, (C) NO production also increased when incubated with GbE and abolished when KLF2 was knocked down. * p < 0.05; * p < 0.01, and ’ p<

0.001 vs. control. Data are presented as mean + SEM.

production. These findings point to a novel mechanism
by which GbE may exert its vasculoprotective effects.

In a previous study by Parmar and colleagues, it was
demonstrated that shear stress activates KLF2 through a
mitogen-activated protein kinase 5/extracellular signal-
regulated kinase 5/myocyte enhancer factor 2 [MEK5/
ERK5/myocyte enhancer factor 2(MEF2)] signalling path-
way.?’ Additionally, shear stress appears to also en-
hance the eNOS-mediated phosphatidylinositol 3'-kinase
(P13K)/AKT pathway.?"*? Recently, Sako et al. showed
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that angiopoietin 1 (Angl)/Tie2 enhances MEF2 activity
via a PI3K/AKT pathway, and in turn, induces KLF2 ex-
pression in endothelial cells.”® These studies suggested
that the PI3K/AKT pathway may be involved in the regu-
lation of KLF2. Additionally, Koltermann et al. demon-
strated that GbE increases eNOS via the PI3K/AKT path-
way.” Thus, we hypothesize that GbE activates KLF2, and
in turn, increases eNOS expression. The present study
demonstrated for the first time that KLF2 acts as a posi-
tive regulator of eNOS expression, when endothelial
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cells are exposed to GbE. HUVECs treated with GbE can
induce KLF2 expression and modulate KLF2-related en-
dothelial cell function, cytoskeleton rearrangement, cell
migration, and NO production. Furthermore, we demon-
strated that GbE increases eNOS expression at the RNA
and protein level via an upregulation of KLF2 expres-
sion. Furthermore, after silencing KLF2 expression in
HUVECs, there was a decrease in eNOS expression and
NO production, even when cells were treated with GbE.
Our findings suggest that KLF2 plays a critical role in
GbE-induced eNOS activation and NO production.

Lastly, a large number of studies demonstrated that
linear shear stress can alter cell morphology and inhibit
cell migration via KLF2 activation. Dekker and colleagues
demonstrated that prolonged KLF2 overexpression can
lead to morphological changes in HUVECs and inhibit
their migration activity which is unrelated to shear stress
exposure.24 Interestingly, we also found that HUVECs
incubated with GbE for 24 hours had alterations in cel-
lular morphology, specifically cells went from a typical
cobblestone shape to a spindle form. F-actin, an in-
dicator of cytoskeleton distribution, also increased uni-
directional stress fiber formation. Moreover, we found
that the migratory activity of treated HUVECs was in-
hibited. These findings suggest that, in addition to eNOS
activation, GbE-induced KLF2 activation results in other
changes in endothelial cells. Nonetheless, the mecha-
nisms by which GbE alters the migration of endothelial
cells were not explored in the present study, and there-
fore, further investigation is warranted.

CONCLUSIONS

In conclusion, we revealed that GbE may potentially
activate KLF2 transcription, resulting in increased eNOS
expression and NO production. Activation of KLF2 also
results in cytoskeleton rearrangement and inhibits HUVEC
migration. These observations point to a possible mole-
cular mechanism by which GbE induces vasculopro-
tective effects in endothelial cells.
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