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Baicalin attenuates oxygen-glucose deprivation-
induced injury by inhibiting oxidative stress-mediated
5-lipoxygenase activation in PC12 cells
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Aim: To determine whether the flavonoid baicalin attenuates oxygen-glucose deprivation (OGD)-induced injury by inhibiting oxidative
stress-mediated 5-lipoxygenase (5-LOX) activation in PC12 cells.

Methods: The effects of baicalin and the 5-LOX inhibitor zileuton on the changes induced by OGD/recovery or H,0, (an exogenous reac-
tive oxygen species [ROS]) in green fluorescent protein-5-LOX-transfected PC12 cells were compared.

Results: Both baicalin and zileuton attenuated OGD/recovery- and H,0,-induced injury and inhibited OGD/recovery-induced production
of 5-LOX metabolites (cysteinyl leukotrienes) in a concentration-dependent manner. However, baicalin did not reduce baseline cysteinyl
leukotriene levels. Baicalin also reduced OGD/recovery-induced ROS production and inhibited 5-LOX translocation to the nuclear enve-
lope and p38 phosphorylation induced by OGD/recovery and H,0,. In contrast, zileuton did not show these effects.

Conclusion: Baicalin can inhibit 5-LOX activation after ischemic injury, which may partly result from inhibition of the ROS/p38 mitogen-
activated protein kinase pathway.
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Introduction

5-Lipoxygenase (5-LOX, EC 1.13.11.34) is a key enzyme in cat-
alyzing the conversion of arachidonic acid to its metabolites,
including leukotriene B, (LTB,), cysteinyl leukotrienes (Cys-
LTs, namely LTC,, LTD,, and LTE,) and 55-hydroxy-6,8,11,14-
eicosatetraenoic acid (5-HETE)™?. 5-LOX is distributed in
the cytosol, nucleus, or both in resting cells depending on the
cell type™?. When cells are stimulated, 5-LOX is translocated
from the intracellular pool to the nuclear envelope where it
interacts with its co-factors, 5-LOX activating protein (FLAP)
and phospholipase A,, to form an active complex for metabo-
lite production®
5-LOX activation, its translocation to the nuclear envelope

. Therefore, as one of the characteristics of

is critical for its enzymatic activation and is a target for anti-
inflammatory 5-LOX inhibitors®.
5-LOX metabolites play an important role in inflammatory
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diseases of the peripheral tissues and the central nervous sys-
tem, such as bronchial asthma®* and ischemic brain injury®.
In these diseases, various stimuli activate 5-LOX through two
main ways. Specifically, elevation of intracellular calcium that
generally occurs after excitotoxicity and mitogen-activated
protein kinase (MAPK)-regulated phosphorylation that can be
induced by oxidative stress® both activate 5-LOX. Previously,
we reported that 5-LOX can be activated after ischemic brain
injury in rats® ', after oxygen-glucose deprivation (OGD)-
induced ischemic injury in cultured neurons and in pheochro-
mocytoma (PC12) cells™ . In primary neuron cultures, OGD
induces release of excitatory amino acids that activate NMDA
receptors to elevate intracellular calcium, resulting in 5-LOX
translocation to the nuclear envelope and activation of 5-LOX
to produce CysLTs!"”. Calcium-dependent 5-LOX activation is
also found in PC12 cells after exposure to NMDAM™!. In addi-
tion, we recently found oxidative stress-induced 5-LOX activa-
tion in ischemic PC12 cells. OGD increases the release of reac-
tive oxygen species (ROS), which activate 5-LOX through the
p38 MAPK pathway™!. Therefore, ischemic 5-LOX activation
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can be regulated by both elevated intracellular calcium after
excitotoxicity and the activated MAPK pathway after oxida-
tive stress.

Baicalin is one of the predominant flavonoids isolated from
the dry roots of Scutellaria baicalensis Georgi (Huang Qin) with
multiple pharmacological effects in peripheral organs and tis-

sue S[16—19]

. Baicalin also exerts a protective effect on ischemic
brain injury™*!. Previously, we reported that baicalin attenu-
ates in vitro ischemic-like injury in rat primary cortical neu-
rons"® and hippocampal slices™, and this effect partly relates
to the inhibition of NMDA receptor-mediated 5-LOX activa-
tion in the neurons™.

Thus, baicalin can inhibit ischemic 5-LOX activation induced
by excitotoxicity; however, whether it also inhibits oxida-
tive stress-induced 5-LOX activation is unknown. Therefore,
to determine whether baicalin can inhibit oxidative stress-
induced 5-LOX activation, we investigated the effect of baic-
alin on the changes induced by OGD and hydrogen peroxide
(H,O,, an exogenous ROS) in green fluorescent protein (GFP)-
5-LOX-transfected PC12 cells. To clarify the properties of
5-LOX inhibition, we compared the effects of baicalin and the
5-LOX inhibitor zileuton, an iron-ligand inhibitor, on these

cells following OGD ],

Materials and methods

Materials

Dulbecco’s modified Eagle’s medium (DMEM) and horse
serum were purchased from Gibco (Carlsbad USA). Fetal
bovine serum (FBS) was obtained from Sijiging Biol Inc.
(Hangzhou, China). The polyclonal antibody against 5-LOX
and CysLT enzyme immunoassay (EIA) kit were purchased
from Cayman Chemicals (Ann Arbor, MI, USA). The mono-
clonal antibody against phosphorylated p38 and the poly-
clonal antibody against p38 were obtained from Santa Cruz
Biotechnology Inc (Santa Cruz, USA). 3-(4,5-dimethyml-
2-thiazolyl)-2,5-diphenyl-2H-tetraxolium bromide (MTT),
2,7-dichlorofluorescin diacetate (DCF-DA), baicalin, and H,O,
were purchased from Sigma-Aldrich (St Louis, USA) and zile-
uton from Gaomeng Pharmaceutical Co (Beijing, China).

Cell culture and 5-LOX transfection

PC12 cells were purchased from the Institute of Cell Biology at
the Chinese Academy of Sciences (Shanghai, China) and main-
tained at 37 °C in a humidified incubator containing 5% CO, in
high-glucose DMEM supplemented with 10% heat-inactivated
horse serum, 5% FBS, 100 U/mL penicillin and 100 pg/mL
streptomycin.

The pEGFP-C2/5-LOX (GFP-5-LOX) and pEGFP-C2 null
vectors (gifts from Professor Funk CD, University of Penn-
sylvania, USA [now in Queen’s University, Canada]) were
transfected into PC12 cells as we recently reported™*. PC12
cell lines stably expressing GFP or GFP-5-LOX have been char-
acterized by fluorescence microscopy and Western blot analy-
sis!"l. To detect GFP-5-LOX translocation, the transfected cells
cultured on glass slips were washed with phosphate buffered
saline (PBS) and immediately fixed with 4% paraformalde-
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hyde. Then the cells were observed under a fluorescence
microscope (Olympus BX51, Tokyo, Japan).

0GD, H,0, and agent treatments

PC12 cells were exposed to OGD as described previous-
1yl 1214 Briefly, cells were rinsed twice and incubated in
glucose-free Earle’s solution. The cells were then introduced
into an anaerobic chamber containing a mixture of 95% N, and
5% CO, at 37 °C for 2 h. This procedure decreased pO, in the
solutions from 154.0+7.3 to 23.9+5.1 mmHg (mean+SD, n=5).
At the end of 2-h OGD, the media were replaced and cells
were cultured in normal condition for 0.5 h (for ROS measure-
ment), 1.5 h (for p38 determination), 2 h (for 5-LOX transloca-
tion), 3 h (for measurement of CysLTs) or 24 h (for cell viabil-
ity) of recovery, as previously reported. H,0, was freshly
prepared from an 8.8 mol/L stock solution before use, and
PC12 cells were treated with H,O, 160 umol/L for 20 min (for
p38 determination), 40 min (for 5-LOX translocation) or 24 h
(for cell viability) at 37 °C, as previously reported. Baicalin
and zileuton at designated concentrations were continuously
applied from 30 min before exposure to OGD or H,O, until the
end of recovery or H,O, treatment.

Cell viability and death assay

Cell viability was determined by MTT assay. Briefly, at the
end of the experiments, the cells cultured on 96-well plates
were incubated with 0.5 mg/mL MTT for 2 h at 37 °C. Then
the supernatant was carefully removed, 100 pL of dimethyl
sulfoxide was added into each well, and the absorbance of
490 nm of the MTT product formazan was determined on
a Microplate Recorder (ELX 800, Bio-TEK instruments Inc,
USA). The results are expressed as the percentage of control.
Because the main type of OGD/recovery-induced cell death is
necrosis'", we detected necrotic cells by propidium iodide (PI)
staining. Cells were planted on glass coverslips. After treat-
ment, cells were stained with 10 mg/mL of PI (Sigma-Aldrich)
for 10 min at 37 °C. Then the cells were photographed under
a fluorescence microscope (Olympus BX51) at excitation and
emission wavelengths of 536 nm and 620 nm, respectively.
The necrotic cells with red nuclei stained by PI were counted
by a researcher who was blind to the treatments, and reported
as percentages of total cells.

Western blotting analysis

Cells were collected and washed twice with ice-cold PBS, pH
7.4, then lysed for 30 min on ice in lysis buffer (100 mmol/L
NaCl, 1% Nonidet P-40, 0.1% SDS, 1% deoxycholic acid, 10%
glycerol, 1 mmol/L EDTA, 1 mmol/L sodium orthovanadate,
50 mmol/L sodium fluoride, 1 mmol/L phenylmethylsulfo-
nyl fluoride, 10 pg/mL leupeptin, and 1 pg/mL aprotinin).
Cell lysates were obtained by centrifugation at 12000xg for 15
min at 4 °C. Protein samples (60 pg) were separated by 10%
sodium dodecyl sulfate (SDS)-polyacrylamide gel electropho-
resis and transferred to nitrocellulose membranes. The mem-
branes then were blocked by 10% fat-free milk and incubated
with a mouse monoclonal antibody against phosphorylated
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P38 (1:300) or a rabbit polyclonal antibody against p38 (1:300).
Then they were incubated with horseradish peroxidase (HRP)-
conjugated goat anti-rabbit IgG (0.16 mg/L, Sigma-Aldrich) or
HRP-conjugated goat anti-mouse IgM (1:3000, Zhongshan Bio-
technology, Beijing, China) after repeated washing. Finally,
the membranes were incubated with enzymatic chemilumi-
nescence reagents and exposed on an X-ray film. The protein
bands on the X-ray film were quantitatively analyzed with a
laser densitometer (Ultro Scan XL, Pharmacia LKB Co, Stock-
holm, Sweden).

Measurement of CysLTs

Samples (100 pL) were removed from culture media after 2-h
OGD and 0.5-h recovery and prepared according to previously
reported method™ . Produced CysLTs (including LTC,,
LTD,, and LTE,) were measured by EIA kits according to the
manufacturer’s instructions and calculated as pg/mg protein.

Measurement of intracellular ROS

Following 2-h OGD and 0.5-h recovery, cells cultured on
96-well plate were rinsed with Earle’s solution and incubated
with 25 pmol/L DCF-DA in Earle’s solution with glucose for
30 min at 37 °C. Then the cells were rinsed twice to remove
excess probe, and fluorescence was measured with a multi-
well plate fluorescence reader (FluoStar, Offenburg, Germany).
The results are expressed as the percentage of control.

Statistical analysis

Data are reported as mean+SD. Statistical comparisons were
made by one-way ANOVA followed by Tukey’s multiple
comparisons tests or unpaired Student’s f-tests to detect
significant difference using SPSS 10.0 for Windows. P<0.05
was considered to be statistically significant.

Results

0GD/recovery-induced injury

Cell injury was aggravated in GFP-5-LOX-transfected PC12
cells after 2-h OGD and 24-h recovery. Baicalin (1-10 pmol/L)
and zileuton (1-100 pmol/L) attenuated the reduction in
cell viability after OGD/recovery in both GFP- and GFP-5-
LOX-transfected PC12 cells (Figure 1A and 1B). In addition,
baicalin (0.1 pmol/L) increased the cell viability in GFP-5-
LOX-transfected PC12 cells (Figure 1A). As analyzed by PI
staining (Figure 1C), baicalin (0.1-10 pmol/L) and zileuton
(0.1-10 pmol/L) reduced OGD/recovery-induced necrosis in
a concentration-dependent manner (Figure 1D and 1E). Baic-
alin (0.01 umol/L) also reduced the necrosis in GFP-5-LOX-
transfected PC12 cells (Figure 1D). These results confirm that
OGD/recovery injury was more severe in GFP-5-LOX-trans-
fected PC12 cells than in GFP-transfected cells and indicate
that both agents exerted protective effects on OGD/recovery-
induced cell injury.

0OGD/recovery-induced 5-LOX translocation
The transfected GFP-5-LOX was localized in cell nuclei, as
determined by fluorescence microscopy. Specifically, GFP-5-

LOX was translocated into the nuclear envelope after 2-h OGD
and 2-h recovery (Figure 2A). Baicalin (0.1-10 pmol/L) sig-
nificantly inhibited GFP-5-LOX translocation in a concentra-
tion-dependent manner, but zileuton did not have this effect
(Figure 2B and 2C).

0OGD/recovery-induced production of CysLTs

After 2-h OGD and 3-h recovery (a peak time point for CysLT
production), CysLT levels increased from 139.8+13.9 to
261.1£33.7 pg/mg proteins in the culture media. Baicalin and
zileuton (10 pmol/L) significantly reduced OGD/recovery-
induced production of CysLTs. However, baicalin, but not
zileuton, did not reduce the baseline level of CysLTs (Figure
3). We did not measure CysLT levels after exposure to H,O,

because the measurement failed in our recent study*.

0GD/recovery-induced ROS production and H,0,-induced injury
We measured intracellular levels of ROS by 2,7-dichlorofluo-
rescin diacetate (DCF-DA) assay in the wild-type PC12 cells
but not in the GFP- or GFP-5-LOX-transfected cells because the
GFP fluorescence interferes with the fluorescence generated
in the assay. After 2-h OGD and 0.5-h recovery (a time point
when ROS production reached the maximum), ROS increased
from 100%+11% to 412%+93%. Baicalin (0.1-10 pmol/L)
reduced ROS production in a concentration-dependent man-
ner, but zileuton did not affect ROS production (Figure 4A and
4B).

To further determine the effects of baicalin and zileuton
on oxidative stress-induced injury, we used the exogenous
ROS H,0, to induce oxidative injury in PC12 cells. H,O, (160
pmol/L) reduced cell viability more profoundly in GFP-5-
LOX-transfected cells than in GFP-transfected cells. However,
baicalin and zileuton (1-10 umol/L) significantly decreased
the reduction in viability (Figure 4C and 4D). Baicalin (0.1
pmol/L) also reduced H,O,-induced cell injury in GFP-5-LOX-
transfected PC12 cells (Figure 4C).

H,0,-induced 5-LOX translocation

Similar to OGD injury, H,O, (160 pmol/L for 40 min)
induced GFP-5-LOX translocation to the nuclear envelope by
54.7%+7.3%. Furthermore, baicalin (1-10 umol/L) inhibited
GFP-5-LOX translocation in a concentration-dependent man-
ner, but zileuton did not (Figure 5).

Phosphorylation of p38

Phosphorylation of p38 is induced by OGD/recovery (the
maximum phosphorylation was induced by 2-h OGD and
1.5-h recovery) or H,O, (the maximum by 160 umol/L for 20
min)™. Thus, we observed the effects of the agents on p38
phosphorylation after OGD/recovery and exposure to H,O, in
such conditions. We found that baicalin (1-10 pmol/L), but
not zileuton (1-10 pmol/L), significantly inhibited p38 phos-
phorylation induced by OGD/recovery and H,O, (Figure 6).

Discussion
In the present study, we found that baicalin attenuated isch-
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Figure 1. Effects of baicalin and zileuton on cell injury induced by OGD/recovery in PC12 cells. Cell viability was reduced after 2-h OGD and 24-h
recovery in both GFP- and GFP-5-LOX-transfected cells. (A and B) Viability was significantly lower in GFP-5-LOX-transfected cells than in GFP-transfected
cells. Baicalin and zileuton attenuated OGD/recovery-induced injury in both type cells in a concentration-dependent manner. (C) Cell death (necrosis)
was evaluated by Pl fluorescence staining in GFP-5-LOX-transfected PC12 cells (Scale bar=40 ym). (D and E) Baicalin and zileuton inhibited OGD/
recovery-induced cell death in a concentration-dependent manner. Data are reported as mean+SD. n=15-17 (A and B) or 4 (D and E). °P<0.05,
°P<0.01 vs corresponding control; °P<0.05, P<0.01 vs OGD/recovery alone; "P<0.05, 'P<0.01 vs GFP-transfected cells.

emic injury in PC12 cells, and this effect was partly mediated
by oxidative stress-induced 5-LOX activation through the p38
MAPK pathway. These results support our recent findings
that baicalin protects against OGD injury™. This protective
action is mediated via inhibition of 5-LOX activity. As evi-
dence supporting the involvement of 5-LOX in injury, both
baicalin and the 5-LOX inhibitor zileuton inhibited the pro-
duction of CysLTs and attenuated cell injury after exposure to
OGD and H,0,. However, baicalin showed a different action
from zileuton on 5-LOX activation. Specifically, baicalin
inhibited 5-LOX translocation and activation by reducing ROS
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production after exposure to OGD and p38 phosphorylation
after exposure to OGD and H,O, whereas zileuton directly
inhibited 5-LOX enzymatic activity.

In the present study, we used PC12 cells transfected with
GFP-5-LOX to visualize 5-LOX translocation and to enhance
5-LOX expression. The transfected GFP-5-LOX was primarily
localized in nuclei ). We previously demonstrated involve-
ment of the ROS/p38 MAPK pathway of 5-LOX activation
after ischemic-like injury as well as the two modes of action
of 5-LOX inhibitors (anti-oxidative or direct inhibitors) in
GFP-5-LOX-transfected PC12 cells". Here we found that
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Figure 3. Effects of baicalin and zileuton on production of CysLTs after
OGD/recovery in GFP-5-LOX-transfected PC12 cells. Baicalin (Ba, 10
umol/L) reduced only the increased production whereas zileuton (Zi, 10
pumol/L) reduced both baseline and the increased production of CysLTs
after O0GD/recovery. Data are reported as mean+SD. n=4. °P<0.05,
°P<0.01 vs control (no treatment). ‘P<0.01 vs OGD/recovery alone.

baicalin acts as an anti-oxidative inhibitor for 5-LOX. Unlike
the typical 5-LOX inhibitor zileuton, baicalin did not inhibit
baseline 5-LOX enzymatic activity but did inhibit the activ-
ity after OGD/recovery. Consistently, it has been reported
that baicalin shows no inhibition of isolated potato 5-LOX™!
and non-stimulated rat cortical neurons™®. Moreover, baic-
alin showed anti-oxidative activity because it reduced ROS
production. These results indicate that baicalin might inhibit
oxidative stress-induced 5-LOX activation rather than directly

inhibit 5-LOX. Therefore, in addition to inhibiting 5-LOX acti-
vation induced by the elevated intracellular Ca** via NMDA
receptor activation™, baicalin also inhibits 5-LOX activation
via the ROS/p38 MAPK pathway. In addition, there is cross-
talk between NMDA-induced excitotoxicity and oxidative
stress® ¥ and baicalin inhibits 5-LOX activation after NMDA
receptor-mediated excitotoxicity!™. Whether baicalin affects
a common pathway of 5-LOX activation in both pathological
processes requires further investigation.

The signaling family of MAPKs includes extracellular
signal-regulated kinases (ERKSs), c-Jun N-terminal kinases/
stress-activated protein kinases (JNK/SAPKs), and p38
enzymes™ ! As one type of cell stress, ROS activates the
p38 MAPK signal pathway, but not the ERK and JNK path-
ways, after OGD-induced ischemic injury in PC12 cells™. In a
human B-lymphocyte cell line and in human polymorphonu-
clear leukocytes, p38 MAPK is activated independently of Ca**
by chemical stress (sodium arsenite), osmotic stress (sorbitol,
NacCl), heat shock or oxidative stress (H,O,, diamide), which
leads to 5-LOX phosphorylation and activation® *!. Recently,
we found that the p38 inhibitor SB203580 inhibited 5-LOX acti-
vation induced by OGD/recovery and H,O,". In the present
study, baicalin inhibited p38 phosphorylation induced by both
OGD/recovery and H,O,, supporting the conclusion that it
inhibits 5-LOX activation through the ROS/p38 MAPK path-
way. Our findings also confirm the role of p38 MAPK in cell
stress-induced 5-LOX activation®.

In the present study, we compared the effects of baicalin and
zileuton. Zileuton is a specific 5-LOX inhibitor that chelates
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Figure 4. Effects of baicalin and zileuton on OGD/recovery-induced ROS production and H,0,-reduced viability in PC12 cells. (A and B) ROS production
was determined after 2-h OGD and 0.5-h recovery in the absence or presence of baicalin and zileuton in wild-type PC12 cells. Baicalin, but not zileuton,
inhibited ROS production. (C and D) Exposure to H,0, (160 mol/L) for 24 h reduced cell viability in GFP-5-LOX-transfected PC12 cells. Over-expression
of 5-LOX augmented H,0,-induced injury in PC12 cells. Baicalin (C) and zileuton (D) attenuated the reduced viability. Data are reported as mean+SD.
n=8. "P<0.01, °P<0.01 vs control; °P<0.05, P<0.01 vs OGD alone; "P<0.05, 'P<0.01 vs GFP-transfected cells.

iron at the active site with weak redox-active properties .

Unlike baicalin, it did not possess substantial anti-oxidative
activity, as shown in the present and previous studies™. In
addition, zileuton did not inhibit p38 phosphorylation and
5-LOX translocation but did inhibit 5-LOX enzymatic activ-
ity and cell injury after exposure to OGD/recovery or H,O,.
These findings indicate that baicalin inhibits 5-LOX activation
partly through anti-oxidative activity and inhibition of the
ROS/p38 MAPK pathway whereas zileuton directly inhibits
5-LOX activity.

Taking these results together, we conclude that baicalin is
not a direct 5-LOX inhibitor but can inhibit oxidative stress-
induced 5-LOX activation and the resultant cell injury in PC12
cells via inhibition of the ROS/p38 MAPK pathway in addi-
tion to inhibition of NMDA receptor activation, as shown in
neurons™. Furthermore, baicalin exerts various effects*""!
and can protect against ischemic injury™*!and inflamma-
tion™ > One of the mechanisms of baicalin may include
inhibition of 5-LOX activation in these disorders.
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Central administration of kisspeptin-10 inhibits na-
triuresis and diuresis induced by blood volume ex-
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Aim: To investigate the possible role of hypothalamic kisspeptin in the regulation of body fluid metabolism and maintenance of internal

homeostasis.

Methods: Natriuresis and diuresis were induced by blood volume expansion (VE) in anesthetized male rats and kisspeptin-10 was
intracerebroventricularly (icv) administered. Radioimmunoassay (RIA) was used to measure the plasma arginine vasopressin (AVP) and
atrial natriuretic peptide (ANP) concentrations during the VE. The mediation of the renal sympathetic nerve was also investigated in

rats with bilateral renal sympathetic denervation.

Results: The increased urine flow and sodium excretion induced by VE were significantly inhibited by icv injection of 5 nmol kisspep-
tin-10 (P<0.05), which peaked 20 min after the decrease in VE. The mean arterial blood pressure and heart rate did not change dur-
ing the experiment. Plasma AVP concentrations were significantly increased 20 min after icv injection of 5 nmol kisspeptin-10 during
VE (P<0.05), while pretreatment with 5 nmol kisspeptin-10 did not significantly change plasma ANP concentrations. Furthermore,
pretreatment with 5 nmol kisspeptin-10 could significantly inhibit VE-induced natriuresis and diuresis in renal sympathetic denervated

rats (P<0.05).

Conclusion: Central administration of kisspeptin-10 inhibited VE-induced natriuresis and diuresis. This effect was likely mediated by
increasing AVP release independent of plasma ANP concentration and renal sympathetic nerve activity.

Keywords: kisspeptin; natriuresis; diuresis; volume expansion; hypothalamus
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Introduction

The hypothalamo-neurohypophysial system plays a funda-
mental role in the maintenance of body fluid homeostasis
by secreting vasopressin and oxytocin (OT) within the para-
ventricular nucleus (PVN) and supraoptic nucleus (SON) in

M Blood VE increases

response to volume expansion (VE)
the release of atrial natriuretic peptide (ANP) from the right
atrium by stretching the atrial myocytes and activating the
afferent inputs of baroreceptors to induce OT secretion in the
hypothalamus. Isotonic VE also induces a decrease in renal
sympathetic nerve activity and arginine vasopressin (AVP)
secretion from the SON and PVN, resulting in a decrease
in reabsorption of sodium and water in the kidney . The
natriuresis and diuresis induced by VE prevents body fluid
augmentations to maintain blood pressure (BP) and internal
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homeostasis.

Renal functions are controlled mainly by hormone factors
and by the sympathetic nervous system. The renal sympa-
thetic nerve is also involved in the volume reflex, especially
during acute VE, while the detailed central nervous pathway
and neurotransmitter substances underlying the reflex still
remain to be elucidated”®. The PVN and SON of the hypo-
thalamus and anteroventral portion of the third ventricle
(AV3V) have been shown to be important sites in the forebrain
for receiving and integrating various peripheral and central
signals in blood volume change” ¥

Kisspeptins, novel peptides encoded by Kiss-1 gene, are
endogenous ligands of the G protein-coupled receptor 54
(GPR54)!. The distribution of kisspeptins and its receptor
in many discrete hypothalamic nuclei implies that it may be
related to the regulation and integration of neuroendocrine
001 Accumulating data suggest that kisspeptins play

a major role in gonadotropin-releasing hormone (GnRH)
[12, 13]

signals

secretion, reproductive function and puberty activation
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Apart from regulation of the hypothalamic-pituitary-ovary
axis (HPOA), the functional role of kisspeptin in the hypo-
thalamus remains obscure. Recent immunocytochemical
staining studies have shown that kisspeptin-positive neu-
rons and fibers are abundantly located in the anteroventral
periventricular nucleus (AVPV), the PVN and the SON in the
hypothalamus™, which are related to the central regulation of
volume reflex” ?. Unexpectedly, we observed in our previous
studies that sodium excretion and urine flow were attenuated
for 20 to 60 min after intracerebroventricular (icv) administra-
tion of 0.5 or 5 nmol kisspeptin-10, an agonist of GPR54, in
anesthetized male rats (unpublished data). We postulate that
hypothalamic kisspeptin could be involved in the central ner-
vous pathway for the mediation of VE-induced natriuresis and
diuresis. To test the hypothesis, we investigated the effects
of the central administration of kisspeptin-10 on VE-induced
natriuresis and diuresis and plasma AVP and ANP concentra-
tions in anesthetized male rats with or without renal sympa-
thetic nerve denervation.

Materials and methods

Animals and drugs

Male Sprague-Dawley rats weighing 180-200 g were obtained
from the Animal Center of Nanjing University. They were
kept in an air-conditioned room with controlled lighting (light
12 h/dark 12 h) and given free access to laboratory chow and
tap water. Kisspeptin-10 (the biologically active C-terminal
decapeptide) was purchased from Phoenix Pharmaceutical
Company (Belmont, CA) and dissolved in artificial cerebro-
spinal fluid (ACSF; 128 mmol/L NaCl, 2.5 mmol/L KCI, 1.4
mmol/L CaCl,, 1.0 mmol/L MgCl, and 1.2 mmol/L Na,HPO,;
pH 7.4). All other reagents and solvents were of analytical
grade. All experimental protocols were approved by the local
Animal Welfare and Ethics Committee.

Intracerebroventricular injection

Implantation of the cannula was performed stereotaxically
under anesthesia with sodium pentobarbital (40 mg/kg, ip).
Stereotaxic surgical procedures were used to implant one
22-gauge stainless steel guide cannula with a removable 28
gauge inner stylette to the left lateral ventricle (Bregma -1.0
mm; L: 1.5 mm; H: 3.0 mm)™, The device was fixed onto the
skull with anchor screws. The experiments with icv injec-
tion were performed at least 7 d after surgery. The anesthe-
tized intact or renal sympathetic nerve denervated rats were
given ACSF (5 pL, as control) or kisspeptin-10 (0.05, 0.5, or 5
nmol) by icv 20 min before VE. Kisspeptin-10 dissolved in
5 pL. ACSF was infused through the 28-gauge cannula using
an infusion pump at a flow rate of 2 uL/min. The injection
needle was kept in place for 10 min after the injection. After a
120 min observation period, all animals were injected with 4%
brilliant blue by icv to verify the cannula placement (Figure 2).

Experimental procedure
All rats were water deprived for 12 h one day before the
experiments. On the day of the experiment, the rats were
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anesthetized with inactin (100 mg/kg body wt) for renal func-
tion experiments. The trachea was intubated to facilitate ven-
tilation. The left femoral vein was catheterized with polyeth-
ylene (PE) tubing (PE-50, filled with saline) for VE. The right
femoral artery was cannulated with PE tubing (PE-50, filled
with 100 U/mL heparinized saline) for monitoring arterial
blood pressure and heart rate. The pressure signal was sent to
a computer recording and analyzing system (PowerLab, AD
Instruments) by pressure transducers. A continuous perfusion
of 0.9% NaCl solution through the catheter in the right femoral
vein was used for VE stimulation. The total perfusion volume
was 4% of the body weight and was infused at a constant flow
rate over a period of 40 min. In the test of renal sympathetic
nerve denervation, bilateral renal sympathetic nerve trunks
were isolated and destroyed using 95% ethanol!".

AVP and ANP radioimmunoassay

Sequential blood samples (200 pL each) were taken through
the PE tubing from the right femoral artery at 20 min intervals
during the 120 min period. The same volume of physiologi-
cal saline was replaced at each bleeding. Blood plasma (100
pL) was separated from each blood sample by centrifugation
and stored at -20 °C until the determination of AVP. Plasma
AVP and ANP concentrations were measured using Sep-Pak
C18 cartridge extraction. Samples for AVP extraction were
acidified with 1 mol/L HCl and extracted. Acidified plasma
samples were added slowly to the columns and then washed
with 0.1% trifluoroacetic acid (TFA). The absorbed AVP was
eluted with 50% methanol and 0.1% TFA, and the eluates were
dried in a Speed-Vac concentrator. The assay sensitivity was
1.2 pg for AVP/tube. The intra- and inter-assay coefficients of
variations were 5% and 7%. The plasma ANP concentration
was also determined using an RIA kit (Peninsula Laboratories,
Belmont, CA, USA) after extraction of ANP from plasma with
Cys Sep-Pak cartridges eluted with a buffer containing 60%
acetonitrile in 1% TFA. Immunoreactive ANP concentration is
expressed as pmol/L.

Measurement of urine and sodium excretion

The ureters were catheterized with PE-10 tubing for sequential
urine collection every 20 min during the VE, and the urine vol-
ume of each period was measured. Sodium concentration and
volume of each urine fraction were measured using the auto-
matic biochemical analyzer (Beckman Coulter Corporation,
Miami, USA). The data are expressed as micromoles per min-
ute per 100-gram body weight (pmol'min” per 100 g BW) and
microliters per minute per 100-gram body weight (pL-min™
per 100 g BW), respectively.

Statistical analysis

All results are expressed as meantstandard deviation (SD) and
were analyzed using SPSS 13.0 (SPSS, Chicago, IL). The data
in Figure 1 were analyzed using a two-way repeated measures
analysis of variance (ANOVA) with time as the repeated mea-
sure. The significance of difference was determined using the
Newman-Keuls test. When only two treatment groups were



being compared, a Student’s t-test was used. A probability of
P<0.05 was considered statistically significant.

Results

Effect of kisspeptin-10 icv injection on natriuresis and diuresis
induced by VE in anesthetized male rats

In the normal group, sodium excretion and urine flow began
to gradually increase simultaneously with VE and reach the
peak at 80 min (1.25£0.26 pmol'min” per 100 g and 22.25+3.34
pL-min™ per 100 g, respectively). In animals receiving an icv
injection of kisspeptin-10, however, VE-induced natriuresis
and diuresis also occurred at time points from 40 to 120 min,
but occurred with lower amplitudes. This increase in sodium
excretion and urine flow in response to VE were attenuated by
icv administration of 0.05 and 0.5 nmol kisspeptin-10 during
time points from 40 to 120 min but with no statistical signifi-
cance (Figure 1A and 1B). Kisspeptin-10 (5 nmol) had a signif-
icant inhibitory effect on VE-induced natriuresis and diuresis
from 60 to 100 min, especially in the strongest response at 80
min (0.78+0.21 pmol-min™ per 100 g and 16.94%5.53 pL-min™
per 100 g) compared with controls (F=5.18 and 5.75, P<0.05).

Effect of kisspeptin-10 icv injection on heart rate and mean
arterial pressure during VE-induced natriuresis and diuresis
Central injection of 5 nmol kisspeptin-10 was ineffective at
producing any significant changes in mean arterial blood pres-
sure or heart rate during VE. The mean arterial blood pressure
of the intact rats with VE fluctuated in the range of 92+16 and
112+18 mmHg during the experiment. There was no signifi-
cant change between the 5 nmol kisspeptin-10 group and the
control group at all the time points. Moreover, no significant
change in heart rate was observed between the two groups
(range of 295436 and 32538, respectively).

Effect of kisspeptin-10 icv injection on plasma AVP and ANP
concentrations during VE in anesthetized male rats

Central injection of 5 nmol kisspeptin-10 caused a stimula-
tory effect on plasma AVP concentration during VE (Figure
1C). The concentration of plasma AVP in anesthetized male
rats with VE was 3.6+1.4 compared with 2.4+0.8 pg/mL in
the control group during observation. There was a decreas-
ing tendency, but this did not reach statistical significance. In
comparison to the control group, plasma AVP concentrations
increased significantly (from 3.2+1.2 to 9.5+2.6 pg/mL) 20 min
after the icv injection of 5 nmol kisspeptin-10 (F=5.82, P<0.05).
This effect lasted approximately 20 min. Volume expansion
induced an obvious plasma ANP increase from the 40 min
time point in both groups (Figure 1D). In contrast to plasma
AVP, there was no statistically significant difference in ANP
concentrations between the two groups throughout the experi-
ment, showing that 5 nmol kisspeptin-10 had no significant
effect on plasma ANP concentrations.
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Figure 1. (A and B) Dose-dependent inhibition of kisspeptin-10 on VE-
induced natriuresis and diuresis induced in anesthetized male rats.
The icv administration of kisspeptin-10 or ACSF (as a control) was given
at t=0. (C and D) Time-dependent increase of plasma AVP and ANP
concentrations by icv injection of kisspeptin-10 during VE in anesthetized
male rats. A total of 5 nmol kisspeptin-10 or ACSF (as control) was given
at t=0. The sodium concentration and volume of each urine fraction were
measured every 20 min for 2 h. The VE of 4% body weight lasted 40 min
(from t=20 to t=60). n=10. Data are mean+SD. °P<0.05 vs control.

Acta Pharmacologica Sinica



www.nature.com/aps
Han X et al

®

148

Effect of kisspeptin-10 icv injection on VE-induced natriuresis
and diuresis in anesthetized male rats with bilateral renal
sympathetic denervation

In renal sympathetic nerve denervated rats, similar increases
in VE-induced urine flow and sodium excretion were
observed, with a slight increase that reached a peak at 80 min
(1.41£0.31 pmol'min™ per 100 g and 24.28+3.85 pL-min™ per
100 g BW, respectively). A significant inhibitory effect on
VE-induced natriuresis and diuresis also occurred in the 5
nmol kisspeptin-10 group (Figure 2C and 2D). The sodium
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Figure 2. (A and B) The lateral ventricles were stained by 4% brilliant
blue injected through the internal cannula after 120 min of observation
to verify the proper cannula placement. (C and D) Time-dependent effect
of icv injection of kisspeptin-10 on VE-induced natriuresis and diuresis in
anesthetized male rats with bilateral renal sympathetic denervation. A
total of 5 nmol kisspeptin-10 or ACSF (as a control) was given at t=0. The
sodium concentration and volume of each urine fraction were measured
every 20 min for 2 h. The VE of 4% body weight lasted 40 min (from t=20
to t=60). n=10. Data are mean+SD. °P<0.05 vs control.
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excretion and urine flow were decreased significantly by pre-
treatment with icv administration of 5 nmol kisspeptin-10 at
60 to 80 min compared with the control group. The highest
response level also occurred at 80 min (0.95+0.23 pmol-min™
per 100 g and 18.84+3.13 pL-min™" per 100 g BW, respectively)
(F=4.65 and 4.92, P<0.05).

Discussion

Kisspeptin and its receptor are densely distributed in several
nuclei of the hypothalamus, suggesting that kisspeptin might
mediate and modulate hypothalamic functions"". Previous
studies have demonstrated that kisspeptin and GPR54 signal-
ing in the brain serve as an important conduit for controlling
GnRH secretion in developing and adult animals™ . In the
present study, we observed that central administration of kiss-
peptin-10 could inhibit VE-induced natriuresis and diuresis
in anesthetized male rats. To our knowledge, this is the first
study suggesting that hypothalamic kisspeptin might partici-
pate in the central regulation of body fluid homeostasis.

We observed that icv injection of 5 nmol kisspeptin-10 sig-
nificantly inhibited VE-induced natriuresis and diuresis and
that this inhibitory effect lasted at least 80 min. Due to the
limitation of our observation intervals, we cannot exclude the
possibility that kisspeptin-10 may only postpone the sodium
and water excretion surge or prolong the duration after VE.
Expansion of the blood volume induces natriuresis and diure-
sis, and this volume reflex plays an important role in the regu-
lation of water and electrolytes balance’. The release of ANP
from the atrial myocytes'"”), changes in renal sympathetic nerve
activity™® and hypothalamic AVP release from the PVN"! are
regarded as the chief efferent regulators in the volume reflex,
including the experimentally induced VE performed in our
experiments. Sympathetic innervation in the kidney elicits
important effects on the regulation of renal blood flow, rennin
release and reabsorption of sodium and water!™®.. Inconsistent
with our anticipation, the inhibitory effect of kisspeptin is not
likely to be mediated by the renal sympathetic nerves because
bilateral renal denervation could not abolish the attenuation
caused by central injection of 5 nmol kisspeptin-10. The lack
of significant change in mean blood pressure and heart rate
suggests that the effect of central administration of kisspeptin
did not lead to the activation of the efferent visceral sympa-
thetic nervous system.

The current study concentrated on the possible role of the
renal sympathetic nerves in the mediation of the effect of
kisspeptin-10. We observed differences in values between
intact and renal sympathetic nerve denervated rats during VE,
especially peak differences. In denervated rats, VE-induced
increases in urine flow and sodium excretion at the peak were
slightly elevated compared with the intact control group;
however, the difference did not reach statistical significance.
We performed bilateral renal sympathetic denervation accord-
ing to the method described by Patel et al™. This method has
been shown to decrease the norepinephrine level in kidneys
to an undetectable range. It should be noted that we did not
confirm the effectiveness of this method by measuring the NE



content in the surgically denervated kidneys, as done in Patel
et al™!. Moreover, due to the complexity of our surgical proce-
dures, we did not simultaneously record the activity from the
renal sympathetic nerve. We therefore cannot determine if the
function of the renal sympathetic nerves were blocked com-
pletely.

The neuroendocrine system plays a vital role in the mainte-
nance of body fluid homeostasis by secreting AVP and OT in
response to a variety of signals, including osmotic stimulus or
volume expansion!!. The PVN, SON, and AVPV in hypothala-
mus have been deemed important integrating sites governing
AVP and ANP release!" > "], Using immunocytochemistry,
the recent detailed account of kisspeptin neuroanatomy has
shown that kisspeptin neurons are more abundantly distrib-
uted in the AVPV than elsewhere in hypothalamus. Mean-
while, kisspeptin fibers are densely located in the PVN and
SON, running along the wall of the third ventricle!”. The neg-
ative effect of kisspeptin on volume reflex is probably related
to processes of the neuroendocrine system, such as increasing
AVP release or decreasing ANP into circulation. As shown
in our studies, the inhibitory effect of kisspeptin-10 on VE-
induced natriuresis and diuresis is not likely to be mediated
by altering plasma ANP release because the 5 nmol kisspep-
tin-10 icv injection had no significant effect on plasma ANP
concentrations. Our studies demonstrated that plasma AVP
concentration increased 20 min after central injection of 5 nmol
kisspeptin-10 during VE, suggesting that the negative effect of
kisspeptin-10 on VE-induced natriuresis and diuresis is partly
mediated by its stimulatory influence on AVP release. We
postulate that the swift effect of the icv injection of kisspep-
tin-10 on AVP release are probably mediated by nuclei around
the third ventricle, where it could diffuse and reach in a short
period of time. The administered kisspeptin is likely to dif-
fuse along with ventricular cerebrospinal fluid and modulate
neuronal activity in nuclei located in the periventricular area
of the third ventricle, such as neurons within PVN and SON.
Certainly, the mechanism underlying hypothalamic kisspep-
tin-10 in neuroendocrine control of AVP release remains to be
elucidated.

To our knowledge, this is the first study to show that cen-
tral administration of kisspeptin-10 inhibits natriuresis and
diuresis induced by blood volume expansion in anesthetized
male rats. This effect is probably mediated by increasing AVP
secretion and is independent of plasma ANP concentration
and renal sympathetic nerve activity. The role of kisspeptin in
the regulation of body fluid homeostasis remains to be eluci-
dated.
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Repurposing an old drug for a new use: glyben-
clamide exerts antiplatelet activity by interacting
with the thromboxane A, receptor

Harold J TING, Wallace J MURRAY, Fadi T KHASAWNEH*
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Aim: To investigate the potential antagonistic activity of the antidiabetic agent glybenclamide for the human platelet thromboxane A,

receptor (abbreviated as TPR).

Methods: Platelets were obtained from healthy donors. Aggregation studies were performed in a model 700 aggregometry system.
Radioactivity was counted in a Beckman LS 6000 liquid scintillation counter and calcium imaging was performed using an LS50B

PerkinElmer Fluorescence Spectrometer.

Results: It was found that glybenclamide: 1) inhibited aggregation induced by the TPR agonist U46619 (IC5,=2.3+0.31 ymol/L) and

by the thromboxane A, precursor arachidonic acid (IC5,=2.6+£0.24 uymol/L); 2) displaced SQ29,548 from its binding sites on platelets;
3) lacked any detectable effects on aggregation stimulated by ADP, or the thrombin receptor activating-peptide 4; 4) blocked calcium
mobilization induced by U46619, but not by ADP; and 5) failed to raise CAMP levels.

Conclusion: The findings indicate that glybenclamide exerts inhibitory effects on platelets by interacting with TPR. Thus, glybenclamide
or a rationally designed derivative has the potential to serve as an antithrombotic agent.

Keywords: platelet; thromboxane receptor; thrombosis; drug-repurposing; antagonist
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Introduction
Platelet activation is a complex process with independent,
yet overlapping pathways for activation! .. One such path-
way is triggered by an arachidonic acid derivative, known
as thromboxane A, (TXA,), which acts by interacting”! with
a seven-transmembrane receptor (abbreviated as TPR). The
TXA, pathway has been shown'""? to play an essential role
in hemostasis, and in the development of thrombotic disor-
ders; making it a target for therapeutic interventions. Based
on these considerations, therapeutic strategies have focused
on either modulating the synthesis of TXA,"* ™, or interfer-
ing with its receptor binding. While, the former has been
successfully targeted by the platelet COX-1 inhibitor aspirin,
this therapeutic agent is associated with undesirable adverse
effects (such as gastric ulcers)'> ', and resistance!”. Regard-
ing TPR antagonists; while many were developed™*?!, none of
them is currently available for clinical use. Thus, there is still
considerable interest in developing TPR antagonists.

To this end, estimates indicate that it may require 15 years

*To whom correspondence should be addressed.
E-mail fkhasawneh@westernu.edu
Received 2009-10-29 Accepted 2009-12-22

to bring a new drug into the market, with a cost of hundreds
of millions of dollars®. Furthermore, despite all efforts, only
20-30 drugs receive approval by the Food and Drug Admin-
istration (FDA) in the USA in any given year™. One solu-
tion to these limitations is to discover new uses for currently
prescribed drugs; the “repurposing old drugs for new uses”
approach™!, Based on these considerations, we elected to
undertake a similar approach in our pursuit of a TPR antago-
nist. Thus, we searched for drugs that share structural simi-
larity with a TPR antagonist, namely SQ29,548™". We noticed
significant similarity between the antidiabetic sulfonylurea
glybenclamide®!, and SQ29,548, particularly with regard to
the latter’s pharmacophores™. Consequently, we hypoth-
esized that glybenclamide exhibits TPR antagonistic activity.
In this connection, given that sulfonylureas were pursued as
antiplatelet agents, and although none of these studies was
comprehensive, others have also investigated the antiplatelet
effects of antidiabetics of the sulfonylurea class; including
glybenclamide. For example, it was found that glybenclamide
did not inhibit platelet aggregation induced by thrombin, but
suppressed (calcium) Ca®* release from internal Ca” stores
induced by the same agent™). These data are contradictory
since Ca”* mobilization is known to play an essential role in



thrombin-dependent platelet activation®. Other studies have
shown that glybenclamide inhibited both the cyclooxygenase
and 12-lipoxygenase pathways in platelets™, but in a later
study the authors contradicted their own findings with regard
to the inhibition of the lipoxygenase pathway™. Another
study on the vasculature, showed that glybenclamide acts by
interacting with TPRs™, thereby contradicting the finding that
glybenclamide inhibits the cyclooxygenase pathway. In sum-
mary, there are clear inconsistencies concerning the biologi-
cal effects of glybenclamide on platelet function. While the
reasons for these apparent discrepancies are not known, they
may derive from variations in the experimental conditions/
platelet preparations, inconsistency in the dose used in the
various experimental approaches, or inherent differences in
the potency of the ligands employed. Finally, in line with the
principles of drug rediscovery, it is noteworthy that aspirin
itself was initially used as an analgesic® ™!, before its anti-
platelet activity was discovered!™ .

Based on these considerations, we investigated two aspects
of glybenclmaide’s biology: (1) its functional effects on three
different pathways of activation in human platelets; and (2)
the potential mechanism by which it produces these effects (eg,
TPR-dependent mechanism of action).

Materials and methods

Reagents

U46619, arachidonic acid, SQ29,548 and PGI, were from
Cayman Chemical (Ann Arbor, MI). ADP, stir bars and
other disposables were from (Chrono-Log; Havertown, PA).
[PH]SQ29,548 was purchased from PerkinElmer Life Sciences
(Shelton, CT). Glybenclamide, Protease activated receptor
4 (PAR4) activating peptide (TRAP4; AYPGKF-NH,), phos-
phodiesterase inhibitor Ro20-1724, protein kinase A, protein
kinase A inhibitor, Cellosolve, isoflurane and indomethacin
were from Sigma Aldrich (St Louis, MO). [’H]cAMP was
from Amersham Biosciences (Piscataway, NJ), and cold cAMP
from Assay Designs (Ann Arbor, MI). The Adenylate cyclase
inhibitor SQ22536 was from Enzo Life Sciences International,
Inc (formerly BIOMOL international; Plymouth Meeting, PA).
Sodium citrate (3.8% w/v) solution, 60 mL syringes, 50 mL
conical tubes were obtained from Fisher Scientific (Hanover
Park, IL). The Fura2/AM dye and Pluronic F-127 were from
Molecular Probes (Eugene, OR). Human platelets were from
healthy volunteers who denied taking any medication in the
last 10 days prior to collection. Note: volunteers gave their
informed consent before they were allowed to donate blood.

Human platelet functional studies

Blood was withdrawn by venipuncture of the cephalic vein
into a 60 mL syringe (Kendall) from human volunteers.
Coagulation was inhibited by addition of 3.8% w/v sodium
citrate solution in a ratio of 9 parts blood to 1 part citrate.
Blood was then spun at 160xg for 10 min in a 50 mL centri-
fuge tube. Resultant supernatant was carefully pipetted out
and then recentrifuged at least once to sediment out nucle-
ated cells, forming platelet rich plasma (PRP). Platelet poor
plasma (PPP) was prepared by spinning blood at 2000xg for
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15 min. PRP was diluted with PPP to adjust platelet count
to 2x10°-3x10° platelets/mL. All aggregation experiments
were performed after incubation with 10 pmol/L indometha-
cin for 2 min to prevent thromboxane A, generation, except
when arachidonic acid was used as the aggregating agonist.
The control traces were obtained by the addition of vehicle,
U46619, arachidonic acid, ADP, or TRAP4 to PRP after estab-
lishing baseline light transmission for at least 1 min. The
effect of these agents was measured using the turbidimetric
method™ with a model 700 whole blood lumi-aggregometer
(Chronolog Corporation; Havertown, PA). The aggrega-
tion traces were captured using the Aggrolink8 software
(Chronolog Corporation; Havertown, PA).

Human platelet function inhibition studies

For the inhibition of platelet function studies, PRP was
incubated with 1-10 pmol/L glybenclamide, 150 nmol/L
or 1 umol/L SQ29,548 or vehicle controls for 5 min prior to
stimulation with 1 pmol/L U46619, 0.5 mmol/L arachidonic
acid, 15 pmol/L ADP, or 40 pmol/L TRAP4. Furthermore,
the reversal of inhibition was performed after first incubating
with the adenylate cyclase inhibitor (300 pmol/L) SQ22536
for 45 min, then adding 1 nmol/L PGI,, or 10 umol/L gly-
benclamide before stimulation with 1 pmol/L U46619 or 0.5
mmol/L arachidonic acid.

Displacement binding in intact platelets.

Resuspended platelets were prepared as previously descri-
bed”* ¥l The platelet suspension (1x10° platelets/mL) was
incubated with 1 nmol/L [°H]SQ29,548 at RT for 10 min, and
then increasing concentrations of the displacing ligand gly-
benclamide (0.035-30 pmol/L) were added for an additional
45 min. Next, the ["H]SQ29,548 bound platelets were cap-
tured by running through 0.45 micron Millipore filters over a
vacuum suction unit. The filters were then washed once and
counted for radioactivity in a Beckman LS 6000 liquid scintil-
lation counter. To calculate the non-specific binding, the same
concentration of radioligand was competed against 1000-fold
excess of unlabeled SQ29,548.

Assay of platelet adenosine 3’, 5’-cyclic monophosphate (cCAMP)
Human PRP (500 pL) samples were collected in an eppendorf
tube and treated with vehicle, (1 nmol/L) PGI,, or (10 pmol/L)
glybenclamide. Next, the phosphodiesterase inhibitor RO20-
1724 (100 pmol/L) was added, and platelets were spun down
and immediately frozen in liquid nitrogen. The platelet pel-
let was then resuspended, sonicated, boiled for 4 min, spun
down, and the supernatant was transferred to a new tube.
The concentration of cAMP in the supernatant was measured
as previously described™. The standard curve samples were
prepared by adding known concentrations of unlabeled cAMP
to the supernatant obtained from vehicle treated platelets.

Platelet calcium mobilization

Platelets were isolated from blood, washed, and then sus-
pended in Tyrode’s buffer without calcium. Platelets were
then loaded with Fura-2/AM (5 pmol/L) in the presence of

Acta Pharmacologica Sinica



www.nature.com/aps
Ting HJ et al

@

152

Pluronic F-127 (0.2 pg/mL; Molecular Probes) for 30 min at
37 °C. Next, platelets were washed once and resuspended in
Tyrode’s buffer containing 0 or 1 mmol/L Ca*. Platelets were
then activated with U46619 (1 pmol/L), arachidonic acid (0.5
mmol/L), ADP (15 umol/L) or TRAP4 (40 umol/L), in the
presence or absence of glybenclamide (10 pmol/L). Calcium
measurements were done by alternating excitation between
340 and 380 nm, and measuring fluorescence/emission at 509
nm using an LS 50B Fluorescence Spectrometer (PerkinElmer).

Data analysis

All experiments were performed at least three times, with
blood obtained from at least three different donors. Data were
analyzed using GraphPad PRISM statistical software (San
Diego, CA). The displacement binding curve was generated
using non-linear regression analysis, with a one site competi-
tion model, whereas the standard cAMP curve was generated
by applying linear regression. Results were compared using
unpaired 2-tailed Student’s t test, with P<0.05 considered
to be statistically significant. 1Cs, values are represented as
mean+SEM.

Results

Glybenclamide inhibits TPR-/U46619-induced platelet aggrega-
tion

Given the structural similarity between glybenclamide and
5Q29,548 (Figure 1), and in order to investigate whether
the oral sulfonylurea glybenclamide (an antidiabetic agent)
has the capacity to inhibit platelet TPR signaling, platelet
aggregometry experiments were performed. Our initial stud-
ies demonstrated that addition of TXA, mimetic U46619 (1

Carboxylic Acid
pKa~4.0

Benzene Ring

Sulfonylurea
pKa ~ 4.0

Figure 1. The chemical structure of the TPR antagonist SQ29,548
(top panel), and the sulfonylurea glybenclamide (bottom panel). The
analogous moieties are highlighted using a matching color font, whereas
the unshared pharmacophore is indicated by the grey font in SQ29,548.

Acta Pharmacologica Sinica

pmol/L) to human PRP produced a typical shape change and
aggregation response (Figure 2A). Furthermore, it was also
found that 1 pmol/L of glybenclamide produced a significant
inhibition of the U46619-induced platelet activation (Figure
2A; 1 pmol/L trace). This inhibitory effect of glybenclamide
was found to be concentration-dependent (Figure 2A; 1-10
pmol/L traces and inset), with an ICs;= 2.3+0.31 pmol/L. This
finding demonstrates that glybenclamide has the capacity to
block platelet aggregation, and that the underlying mecha-
nism perhaps involves TPRs. To test this notion, the next set
of experiments investigated the effects of glybenclamide on a
separate agonist, namely the TXA, precursor arachidonic acid,
which also triggers platelet aggregation by activating TPRs.

Glybenclamide inhibits TPR-/arachidonic acid-induced platelet
aggregation

Similar to U46619, it was found that glybenclamide exerted
concentration-dependent (1-10 pmol/L) inhibition on platelet
activation stimulated by 0.5 mmol/L arachidonic acid (Figure
2B), with an 1C5=2.6+0.24 pmol/L. These data further sug-
gest that the underlying mechanism by which glybenclamide
inhibits platelets is through TPR blockade. To confirm the
interaction with platelet TPRs, displacement binding studies
between glybenclamide and a well-characterized radiolabeled
TPR antagonist (ie, 'H]SQ29,548) were performed.

Glybenclamide displaces [*H]SQ29,548 from its TPR binding sites
If glybenclamide exerts its inhibitory effects via TPR antago-
nism, then it would be expected to displace TPR ligands from
their binding sites. Using radioligand displacement studies,
it was found that glybenclamide, indeed, had the capacity
to completely displace ["H]SQ29,548 from its binding sites
on platelets (Figure 3), demonstrating an interaction with
TPRs. While this finding clearly indicates that the mecha-
nism by which glybenclamide inhibits platelets involves TPR
antagonism, it does not rule out the potential for generalized
inhibitory effects on platelet, through a cAMP-dependent
mechanism. To test this possibility, we examined the effects
of glybenclamide on platelet aggregation mediated by TPR-
independent mechanisms (ie, ADP and the thrombin receptor
activating peptide 4 [TRAP4]).

Glybenclamide is devoid of inhibitory effects on ADP-induced
platelet aggregation

If cAMP indeed contributes to the inhibitory effects of glyben-
clamide on platelet function, one would expect glybenclamide
blockade of platelet aggregation in response to all agonists,
eg, ADP and TRAP4. Our results demonstrated that pretreat-
ing platelets with glybenclamide (1 pmol/L) did not produce
any detectable effects on platelet aggregation in response to
15 pmol/L ADP (data not shown). Moreover, even at a con-
centration as high as 10 pmol/L, which completely blocked
aggregation by U46619 or arachidonic acid (Figure 2A and 2B,
respectively), glybenclamide appeared to be devoid of any
inhibitory effects on platelet aggregation by ADP (Figure 4A).
This finding suggests that the mechanism by which glyben-
clamide inhibits platelet aggregation is cAMP independent.
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Figure 2. Effect of glybenclamide on human platelet aggregation stimulated by the TPR agonist U46619, and the TXA, precursor arachidonic acid.
(A) Indomethacin-treated PRP was stimulated with 1 pmol/L U46619 in the absence or presence of increasing concentrations of glybenclamide
(1-10 pmol/L) to generate a concentration-dependent inhibition curve (inset shows quantification of the glybenclamide concentration-dependent
inhibition curve of U46619-induced aggregation response). (B) PRP was stimulated with 0.5 mmol/L arachidonic acid in the absence or presence of
increasing concentrations of glybenclamide (1-10 pmol/L) to generate a concentration-dependent inhibition curve (inset shows quantification of the
glybenclamide concentration-dependent inhibition curve of arachidonic acid-induced aggregation response). Each aggregation curve is representative
of multiple traces obtained from three separate platelet preparations, from three different blood donors (°P<0.05, n=3).
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Figure 3. Displacement binding curve of [*H]SQ29,548 by glybenclamide
in intact platelets. Binding displacement of 1 nmol/L [°*H]SQ29,548
with increasing concentrations of glybenclamide (0.035-30 umol/L).
Results are the average of at least three different experiments, from blood
obtained from three separate donors.

This was further confirmed by determining whether glybencl-
amide inhibits aggregation induced by TRAP4.

Glybenclamide is devoid of inhibitory effects on TRAP4-induced
platelet aggregation

As was the case with the platelet agonist ADP, our results
revealed that glybenclamide, even at high concentrations
(10 pmol/L) did not exhibit any detectable effects on plate-
let aggregation triggered by 40 pmol/L TRAP4 (Figure 4B).
These data indicate that glybenclamide does not produce
broad-spectrum inhibition of platelet aggregation, which is
consistent with cAMP-independent mechanisms. To directly
examine this notion, we next investigated whether glybencl-
amide raises platelet cAMP levels.

Glybenclamide does not raise platelet cAMP levels

The finding that glybenclamide exerts inhibitory effects on
platelet activation that are specific to TPRs argues against a
cAMP-dependent mechanism. This conclusion was confirmed
by measuring cAMP levels in response to glybenclamide treat-
ment. Our data indicates that even at 10 pmol/L, glybencl-
amide did not elevate platelet cAMP levels, as opposed to 1
nmol/L of the control PGI, (Figure 5A). Furthermore, while
the adenylyl cyclase inhibitor SQ22536 (300 umol/L) did not
produce any detectable effects on glybenclamide blockade of
U46619- or arachidonic acid-stimulated aggregation (Figure
5B and 5C, respectively), it completely reversed the inhibi-
tory effects of PGI, on aggregation induced by U46619 (Figure
5D). These data demonstrate that the underlying mechanism
of inhibition of platelet activation by glybenclamide does not
involve cAMP. We next examined the effect of glybenclamide
on calcium mobilization in response to TPR activation.

Glybenclamide inhibits calcium mobilization induced by TPR/
U46619 but not by ADP

Since calcium plays a central role in platelet aggregation
downstream of TPR and other G-protein coupled receptors,
it is expected that glybenclamide would also inhibit cal-

Acta Pharmacologica Sinica

' };4“
15 pmol/L ADP\\

1,

S \

= M

5 Hhw, 10 umol
o

g RN I G
® Vbt o ity T

-

0 umol/L
v
1 2 3 4 5 6 7
Time (min)
B
Al
40 pmol/L TRAP4 \\ 0 pmol/L
St

) \\

o ———

& \me 1.0 ymol/
=

£

2

o

£

o

-

v
1 2 3 4 6 7 8
Time (min)

Figure 4. Effect of glybenclamide on human platelet aggregation
stimulated by ADP, and the thrombin receptor activating peptide 4 (TRAP4).
(A) Indomethacin-treated PRP was stimulated with 15 ymol/L ADP in the
absence or presence of 10 pmol/L glybenclamide. (B) Indomethacin-
treated PRP was stimulated with 40 ymol/L TRAP4 in the absence
or presence of 10 umol/L glybenclamide. Each aggregation curve is
representative of multiple traces obtained from three separate platelet
preparations, from three different blood donors.

cium mobilization. Indeed, it was found that glybenclamide
(10 pmol/L) abolished calcium mobilization in response to
1 pmol/L U46619 and 0.5 mmol/L arachidonic acid (Figure 6A
and not shown, respectively). On the other hand, 10 umol/L
glybenclamide did not produce any effects on calcium mobi-
lization in response to 15 pmol/L ADP or 40 umol/L TRAP4
(Figure 6B, and not shown, respectively). These data are con-
sistent with glybenclamide’s inhibitory effects that are selec-
tive for TPR-dependent platelet function. Finally, we sought
to compare the inhibitory profile of glybenclamide with that
for the classical TPR antagonist SQ29,548.

Glybenclamide exhibits a platelet-function inhibitory profile that
is comparable to that of the classical TPR antagonist SQ29,548

Similar to glybenclamide’s effects, it was found that the selec-
tive TPR antagonist SQ29,548 (at 150 nmol/L or 1 pmol/L)
blocked platelet aggregation stimulated by 1 pmol/L U46619
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Figure 5. Effects of glybenclamide and PGl, on basal platelet CAMP levels; and effects of glybenclamide on human platelet aggregation induced by
U46619 or arachidonic acid (compared to the effects of PGl, on human platelet aggregation induced by U46619) in the presence or absence of the AC
inhibitor SQ22536. A) PRP was treated with 10 umol/L glybenclamide or 1 nmol/L of the control PGl, before cAMP levels were measured (°P<0.05,
n=3). B) PRP was first incubated with or without the AC inhibitor SQ22536 (300 umol/L) and then stimulated with 1 umol/L U46619 in the presence or
absence of 10 ymol/L glybenclamide. C) PRP was first incubated with or without the AC inhibitor SQ22536 (300 pmol/L) and then stimulated with 0.5
mmol/L arachidonic acid in the presence or absence of 10 umol/L glybenclamide. D) PRP was first incubated with or without the AC inhibitor SQ22536
(300 pmol/L) and then stimulated with 1 ymol/L U46619 in the presence or absence of 1 nmol/L PGl,. Each aggregation curve is representative of
multiple traces obtained from three separate platelet preparations, from three different blood donors.

or 0.5 mmol/L arachidonic acid (Figure 7A, 7B, 7C, and not
shown). On the other hand, 5Q29,548 (at 150 nmol/L or even
1 pmol/L) was found to be devoid of any inhibitory effects
on platelet aggregation triggered by 15 pmol/L ADP, or 40
pmol/L TRAP4 (Figure 7D, 7E, 7F, and not shown). Thus, the
inhibitory profile exhibited by glybenclamide on platelet func-
tion appears to be identical to that of the classical TPR antago-
nist 5Q29,548, which is in agreement with a TPR-dependent
mechanism of action.

In summary, the present studies demonstrate that glybencl-
amide has the capacity to exert TPR-specific inhibitory effects
on human platelet function, as demonstrated by selective
blockade of aggregation (and calcium mobilization) by the
classical agonists U46619 and arachidonic acid, and displace-

ment of binding of a classical TPR ligand. Our results also
provide evidence that cAMP is not involved in the mechanism
of inhibition, since glybenclamide lacked any inhibition on
aggregation mediated by the agonists ADP and TRAP4, nor
did it increase platelet CAMP levels.

Discussion

Given the clear involvement of TXA,/TPR signaling in the
pathogenesis of multiple disease processes (eg, thrombosis and
asthma)'*"* % the limitations of aspirin therapy!'®, and evi-
dence that antagonists are superior to aspirin in certain disease
states®” there is an increasing interest in the development of
TPR antagonists. Of note, due to a host of reasons, the use of
antagonists developed (which were not rationally designed)
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Figure 6. Effect of glypenclamide on human platelet calcium mobilization
stimulated by the TPR agonist U46619, and ADP. (A) Indomethacin-
treated PRP was stimulated with 1 ymol/L U46619 in the absence or
presence of 10 uymol/L glybenclamide. (B) Indomethacin-treated PRP was
stimulated with 15 uymol/L ADP in the absence or presence of 10 umol/L
glybenclamide. Each calcium trace is representative of multiple traces
obtained from three separate platelet preparations, from three different
blood donors.

thus far, has been experimental™?"*!. Nonetheless, it is

anticipated that recent literature regarding the ligand-binding
domain of TPR will aid the discovery of TPR antagonists*>*’\.
Historically, conventional drug discovery takes one of two
routes™, either the target-centered or compound-centered
approach, and each route may take around 15 years. Conse-
quently, there is growing interest in an approach that focuses
on investigating new indications for drugs that have already
been approved by the FDA (ie, “drug rediscovery” ),
Aside from their well-characterized pharmacology, such drugs
would have a safety profile that has been well defined through
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many years of clinical experience. To this end, we decided
to undertake a similar approach (ie, repurpose a currently
approved drug) in our pursuit of agents that possess antago-
nistic activity against platelet TPRs. Specifically, we searched
for drugs that share structural similarity with TPR antagonists.
We selected the experimental TPR antagonist with the high-
est affinity (ie, 5Q29,548), and we were particularly interested
in compounds that share similarity with the pharmacoph-
ores of 5Q29,548% We found that the antidiabetic agent
glybenclamide meets this structural requirement as follows
(see Figure 1): 1) the functional groups which are anionic at
physiological pH (7.4); these are the carboxylic acid group of
5Q29,548 and the sulfonylurea of glybenclamide (indicated by
the red fonts in the structures); 2) the amide groups (indicated
by the pink fonts in the structures); and 3) the aromatic rings
(indicated in blue fonts in the structures). On the other hand,
glybenclamide appears to lack a chemical group equivalent
to the fourth 5Q29,548 pharmacophore, ie, the 14-position
nitrogen indicated by the grey font in SQ29,548 structure (see
Figure 1). Nonetheless, we believe that there is sufficient
similarity in their chemistry to confer glybenclamide with the
capacity to interact with TPRs. In order to test this notion and
to address previous inconsistencies regarding its biological
activity, we evaluated the effects of glybenclamide on platelet
aggregation mediated via TPR activation. Interestingly, it was
found that pre-treating platelets with glybenclamide resulted
in significant inhibition in their aggregation response to the
agonist U46619, in a concentration dependent manner. Gly-
benclamide also inhibited the calcium mobilization response
triggered by U46619. These findings demonstrate that this
antidiabetic drug does indeed have the capacity to block plate-
let function, presumably via interacting with TPRs. To further
test this notion, we examined the effects of glybenclamide on
aggregation triggered by the TXA, precursor arachidonic acid.
Our results showed that glybenclamide exerted a concen-
tration-dependent inhibitory effect on aggregation triggered
by arachidonic acid. Given the chemical similarity between
glybenclamide and the antagonist SQ29,548, this finding
appears to be consistent with a TPR-dependent mechanism of
action. This notion was further supported by the finding that
glybenclamide completely displaced the radiolabeled antago-
nist 5Q29,548 from its platelet TPR binding sites. In addition,
these data suggest that glybenclamide does in fact contain a
“minimum” number of pharmacophores that are required for
interacting with TPR, and possess a three dimensional orien-
tation that allows for this interaction. Nevertheless, without
performing molecular modeling studies, it will be difficult to
accurately predict which of the proposed chemical groups of
glybenclamide serve as pharmacophores, and thereby partici-
pate in its interaction process with the ligand binding pocket
of TPR. Notably, the concentration needed to produce com-
plete inhibition of platelets by glybenclamide is higher than
those for SQ29,548, which suggests that the former has lower
affinity for the receptor. It is tempting to speculate that the
apparent low affinity of glybenclamide for platelet TPRs is due
to: 1 lack of one or more of the established pharmacophores
of 5Q29,548 (eg, the 14-position nitrogen), which means lower
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Figure 7. Effect of SQ29,548 on human platelet aggregation stimulated by the TPR agonist U46619, the TXA, precursor arachidonic acid, ADP, and the
thrombin receptor activating peptide 4 (TRAP4). A) Indomethacin-treated PRP was stimulated with 1 umol/L U46619 in the absence or presence of 150
nmol/L SQ29,548. B) Indomethacin-treated PRP was stimulated with 1 ymol/L U46619 in the absence or presence of 1 umol/L SQ29,548. C) PRP
was stimulated with 0.5 mmol/L arachidonic acid in the absence or presence of 150 nmol/L SQ29,548. D) Indomethacin-treated PRP was stimulated
with 15 umol/L ADP in the absence or presence of 150 nmol/L SQ29,548. E) Indomethacin-treated PRP was stimulated with 15 pmol/L ADP in the
absence or presence of 1 umol/L SQ29,548. F) Indomethacin-treated PRP was stimulated with 40 umol/L TRAP4 in the absence or presence of 150
nmol/L SQ29,548. Each aggregation curve is representative of multiple traces obtained from three separate platelet preparations, from three different

blood donors.

Acta Pharmacologica Sinica



www.nature.com/aps
Ting HJ et al

@

158

number of TPR amino acid recognition/interaction sites; and/
or 2 possessing a three dimensional conformation that is some-
what different from SQ29,548; especially, since glybenclamide
is a flexible compound whereas 5SQ29,548 has a rigid chemis-
try, and this would impact the manner by which it docks onto
the binding pocket; and/or 3 differences in the bonding ener-
gies of the two molecules. Therefore, to guide the repurposing
of drugs, one should make similar structural comparisons,
especially for experimental drugs with well-defined pharma-
cophores[45]. Based on these considerations, we believe this
may represent a general paradigm that may be extended to
other targets/drugs.

In summary, our data thus far provide evidence that gly-
benclamide exhibits inhibitory effects on platelet function, and
indicate that the underlying mechanism is mediated, at least in
part, via TPR blockade. However, our data does not exclude
the possibility that cAMP, a common inhibitor of platelet
function, may contribute to the antiplatelet effects of glyben-
clamide. If this were the case, then glybenclamide would be
expected to also produce inhibitory effects on platelet activa-
tion triggered by mechanisms independent of TPRs (eg, ADP
or TRAP4). However, our experiments revealed that even
when used at a concentration that completely blocked TPR-
mediated aggregation, glybenclamide produced no apparent
effects on aggregation or calcium mobilization induced by
ADP, or TRAP4, nor did it cause cAMP increases. Also, the
adenylyl cyclase inhibitor SQ22536 did not reverse the inhibi-
tory effects that glybenclamide exerted on platelet activation
by TPRs, whereas it completely reversed those by the control
PGL. These findings further demonstrate that the inhibitory
effects exerted by glybenclamide are limited to TPR antago-
nism. Consistent with our conclusions, control experiments
revealed that glybenclamide exhibited a platelet-function
inhibitory profile that is similar to that for the TPR antagonist
5Q29,548, i.e., selective blockade of platelet aggregation medi-
ated by activation of TPRs, but not by ADP or TRAP4 recep-
tors.

Collectively, our results obtained using human platelets pro-
vide evidence that glybenclamide exerts antiplatelets effects
that are TPR dependent. Consequently, glybenclamide has
the potential to serve as a therapeutic agent, and can be added
to the arsenal of interventions available for treating throm-
botic disease. Furthermore, based on recent evidence* of a
novel inhibitory function for isoprostanes in platelets, which
was shown to prevail under conditions of TPR antagonism,
concurrent therapy of a TPR antagonist (eg, glybenclamide)
and aspirin might be superior to either therapy alone. Thus,
glybenclamide may prove beneficial in combination therapy
approaches.

Even if this newly identified biological activity is not ade-
quate for therapy or if the hypoglycemia that may be induced
by glybenclamide is an issue, novel glybenclamide derivatives,
with antithromboxane receptor activity, may be rationally-
designed; as was previously done were a TPR antagonist was
derived from the loop diuretic torasemide; which is also a sul-
fonylurea””. Nevertheless, our findings suggest that the use
of glybenclamide should be encouraged in the treatment of
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diabetic patients with enhanced platelet functions; especially
since hypoglycemia would not be a limiting factor. Finally,
consistent with our findings, a study on patients diagnosed
with type II Diabetes Millets, and treated with glybenclamide
for 4 months, revealed that they were protected against throm-
bosis formation. Thus, while hypoglycemia could be a
limiting factor, glybenclamide appears to produce its protec-
tive effects against thrombosis development, at concentrations
that are effective for managing Diabetes Millets!"¥. This is an
important consideration given the established link between
diabetes and thrombotic disorders.

Non standard abbreviations

PRP, platelet rich plasma; PPP, platelet poor plasma; TXA,,
thromboxane A,; TPR, thromboxane A, receptor; TRAP4,
thrombin receptor-activating peptide 4; PAR, protease acti-
vated receptor.
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Hydrogen peroxide stress stimulates phosphorylation
of Fox01 in rat aortic endothelial cells

Ye-yu WANG, Si-min CHEN, Hao LI*

Department of Pathophysiology, Nanjing Medical University, Nanjing 210029, China

Aim: To examine whether the phosphorylation of the O subfamily of forkhead transcription factors (FoxO) is involved in response to
oxidative stress in rat aortic endothelial cells (RAECs).

Methods: RAECs were treated with H,0, and phosphorylation status of proteins were evaluated by Western blot analysis. The subcellu-
lar localization of FoxO1 was determined by nuclear and cytosolic fractionation followed by Western blot analysis as well as immunocy-
tochemistry. The transcriptional activity of FoxO1 in H,0, stress was assessed by luciferase reporter assay. Expression of FoxO1 target
gene was determined by real-time PCR analysis.

Results: H,0, stress stimulated phosphorylation of FoxO1 at Thr24 and Ser256 in a concentration and time dependent manner in
RAECs. Pretreatment of RAECs with PI-3K inhibitors abolished the activation of Akt and prevented the phosphorylation of FoxO1. Akt-
mediated phosphorylation promoted nuclear exclusion of FoxO1. An IRS-driven luciferase activity transactivated by exogenous FoxO1
was modestly suppressed by hydrogen peroxide stress. The expression of Bim, a target gene of FoxO factors, was negatively regulated
by Akt-mediated phosphorylation in response to hydrogen peroxide stimulation.

Conclusion: Our data demonstrate that phosphorylation of FoxO1 by PI-3K/Akt signaling is implicated in response to oxidative stress in
vascular endothelial cells.

Keywords: oxidative stress; FoxO; endothelial cells; phosphorylation
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Introduction

Intracellular reactive oxygen species (ROS) have been linked
to aging; neurodegenerative diseases such as Alzheimer dis-
ease and Parkinson disease; cancer; and vascular disease. In
the vasculature, oxidative stress is associated with metabolic
alterations (diabetes, obesity, and high cholesterol) and results
in endothelial dysfunction. Endothelial dysfunction is the
initial step in the pathogenesis of atherosclerosis and its clini-
cal complications (coronary disease, hypertension, and heart
failure) and is thus considered a common risk factor for many
cardiovascular diseases!" .

One of the key determinants of ROS homeostasis and
endothelial function is the O subfamily of forkhead transcrip-
tion factors (FoxO). Consisting of the functionally related
proteins FoxO1, FoxO3a, and FoxO4 (also known as FKHR,
FKHRL1, and AFX, respectively), FoxO factors regulate hor-
monal, nutrient, and stress responses and play a key role in
endothelial homeostasis®. A major regulator of FoxO activity

*To whom correspondence should be addressed.
E-mail haoli@njmu.edu.cn
Received 2009-09-16 Accepted 2009-12-22

is protein kinase B (Akt), which directly phosphorylates and

inactivates FoxO factors, triggering their translocation from

14]

the nucleus to the cytoplasm™. In addition to phosphoryla-

tion, FoxOs are also regulated through other post-translational

modifications including acetylation and ubiquitination”.
Several lines of evidence suggest a role for FoxO factors in

ROS homeostasis. FoxO-deficient hematopoietic stem cells

contain high concentrations of ROS and show reduced expres-

Bl

sion of genes involved in ROS detoxification™. In particular,

Foxo3a has been shown to directly activate transcription
of three important antioxidant enzymes: MnSOD, catalase,

and Prx3 and protects quiescent cells in vitro from oxidative

[6-8]

stress""™. Interestingly, FoxO itself is also regulated by ROS.

Treatment of cells with hydrogen peroxide, which increases

cellular oxidative stress, results in acetylation or deacetyla-

[9, 10]

tion of FoxO proteins FoxO4 is monoubiquitinated

under conditions of oxidative stress and results in nuclear

11]

translocation!"l. FoxO proteins are also phosphorylated by

other protein kinases, including JNK or Mstl in response to
oxidative stress and translocate to the nucleus™.
The role of FoxO factors in endothelial function is an active

area of research. However, despite the well-established physi-



ological relevance of ROS production to vascular function,
the regulation of FoxO factors in endothelial oxidative stress
has not been characterized. Here, we show that H,O, acti-
vates PI-3K/ Akt signaling and stimulates phosphorylation of
FoxO1, which negatively regulates forkhead transcriptional
activity in rat aortic endothelial cells (RAECs). Our results
indicate that phosphorylation of FoxO by its major regulator
Akt is implicated in response to oxidative stress in vascular
endothelial cells.

Materials and methods

Cell isolation and culture

Male Sprague-Dawley rats were anesthetized and the thoracic
aortas of rats were rapidly removed and collected in Dulbec-
co’s Modified Eagle’s Medium (Invitrogen, USA) and cleaned
carefully of connective tissue and adherent fat. Isolated aorta
was longitudinally cut open and cut into approximately 1 mm®
sections and placed intimal side down into T25 flasks. DMEM
containing 20% fetal bovine serum (HyClone, USA), 100 U/
mL penicillin and 100 pg/mL streptomycin (Gibco,USA)
was gently added to cover the tissues without disturbing the
orientation of the explants and cultured at 37 °C in a humidi-
fied atmosphere of 5% CO,. RAECs were allowed to grow
out from the explants after 7-10 d, after which the tissues
were removed. The cell culture purity (90%) was assessed
by staining for factor VIII antigen, as previously described.
Confluent cells were passaged by trypsinization with 0.25
trypsin-0.02% EDTA (Gibco, USA) and replated at a 1:3-1:4
dilution. Passages between 3 and 10 were used for all experi-
ments. The study was approved by the Ethics Committee of
nanjing medical University. Animal handling followed the
Declaration of Helsinki and the Guiding Priciples in the Care
and Use of Animals.

Western blot analysis

80%—90% confluent RAECs were serum-starved overnight in
DMEM medium before incubation with H,O, at concentra-
tion and time as indicated. LY294002 was preincubated 1 h
and wortmannin was preincubated 30 min before hydrogen
peroxide stimulation. RIPA buffer containing protease inhibi-
tors (Roche Diagnostics, Swiss) was added to RAECs to gener-
ate whole cell lysates. The samples were heated at 95 °C for
5 min and loaded on a 8% SDS-polyacrylamide gel. Protein
extracts (50 pg) were separated by 8% SDS-PAGE gel and
then transferred onto a methanol-activated PVDF membrane
using a Bio-Rad transfer blotting system. Non-specific bind-
ing was blocked with 5% skim milk for 1 h at room tempera-
ture. Blots were incubated overnight with antibodies against
phospho-FoxO1 (Thr24), phospho-FoxO1 (Ser256), phospho-
Akt(Ser473), FoxO1, and Akt, respectively (Cell Signaling,
USA). B-actin (Sigma, USA) was used as internal control.
Membranes were incubated for 1 h at room temperature with
a HRP-conjugated corresponding secondary antibodies after
washing. Antigen detection was performed with an enhanced
chemiluminescence detection system FluorChem (Alpha Inno-
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tech, USA).

Cytosolic and Nuclear fractionation

After stimulation with or without H,O, for 20 min, RAECs
(5x10°ells) were suspended in buffer A (10 mmol/L Hepes,
pH 7.9, 10 mmol/L KCI, 0.1 mmol/L EDTA, 1 mmol/L DTT,
0.5 mmol/L PMSF , 0.4% NP-40, protease inhibitors), swollen
for 10 min on ice, and centrifuged at 10000%g for 5min. Super-
natant was collected as a cytoplasmic extract. The pellet was
washed, resuspended in buffer B (20 mmol/L Hepes, pH 7.9,
400 mmol/L NaCl, 1 mmol/L EDTA, 10% glycerol, 1 mmol/L
DTT, 0.5 mmol/L PMSF, protease inhibitors), and vortexed for
20 min at 4 °C. The supernatant after centrifugation was used
as nuclear extract. Proteins from cytosol and nuclear extract
were subjected to immunoblotting.

Immunocytochemistry

RAECs were grown on glass slides and serum-starved over-
night in DMEM medium. Cells were then treated with H,O,
(500 pmol/L, 20 min), fixed and washed twice with ice-cold
PBS. Immunofluorescence staining using a primary antibody
against phospho-FoxO1 (Thr24) and FITC-conjugated second-
ary antibody was performed. Samples were mounted with
mounting medium and observed with a Nikon imaging sys-
tem (Yokohama, Japan).

Plasmids, transfections and luciferase assay

Plasmid DNAs for FoxO1 and an IRS-driven luciferase
(3xIRS-luc) reporter containing canonical insulin-responsive
sequences were kindly provided from Dr Zhi-ping LIU (Uni-
versity of texas southwestern medical center at Dallas, USA).
RAECs were transfected with reporter plasmid and plasmid
encoding FoxO1 using Lipofectamine 2000 (Invitrogen, USA)
according to the manufacturer’s instructions. At 24 h after
transfection, cells were either untreated or stimulated with
200 pmol/L H,O, for 12 h. Cell extracts were assayed for
luciferase expression, using a luciferase assay kit (Promega,
USA). Relative promoter activities were expressed as lumi-
nesence relative units normalized for cotransfected-Renilla
luciferase expression in the cell extracts.

RNA and real-time PCR analysis

Total celluar RNA was extracted using Trizol reagent (Takara,
Otsu, Japan) according to the manufacturer’s instructions. The
total RNA (2 pg) was reverse transcribed using PrimeScript™
RT reagent Kit (Takara, Otsu, Japan). Real-time PCR was per-
formed with Power SYBR Green PCR Master Mix (Applied
Biosystems, USA) using a Applied Biosystems 7500 Real-
Time PCR System. The primer sequences used for Bim were:
5-AAACGATTACCGAGAGGCGGAAGA-3’ (sense), 5'-AAT-
GCCTTCTCCATACCAGACGGA-3’ (antisense). All primers
were synthesized by shanghai invitrogen corporation. The
relative quantities of mRNA were determined using compara-
tive cycle threshold methods and normalized against GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) mRNA.
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Statistical analysis

Statistical analysis was performed using functions from Micro-
soft Excel. Student’s t test was used to assay the statistical sig-
nificance.

Results

H,0, stimulates phosphorylation of FoxO1 in RAECs via PI-3K/
Akt signaling

Similar with human umbilical vein endothelial cells, FoxO1
and FoxO3a are the predominant FoxO factors in RAECs. The
expression pattern of the forkhead factors FoxO1, FoxO3a, and
FoxO4 in RAECs were characterized (data not shown). As
reported previously with other types of endothelial cells, the
available phosphospecific antibodies to FoxO3a yielded non-
specific signals in Western blot analyses of RAECs, therefore
we focused our study on FoxO1l. Treatment of RAECs with
H,0, significantly enhanced phosphorylation of endogenous
FoxO1 at Thr24 and Ser256 in a concentration-dependent
manner (Figure 1A). Maximal phosphorylation of FoxO1
was observed at 20 min incubation with H,O, (Figure 1B). In
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Figure 1. H,0, stimulates phosphorylation of FoxO1 in rat aortic endothe-
lial cells (RAECs) in a concentration- and time-dependent manner. RAECs
were incubated with H,0, for the indicated concentration for 20 min (A)
or with 500 pymol/L H,0, for the indicated time (B). Whole cell lysates
were immunoblotted to detect endogenous expression of phosphorated
and total FoxO1 or Akt, respectively. (C) RAECs were treated with 500
pumol/L H,0, for 20 min in the presence or absence of pretreatment with
the PI-3K inhibitor LY294002 (10 ymol/L) or wortmannin (500 nmol/L)
and phosphorylation of FoxO1 and Akt were determined by Western Blot
analysis.
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agreement with the known role of Akt in forkhead protein
phosphorylation, exogenous hydrogen peroxide also resulted
in a concentration- and time-dependent activation of Akt
(Figure 1A&1B). Pretreatment of RAECs with LY294002 and
wortmannin, two selective inhibitors of PI-3K , abolished the
activation of Akt and prevented the phosphorylation of FoxO
factors induced by H,O,, suggesting a PI-3K/ Akt-dependent
phosphorylation of FoxO1 was implicated in response to
hydrogen peroxide stress in RAECs.

H,0, treatment promotes nuclear exclusion of FoxO1 in RAECs

Akt-mediated phosphorylation of FoxO factors is thought to
inhibit FoxOs function by promoting their export from the
nucleus. To test whether H,O,-induced phosphorylation of
FoxOs is accompanied by a change in FoxOs localization,
nuclear and cytoplasmic fractions were prepared from H,O,-
treated RAECs and subjected to immunoblot with phospho-
specific FoxO antibodies. As shown in Figure 2A, a 20-min
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‘ . o= ' P-FoxO1 (T24)
1

R -

T — e e SPL

Cytosol

= .
- — — v HSP90
B a-P-Fox01 (T24) 0-P-FoxO1 (T24)+DAPI
h . .
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Figure 2. H,0, promotes nuclear exclusion of FoxO1 in RAECs. (A) RAECs
were serum-starved overnight and then either untreated or stimulated
with 500 pmol/L H,0, for 20 min. Cytoplasmic and nuclear fractions were
prepared and subjected to Western blot with antibodies as indicated.
Antibodies against SP1 and Hsp90 were used to validate the fractionation
procedure. (B) Serum-starved RAECs were treated with vehicle or
500 pmol/L H,0, for 20 min. Cells were immunostained with anti-
phospho-FoxO1 antibody (left panels). Co-staining of the same cells with
4,6-diamidino-2-phenylindole (DAPI) is shown in the right panels. (x400)



treatment with 500 pmol/L H,O, induced a significant increase
in the amount of phosphorylated FoxO1 in the cytoplasm.
Immunostaining of RAECs with antibody against phospho-
FoxO1 (Thr24) confirmed this result (Figure 2B). Certain
amount of phosphorylated FoxO1 resided in the nucleus, sug-
gesting that other modifications such as monoubigqitination
or phosphorylation of other residues, which usually result in
nuclear localization of forkhead factors, may also be present in
these molecules simultaniously. We also tested the subcellular
localization of total FoxO1 upon H,O, treatment, but did not
find detectable change with Western blot analysis and immu-
nocytochemistry (data not shown), suggesting that phospho-
rylation of FoxO1 by Akt is minor fraction of total forkhead
proteins, or other modifications may exist that affect the final
distribution of FoxO1 in hydrogen peroxide stress.

Akt-mediated phosphorylation of FoxO1 negatively regulates
forkhead transcriptional activity in hydrogen peroxide stress in
RAECs
The transcriptional activity of exogenous FoxO1 in hydrogen
peroxide stress was assessed by reporter assay using an IRS-
driven luciferase construct. RAECs were transfected with
luciferase reporter plasmid carrying IRS promoter and plas—
mid encoding FoxO1 as indicated. Twenty-four hours after
transfection, cells were exposed to 200 pmol/L H,O, for 12 h,
and were harvested for luciferase assay. Consistent with
nuclear exclusion of FoxO1 shown above, IRS promoter activ-
ity transactivated by exogenous FoxO1 was modestly sup-
pessed in response to hydrogen peroxide stress (Figure 3A).
To assess the effect of Akt-mediated phosphorylation on the
transcriptional activity of endogenous FoxO factors in hydro-
gen peroxide stress, mRNA was extracted from RAECs after
H,0, stimulation. As known, one of the major roles of FoxO
factors is the regulation of apoptosis. The pro-apoptotic gene
Bim is suggested as one of target genes of FoxO transactivation
and posttranslational modification of FoxOs, especially phos-
phorylation, is considered to play an important role in activat-
ing Bim. Therefore, we examined the effect of Akt-mediated
phosphorylation of forkhead proteins on the transcription of
Bim by real-time PCR. Consistent with previous reports, the
level of Bim transcript was increased in 4 h of H,O, treatment
(Figure 3B). Pretreatment of RAECs with PI3K/ Akt inhibitor
LY294002 increased the induction of Bim in response to H,O,
stimulation, suggesting that Akt-mediated phosphorylation of
FoxOs contributes, at least in part, to the negative regulation
of forkhead transcriptional activity in oxidative stress.

Discussion

The function of FoxO proteins is controlled by different post-
translational modifications that include phosphorylation,
acetylation and ubiquitylation. The serine/threonine kinase
Akt is one mediator of phosphorylation of FoxO factors and
negatively regulates forkhead transcriptional activity. Previ-
ous studies have shown that various extracellular stimuli such
as vascular endothelial growth factor (VEGF), angiopoietin-1,
shear stress, and 11,12-epoxyeicosatrienoic acid activated
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Figure 3. Akt-mediated phosphorylation of FoxO1 negatively regulates
forkhead transcriptional activity. (A) RAECs were transfected with 3xIRS-
luc reporter plasmid and plasmid encoding FoxO1 and pcDNA. At 24 h
after transfection, cells were either untreated or stimulated with 200
umol/L H,0, for 12 h. Cell extracts were assayed for luciferase expression
and luciferase activity was normalized to Renilla activity for each well to
control for transfection efficiency. Data shown are averageststandard
deviations for three independent experiments. (B) RAECs were incubated
with 200 pmol/L H,0, for 4 h in the presence or absence of pretreatment
with the PI-3K inhibitor LY294002 (10 umol/L). Total RNA was prepared
for real-time PCR. The data are shown as means of fold-induction of
each group over the control group. Data shown are averageststandard
deviations for four independent experiments.

PI3K/ Akt signaling and promoted the phosphorylation and
transcriptional inactivation of FoxO factors in endothelial
cells"*1. Here, we demonstrated that ROS generation by
exogenous sources such as H,O, treatment also induced the
phosphorylation and nuclear exclusion of FoxO1 through
activation of Akt signaling in RAECs. As reported previously,
Akt may be activated in EGF receptor-dependent manner
upon ROS treatment™. Hence, Our findings indicate that
PI3K/ Akt-mediated phosphorylation of FoxO factors contrib-
utes to the response to oxidative stress in endothelial cells.
Although little is known as to the regulation of FoxO factors
in endothelial oxidative stress, several studies have focused on
the regulation of FoxO factors in other cell types upon hydro-
gen peroxide stress. It has been reported that in PC12 cells
FoxO3 was phosphorylated after exposure to hydrogen perox-
ide for 20 min and resulted in the redistribution of the protein
to the cytosol“g]. However, another study in human colon
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carcinoma cell DLD1 demonstrated that H,O, treatment
induced the nuclear translocation and activation of FoxO4
by the activation of the small GTPase Ral, which results in a
JNK-dependent phosphorylation of FoxO4 on threonine 447
and threonine 451", Our data indicated that although H,0,
induced a significant increase in the amount of phosphorylated
FoxO1 in the cytoplasm, no detectable change in the distribu-
tion of total FoxO1 was observed upon H,O, treament. The
distinct subcellular locolization may result from a difference
in cell types used or the specific FoxO factor studied. Since
no conserved T447/451 phosphorylation sites are revealed by
alignment of FoxO4 with FoxO1 and FoxO3a, whether FoxO1
and FoxO3a are potential substrates for JNK still needs to be
determined. Therefore, our data extend understanding of the
distribution of FoxO factors in response to oxidative stress in
vascular endothelial cells.

In this study, we focused on the phosphorylation of FoxO
factors. In fact, FoxOs are also regulated through other post-
translational modifications such as acetylation and ubiquitina-
tion. Studies have shown that the acetylations of FoxO3 and
FoxO4 are increased in response to hydrogen peroxide! %,
FOXO4 is also reported to be regulated by mono-ubiquitina-
tion after increased cellular oxidative stress, which increased
nuclear localization of FOXO and hence increased transcrip-
tional activity™. Whether FoxO1 is acetylated or mono-ubig-
uitinated needs to be further investigated. Thus the regulation
of FoxO in oxidative stress is complex, and different degrees
of phosphorylation or other posttranslational modifications
may confer distinct effects. Furthermore, the interaction of
FoxO with other transcription factors such as nuclear factor-B
(NF-xB) would likely contribute to this complexity.

In summary, our data demonstrated that hydrogen peroxide
strss activates PI-3K/ Akt signaling and stimulates phospho-
rylation of FoxO1, which negatively regulates forkhead tran-
scriptional activity in endothelial cells. Our results indicate
that phosphorylation of FoxO by its major regulator Akt is
implicated in response to oxidative stress in vascular endothe-
lial cells.
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CPU86017, a berberine derivative, attenuates
cardiac failure through normalizing calcium le-
akage and downregulated phospholamban and
exerting antioxidant activity
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Research Division of Pharmacology, China Pharmaceutical University, Nanjing 210009, China

Aim: To investigate whether CPU86017, a berberine derivative, attenuates heart failure by blocking calcium influx and exerting its

antioxidant activity.

Methods: Myocardial infarction was induced in male Sprague-Dawley rats for 17 d followed by isoproterenol (ISO) (5 mg/kg, sc) treat-
ment for 5 d to reduce cardiac function. The rats were divided into 5 groups: sham operation, myocardial infarction (Ml), Ml plus ISO,
and co-treated (in mg/kg, po) with either propranolol (PRO, 10) or CPU86017 (80). Hemodynamic measurements were conducted, and
measurements of the redox system, calcium handling proteins and endothelin (ET) system in vivo were done. Furthermore, calcium

flux studies and PLB immunocytochemistry were conducted in vitro.

Results: Compared to sham operation, HF was evident following Ml and further worsened by ISO treatment. This occurred in parallel
with downregulated mRNA and protein production of SERCA2a, PLB, and FKBP12.6, and was associated with upregulation of pre-
proET-1, endothelin converting enzyme, and PKA mRNA production in the myocardium in vivo. Calcium leakage was induced by ISO
treatment of isolated beating myocytes in vitro. These changes were attenuated by treatment with either PRO or CPU86017. PLB fluo-
rescence in myocytes was downregulated by ISO treatment, and was relieved significantly by treatment with antioxidant aminoguani-

dine, ascorbic acid or CPU86017 in vitro.

Conclusion: HF, calcium leakage, downregulated PLB, FKBP12.6, SERCA2a production, and upregulated PKA were caused by ISO treat-
ment, and were abolished by CPU86017 treatment. The beneficial effects of CPU886017 are attributable to its antioxidant and calcium

influx blocking effects.

Keywords: berberine; FKBP12.6; SERCA2a; heart failure; calcium leakage; endothelin; oxidative stress; phospholamban; Sprague-

Dawley rats

Acta Pharmacologica Sinica (2010) 31: 165-174; doi: 10.1038/aps.2009.180

Introduction

Heart failure (HF) is a progressive clinical syndrome with high
mortality. Despite significant advances in understanding the
mechanisms underlying this disease, current treatments for
HF have not been satisfied. Calcium homeostasis is essen-
tial for maintaining normal cardiac performance, and relies
on the balance of calcium influx via L-type calcium channels
with calcium release via the activity of the ryanodine receptor
type 2 (RyR2) in the sarcoplasmic reticulum. RyR2 responds
to small influxes of calcium, and triggers a relatively large
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amount of calcium to be released into the cytosol, thereby elic-
iting calcium excitation coupling for contractility™”. The Ca**
releasing channel is tightly closed in diastole due to modula-
tion by the protein calstabin 2 (FKBP12.6), which associates
with RyR2PL The process of calcium homeostasis, however,
is critically impaired due to hyperphosphorylation of pro-
tein kinase A (PKA)". PKA hyperphosphorylated exists in a
hyperadrenergic state™ elicited by isoproterenol (ISO) treat-
ment, resulting in both arrhythmogenesis and HF". Impaired
calcium homeostasis may not be due solely to the effects of
the RyR2-FKBP12.6 complex and the impact of hyperphos-
phorylation of PKA. Calcium homeostasis in the cardiac cycle
requires appropriate activity of a pair of Ca* modulating pro-
teins: SERCA2a (sarcoplasmic reticulum Ca*" ATPase), and its
regulator PLB (phospholamban). These proteins are respon-
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sible for swiftly pumping an excess of calcium back into the
calcium store of the sarcoplasmic reticulum during diastole.
Emerging data have shown that SERCA2a!” and PLB" may
be actively involved in the pathogenesis of HF. In addition to
PKA, hyperphosphorylated PKCe may also play an important
role in this process!® .

A growing body of evidence has shown that dysfunction
of calcium handling proteins is mainly due to the abnormal
formation of the RyR2-FKBP12.6 complex!"), and may also be
due to the downregulation of SERCA2a and PLB, as demon-
strated by the pivotal role of cardiac insufficiency in diabetic
cardiomyopathy"” and arrhythmogenesis'" . Downregula-
tion of FKBP12.6 found in failing hearts facilitates Ca®* leakage
at diastole, leaving more Ca®* behind, resulting in depletion
of Ca™ stores in the sarcoplasmic reticulum. This impairs cal-
cium excitation-coupling in the cardiac cycle, and is the basic
mechanism underlying the pathologies of failing hearts ",
Under the hyperadrenergic state, SERCA2a and PLB expres-
sion could also contribute to excess cytosolic Ca® at diastole.
However, the relationship of PLB with HF has not been fully
evaluated, and has only been described in a limited number of
studies* .

CPU86017 is derived from berberine and contains chemical
modifications that result in an improvement in water solubil-
ity, calcium channel blocking activity, and antioxidative activ-
ity. We have shown that CPU86017 is effective in relieving
pulmonary hypertension induced by either hypoxia!” or

monocrotaline™®

. Interestingly, a recent study demonstrated
a novel clinical use of the drug verapamil to prolong survival
of patients suffering from CPVT (catecholaminergic polymor-
phism ventricular tachycardia). CPVT is due to a mutation in
RyR2"™, which leads to defective association with FKBP12.6.
CPVT is triggered by physical exercise, and is related to
leakiness of RyR2 channels and defective/downregulated
FKBP12.6%.

treatment”®. This is likely due to an activated endothelin-1
[8]

This condition can also be produced by ISO

(ET-1) system and oxidative stress™. As a result, abnormal
FKBP12.6 can be ameliorated significantly by the endothelin
receptor antagonists darusentan, a selective ETA (endothelin
receptor A) blocker, or CPU0213, a dual ETA/B blocker!”,
Myocardium infarction (MI) stimulated by ISO administra-
tion to rats showed an increased tendency for exacerbated
VF relative to MI alone, and this phenomenon was associated
with a more depressed expression of RyR2 and SERCA2a in
the left ventricle. Expression was recovered by CPU86017
treatment'®. These results indicate that excessive ISO treat-
ment produces a state of hyperadrenergic activity and impairs
a family of calcium-modulating proteins. This disturbs Ca*
homeostasis during the cardiac cycle, in which oxidative stress
and an abnormal ET pathway are implicated. Oxidative stress
plays a role in the downregulation of FKBP12.6, increasing the
vulnerability for developing HF and arrhythmogenesis®" >
However, it is unclear whether these changes are causal fac-
tors to exacerbate HF by causing calcium leakage.

Here, we hypothesize that an infarcted rat heart stimu-
lated by ISO could exaggerate cardiac dysfunction in parallel
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with reduced function of calcium handling proteins and the
redox system in vivo, and that calcium leakage caused by ISO
administration correlates with downregulation of PLB in vitro.
Furthermore, we propose that these abnormalities could be
recovered by CPU86017 treatment, mainly due to its antioxi-
dative and calcium antagonist activity. In the present study,
we determined the ability of CPU86017 to attenuate these
abnormalities at the molecular level with implications towards
HF in vivo and in vitro.

Materials and methods

Animals

Our study conforms to the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes
of Health (NIH Publication No 85-23, revised 1996). Male
Sprague-Dawley rats (250-280 g) were used for in vivo experi-
ments, and neonatal rats were used to isolate cardiomyocytes
for in vitro experiments.

Experimental protocol

Rats were randomly divided into 5 groups: sham operation
(Sham), myocardial infarction (MI) by coronary artery liga-
tion, MI plus injection of ISO, and MI+ISO treated with either
propranolol (PRO), or CPU86017. Rats were subjected to
left coronary ligation, and were allowed to recover from the
operation'®. HF developed chronically following MI for 17 d.
Treatment with ISO (5 mg/kg, sc) was continued for 5 d to
exacerbate congestive cardiac failure. From the 18th day, co-
treatment with either propranolol (10 mg/kg, po) or CPU86017
(80 mg/kg, po) was continued for 5 d, whereas rats in the
sham, MI, and MI+ISO groups received the same volume of
normal saline.

Hemodynamics

Rats were anesthetized with urethane (1.5 g/kg, ip), and a
left ventricular cannulation was performed via the left com-
mon carotid, according to previously described methods!’.
The intracardiac pressure recordings for the left ventricular
systolic pressure (LVSP), left ventricular end-diastolic pres-
sure (LVEDP), maximum velocity of left ventricular systole
(LV+dp/dty.,), and maximum velocity of left ventricular dia-
stolic pressure (LV-dp/dt.x) were measured by a real-time
hemodynamic analyzer (MPA2000, Shanghai Secondary Mili-

tary Medical University)"’.

Heart weight index

Weights of the whole heart (HW), the left ventricle (LVW) and
right ventricle (RVW) were measured and used to calculate
the ratio to body weight (HW/BW, LVW/BW, and RVW/

BW), respectively, and compared among the groups!"”.

RT-PCR

The mRNA levels for SERCA2a, PLB, RyR2, FKBP12.6,
ECE (endothelin converting enzyme), preproET-1 (prepro-
endothelin-1), and PKA were measured by semi-quantitative
RT-PCR™. Briefly, RNA was extracted from cardiac tissue



by TRIzol, and was reverse transcribed into cDNA by MMLV
RT with a profile of 10 min at 25 °C, 30 min at 48 °C and 2
min at 95 °C. One microgram of cDNA was used for PCR in a
25 pL final reaction volume. PCR products were stained with
ethidium bromide and visualized under UV light (GDS8000,
Sygene, England). The density of each band was measured
using professional image analysis software. The ratio of the
mRNA of the gene of interest against an internal standard
GAPDH oxidase was calculated. The nucleotide sequences of
primers chosen are listed in Table 1.

Table 1. Oligonucleotide primers used for reverse transcript-polymerase
chain reactions.

Oligonucleotide primers

SERCA2a Sense: 5-CCGTATCCGATGACAATG-3’
Antisense: 5-CCAGGCTCCAGGTAGTTT-3'
PLB Sense: 5-TACCTTACTCGCTCGGCTATC-3’
Antisense: 5-CAGAAGCATCACAATGATGCAG-3’
RyR2 Sence: 5-GAATCAGTGAGTTACTGGGCATGG-3'
Antisense: 5-CTGGTCTCTGAGTTCTCCAAAAGC-3'
FKBP12.6 Sense: 5-GTGAAGGCAGGAAGGAA-3’
Antisense: 5-GCAGCCAACAGAAGATAAG-3'
ECE Sense: 5-GGACTTCTTCAGCTACGCCTGT-3'
Antisense: 5-CTAGTTTCGTTCATACACGCACG-3’
PreproET-1 Sense: 5-AGCAATAGCATCAAGGCATC-3'
Antisense: 5-TCAGACACGAACACTCCCTA-3’
PKA Sense: 5-CAAGAGAGTCAAGGGCAGGAC-3'
Antisense: 5-CAACCTTTCTCGGTAAATCGC-3’
GAPDH Sense: 5-GCTGGGGCTCACCTGAAGG-3’

Antisense: 5-GGATGACCTTGCCCACAGCC-3’

Western blot

Quantitative analysis of SERCA2a, PLB, and FKBP12.6 protein
levels was performed as previously described"”. Briefly, a
portion of cardiac tissue was homogenized in 4 volumes of
extraction buffer and centrifuged at 10000xg for 10 min at 4 °C.
After determining the protein concentration, supernatants
were stored at -20 °C before use. The samples were heated at
95 °C in loading buffer and fractionated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) on a
10% gel. Following transfer to a nitrocellulose membrane and
blocking with nonfat milk (5% w/v), the blot was incubated
with primary antibody overnight at 4 °C. After washing, the
blot was then incubated with horseradish peroxidase conju-
gated goat immunoglobulin (IgG) for 2 h at room temperature.
Antigen was detected with a 3,3’-diaminobenzidine (DAB) kit,
and visualized by an imaging acquisition instrument (Lab-
work, England) and quantified by densitometry. The ratio of
tested protein against the sham was calculated quantitatively.

Biochemistry assay
A portion of cardiac mass was homogenized in normal saline,
and the levels of nitric oxide (NO), malondialdehyde (MDA),
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superoxide dismutase (SOD), glutathione peroxidase (GSH-
px) and the activities of induced NOS (iNOS) were deter-
mined following the instructions of the reagent kits (Nanjing
Jiancheng Bioengineering Institute, China)"".

Calcium transients
Single cardiac myocytes were enzymatically isolated from
whole ventricles of adult rats as described before with some
modifications™. In brief, male rats (25050 g), were heparin-
ized and anaesthetized with ethylurethane (1.5 g/kg, ip). The
heart was quickly excised and retrogradely perfused through
the aortic cannula mounted on a Langendorff apparatus at
37 °C with a Ca*-free Tyrode solution for about 5 min. This
was then switched to the same solution containing 0.33
mg/mL type II collagenase (Worthington, USA) for 12+2 min.
The ventricles were dissected and cardiac myocytes were col-
lected and dispersed and stored in a high-K", low-Cl" Kraft-
Briihe (KB) solution.

Measurements of cytosolic [Ca*]; were performed as
described previously™™ >
cardiomyocytes loaded with Fluo-3 were transferred to a 300-

, with some modifications. Briefly,

uL perfusion chamber, placed on an inverted microscope
(Olympus IX71, Japan), perfused with compounds of interest
or vehicle, and gassed with 95% O,+5% CO, at room tempera-
ture. Cyclic contractions of cardiomyocyte were paced by
square wave pulses of 40 V, with a 5-ms duration at 0.5 Hz in
a field of electric stimulation. Imaging of Fluo-3 fluorescence
within cardiac cycles was recorded 5 min after perfusion of
tested compounds or vehicle, and the signals were converted
into absolute [Ca®"]; by the calibration formula, [Ca®]=K*(F-
Fuin)/ (En-F).
for Ca**-bound Fluo-3, F was obtained from F=F.-F,., where

Here, K, represents the dissociation constant

F.a1 is the mean fluorescent intensity measured in myocytes,
and F, is the fluorescent intensity of the background. F,.,,
represented the maximum fluorescence of cells permeable
to Ca”, and was obtained by adding 5 mmol/L A23187 to
Tyrode’s solution containing 10 mmol/L Ca®". F,;, was calcu-
lated from F,;,=1.25*Fy;,~0.25*F,,., where Fy;,, was obtained by
adding 5 mmol/L MnCl, to 5 mmol/L A23187-treated myo-
Cytesm].

Solutions Normal

Tyrode’s solution contained (in mmol/L): 135 NaCl, 5.4 KCI,
1.8 CaCl,, 2 MgSO,, 0.33 NaH,PO,, 10 glucose and 10 HEPES
(pH adjusted to 7.4 with NaOH). The Ca*"-free Tyrode’s solu-
tion used for the cell isolation procedure was prepared by sim-
ply omitting CaCl, from the normal Tyrode’s solution. The KB
solution for cell preparation contained (in mmol/L): 40 KCl,
3 MgCl,, 20 KH,PO,, 50 L-glutamic acid, 20 taurine, 70 KOH,
10 glucose, 0.5 EGTA and 10 HEPES (pH adjusted to 7.3 with
KOH). All solutions used during the procedure were oxygen-
ated and maintained at 37 °C. ISO (100 nmol/L) was directly
added to normal Tyrode’s solution. Propranolol at 10
mol/L or CPU86017 at 107, 10, and 10° mol/L was coincu-
bated with ISO. Peak (systolic), variant (difference between
systolic and diastolic) and trough (diastolic) concentrations of
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[Ca®']; were calculated.

Immunocytochemistry of phospholamban

The procedure was conducted as previously described!”.
Briefly, ventricular myocytes were isolated from adult rats,
plated onto laminin-coated slip chambers, and cultured at
37 °C in MEM/EBSS serum-free medium. Four hours later,
test drugs were added to chambers for 8 groups: (1) Control;
(2) ISO (10° mol/L); (3 and 4) ISO+aminoguanidine (Ami, 10°
or 10 mol/L), a blocker for iNOS, with potent antioxidant
activity; (5 and 6) ISO+ascorbic acid (VC, 10* or 10°), a typical
antioxidant ; and (7 and 8) ISO+CPU86017 (10° or 10%).

Immunocytochemistry assay for PLB!”

Briefly, 24 h after drug incubation, the ventricular myocytes
were fixed using 4% paraformaldehyde for 15 min at 37 °C and
were rinsed and then incubated for 30 min with 2% bovine
serum albumin in PBS to reduce nonspecific binding. After
overnight incubation at 5 °C with the primary antibody, cells
were rinsed and incubated with the secondary antibody con-
jugated with fluorescent isothiocyanate (FITC), for 2 h at room
temperature. Stained cells were imaged by fluorescence and
were photographed. The fluorescence image was converted
into gray density in the accumulated data to be compared
among groups.

Statistics

All the data are expressed as meantSD. The differences
between groups are compared with ANOVA, and P<0.05 is
considered statistically significant.

Results

Cardiac dysfunction

Cardiac function was depressed following myocardial infarc-
tion, and was further worsened by injection of ISO. Compared
to the sham group, the systolic and diastolic functions were
compromised significantly in the ISO group, with declines
in LVSP by -30.2% (P<0.01), LV+dp/dt .. by -46.7% (P<0.01),
and LV-dp/dt,.. by -53.3% (P<0.01). LVEDP was elevated
by +786.8% (P<0.01), relative to normal (Figure 1A-1D). An
impairment in cardiac function was demonstrated by MI, and
was further compromised by ISO administration (P<0.05),
compared to MI alone. Medication with either propranolol or
CPUB86017 for 5 d significantly reversed cardiac dysfunction,
where CPU86017 preserved LVSP by 66.5% (P<0.01), LVEDP
by 90.5% (P<0.01), LV+dp/dtn. by 83.7% (P<0.01), and
LV-dp/dt.x by 84.7% (P<0.01) relative to the ISO group.

Cardiac hypertrophy
Myocardium hypertrophy was found following MI and ISO
medication, demonstrating an increase in the heart weight
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indexes HW/BW, LVW/BW, and RVW/BW by 46.1%, 41.3%
and 60.3% (P<0.01) respectively (Figure 1E-1G). Both propra-
nolol and CPU86017 were able to significantly reverse hyper-
trophy.

Abnormal calcium handling molecules

To characterize the beginning of cardiac dysfunction initiated
by MI and worsened in the presence of ISO, we focused our
attention on measuring the changes in the expression of SER-
CA2a and PLB. Downregulation of the two molecules was
significant in the MI group, and further downregulation was
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achieved by ISO treatment (P<0.05, Figure 2). In the MI heart,
mRNA levels of SERCA2a (Figure 2A) and PLB (Figure 2C) in
the left ventricle decreased, in agreement with a reduction in
the respective protein levels. These were found to be reduced
by 48.8% and 56.7%, respectively, (both P<0.01), relative to the
sham operation group (Figure 2B, 2D). Further reduction in
mRNA and protein levels (P<0.05), was seen in the MI+ISO
group, compared to MI alone with exception of the SERCA2a
protein. Both propranolol and CPU86017 were effective to the
same extent in abolishing the abnormalities.

Expression of RyR2 and FKBP12.6 in the myocardium was
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depressed in response to MI combined with ISO administra-
tion. Expression of these proteins was significantly depressed
in response to MI (P<0.05) relative to the sham, and worsened
by ISO (P<0.05), as compared to MI alone (Figure 2E, 2G).
Levels of the FKBP12.6 protein were decreased in parallel with
the changes in cardiac dysfunction (P<0.01) (Figure 2F). Inter-
vention with propranolol and CPU86017 was successful in
significant reversal of the abnormalities.

Calcium transient activity and calcium leakage

Calcium transient studies in rat ventricular myocytes were
carried out to show cyclic changes in traces of Fluo-3 in regu-
lar beating cardiomyocytes elicited by electrical field stimula-
tion. The peak, variance (difference between peak and end-
of-diastolic value), and trough values at diastole were calcu-
lated. After application of 100 nmol/L isoproterenol, calcium
transients were significantly augmented in the three values.
An increment in diastolic levels over the normal level was
recognized as calcium leakage. Changes in [Ca®]; induced by
ISO were respectively reversed by either treatment with pro-
pranolol at 1 pmol/L or CPU86017 at 10 pmol/L. CPU86017
was mild in inhibiting these changes, and no effect was found
at 0.1 pmol/L (Figure 3).

Upregulation of ECE, preproET-1 and PKA mRNA

We were next interested in investigating whether cardiac dys-
function in MI followed by activation of the B-adrenoceptor by
ISO medication was related to an activated ET system in the
myocardium. Upregulation of the myocardial ET system was
reflected by escalating mRNA levels of ECE and preproET-1
(Figure 4A, 4B) in the infarcted left ventricle (P<0.01) com-
pared to the sham. A further increase in pp-ET-1 was caused
by ISO administration, relative to MI rats (P<0.05). Treatment
with propranolol and CPU86017 remarkably decreased these
changes (P<0.01).

PKA is considered an important downstream effector, sub-
sequent to B-adrenoceptor activation. Expression of PKA
mRNA appeared to be upregulated significantly (P<0.01) in
MI, and further escalation in PKA mRNA by ISO was substan-
tial, in parallel to changes in cardiac function (P<0.05) (Figure
4C). PKA upregulation was markedly inhibited by either pro-
pranolol or CPU86017 (P<0.01, Figure 4).

Oxidative stress

Oxidative stress was evident in the myocardium found in
both the MI alone group and the combined ISO injection
groups, with an elevation of MDA content by 107% (P<0.01),
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and decreased SOD and GSH-px content by 40.3% and 48.2%
(P<0.01), respectively, in the ISO group relative to the sham
group. A further significant decline in SOD activity was
observed following ISO medication (Figure 5A-5C).

Activity of iNOS and NO content: Cytokines are frequently
involved in failing hearts, and the activity of iNOS was mea-
sured, showing enhanced iNOS activity following the MI
procedure (P<0.01) relative to the sham group. An excess of
NO content was the product of activated iNOS, and served as
an oxidant, contributing adversely to cardiac function and fur-
ther elevating NO levels (P<0.05) during ISO administration,
compared to the MI group. These changes play a large role in
oxidative stress, and were attenuated by either propranolol or
CPU86017 treatment (Figure 5D, 5E).

Immunocytochemistry of phospholamban
Phospholamban (PLB) is a critical modulator of SERCA2a, and

modulates the uptake process of Ca** into the Ca* store of the
sarcoplasmic reticulum. We found that PLB was downregu-
lated by ISO medication, as seen by a loss of fluorescence in
these treated myocytes relative to normal myocytes (Figure
6). Aminoguanidine, a specific inhibitor of iNOS™ was suf-
ficient for recovering the fluorescence image of PLB protein, as
was the antioxidant ascorbic acid® (but at higher concentra-
tions). Recovery of fluorescence of PLB was also achieved by
an application of CPU86017 to levels comparable to those of
antioxidants (Figure 6).

Discussion

There are four major findings emanating from the present
study: 1) Compromised cardiac function and hypertrophy
were caused by MI and worsened by ISO medication in vivo; 2)
Changes in cardiac function by MI combined with ISO stimu-
lation occurred in parallel with changes in FKBP12.6, SER-
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CA2a, PLB, RyR2, and PKA levels, and overt oxidative stress
in the myocardium; 3) Ca*" leakage was elicited in the pres-
ence of ISO, and responded to CPU86017 treatment in vitro; 4)
Calcium leakage caused by ISO is related to the downregula-
tion of PLB due to the activity of oxidants, and can be reversed
by CPU86017 treatment.

With regards to the treatment of HF, more attention should
be paid to the biomarkers of calcium homeostasis in the
cardiac cycle™. The elevated Ca®* levels at the end of dias-
tole that result from calcium leakage are major factors in
the pathogenesis of failing hearts. This leakage is due to an
unstable and defective RyR2 caused by the dissociation of
FKBP12.6™®. In addition, other factors, including downregu-
lation of SERCA2a and PLB expression, are of interest because
of their contribution to calcium leakage by less efficient Ca**
uptake into the pool of the sarcoplasmic reticulum. Defective
SERCAZ2a disturbs intracellular calcium regulation, adversely
affecting excitation-contraction coupling in cardiac myocytes,
and consequently impairs the systolic and diastolic functions
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of the heart™. Thus, exacerbated cardiac dysfunction by ISO
medication may be the result of two factors: abnormal calcium
releasing activity and abnormal calcium uptake behavior at
the sarcoplasmic reticulum. Changes in cardiac function by
the two steps coincided with changes in biomarkers including
RyR2 and its modulator FKBP12.6, as well as SERCA2a and its
modulator PLB. This is in line with other published findings
on aggravating cardiac failure by ISO injection®®**! ,
Hyperphosphorylation of the calcium handling proteins,
including those such as RyR2, in the hyperadrenergic state is
mainly caused by PKA. However, calmodulin kinase II is also
implicated in this process®. In addition, the effects of ISO
treatment may be partly mediated by PKCe phosphorylation®!
to downregulate RyR2, FKBP12.6, SERCA2a, and PLB, with
involvement of oxidative stress and related ET pathways”.
Ca™ released into the cytosol requires an equal amount of
Ca® uptake in the sarcoplasmic reticulum during diastole,
and is essential in maintaining Ca** homeostasis and normal

33]

relaxation™]. An excess of ROS mediates downregulation of



FKBP12.6, and the antioxidative activity of tocopherol suf-
ficiently mitigates ISO-induced downregulation of calcium
handling proteins as well as hyperphosphorylation of PKCe!,
Thus, an attenuation of the hyperadrenergic state induced by
downregulation of FKBP12.6 by CPU86017 is possibly the con-
sequence of its antioxidative activity.

SERCAZ2a activity positively correlates with cardiac perfor-
mance, and downregulation of SERCA?2a is frequently associ-
ated with downregulation of PLB™.. A clinically applicable,
high-efficiency, percutaneous means of therapeutic gene
delivery with adenovirus expressing a pseudophosphory-
lated mutant AdS16E recovers the phosphorylation of PLB,
resulting in an improvement of HF in large animals™. With
downregulated SERCA2a and PLB, the speed and amount of
calcium uptake into the sarcoplasmic reticulum are reduced,
rendering high diastolic Ca®* levels at diastole. This is critical
to developing cardiac insufficiency. Downregulated PLB as
seen by immunohistochemistry after ISO treatment correlates
with cardiac dysfunction. We showed that CPU86017 was
sufficient to mitigate these changes to the same extent as other
antioxidants such as ascorbic acid and aminoguanidine (a spe-
cific blocker for iNOS), and consequently reduces the damage
to the myocardium by attenuating the genesis of NO and pos-
sibly the potent oxidant ONOO:- in the presence of ISO.

CPU86017, derived from berberine”, reduced 1SO elevated
diastolic Ca®* in a concentration-dependent way that was
at least partially attributed to its antioxidant activity. This
resembled the activity of ascorbic acid in the present study
and that of tocopherol”. In contrast, PKA phosphorylation
by ISO medication is markedly suppressed by a blockade

on endothelin receptors”

and an activated ET system typi-
cally found in pulmonary artery hypertension is sufficiently
suppressed by CPU86017" . The antioxidant activity of
CPU86017 provides relief to arrhythmogenesis in thyroxin-

B and reduces calcium leak-

induced cardiomyopathy in rats
age in isolated myocytes from thyroxin-induced arrhythmic
rat hearts®. These results indicate that CPU86017 initiates
beneficial effects on both HF and cardiac dysrhythmia related
to normalized PLB expression, likely stemming from its anti-
oxidative properties. Propanolol used in conjunction with
verapamil, a classic calcium antagonist, has been proven to
be more effective in prolonging the survival of patients with
mutated RyR2 presenting CPVTP than propranolol alone.
Thus, a restriction of calcium influx by the calcium antagonism
of CPU86017 contributes in part to attenuating ISO-induced
HF and arrhythmogenesis. Furthermore, calcium leakage can
be blocked by intervention with compound JTV519"", which
shares a similar profile of multi-channel blocking activity
including an inhibitory effect on Ca* influx with CPU86017*"\
Furthermore, an antioxidative activity is effective in ameliorat-
ing abnormal PLB and calcium leakage during septic shock
due to improved mitochondria activity™!l.

Limitations: Concerning activated PKA in the presence
of B-adrenoceptor stimulation by ISO, we did not directly
observe hyperphosphorylated PKA protein, but upregulated
PKA mRNA only. However, following p-receptor activation
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in our previous reports we found that that besides phospho-
rylation of PKA, ISO induced hyperphosphorylation of PKCe.
This could be reproduced by H,O, and is suppressed by pro-
pranolol, endothelin receptor antagonist, or the antioxidant
tocopherol®. Thus, both PKA and PKCe are involved in ISO
induced hyperphosphorylation and are responsible for down-
regulation of calcium handling proteins. Furthermore, this
process is likely mediated by ROS.

In conclusion, cardiac dysfunction was deteriorated in two
steps by MI and ISO stimulation in parallel with changes in
downregulation of calcium handling proteins (PLB, SERCA2a,
FKBP12.6, and RyR2) leading to calcium leakage. These
abnormalities are likely to be related to the genesis of ROS.
The antioxidative activity of CPU86017 contributes to reliev-
ing HF via normalizing downregulation of PLB and calcium
leakage. CPUB86017 therefore has the potential to treat stress-
related exacerbation of HF and arrhythmias in clinical practice.
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Protective role of PI3-kinase/Akt/eNOS signaling in
mechanical stress through inhibition of p38 mitogen-
activated protein kinase in mouse lung
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Aim: To test the hypothesis that PI3K/Akt/eNOS signaling has a protective role in a murine model of ventilation associated lung injury
(VALI) through down-regulation of p38 MAPK signaling.

Methods: Male C57BL/J6 (wild-type, WT) or eNOS knockout mice (eNOS™") were exposed to mechanical ventilation (MV) with low (LV,
7 mL/kg) and high tidal volume (HVy, 20 mL/kg) for 0—4 h. A subset of WT mice was administered the specific inhibitors of PI3K (100
nmol/L Wortmannin [Wort], ip) or of p38 MAPK (SB203580, 2 mg/kg, ip) 1 h before MV. Cultured type Il alveolar epithelial cells C10
were exposed to 18% cyclic stretch for 2 h with or without 20 nmol/L Wort pretreatment. At the end of the experiment, the capillary
leakage in vivo was assessed by extravasation of Evans blue dye (EBD), wet/dry weight ratio and lung lavage protein concentration.
The lung tissue and cell lysate were also collected for protein and histological review.

Results: MV decreased PI3K/Akt phosphorylation and eNOS expression but increased phospho-p38 MAPK expression along with a
lung leakage of EBD. Inhibitions of phospho-Akt by Wort worsen the lung edema, whereas inhibition of p38 MAPK kinase restored acti-
vation of Akt together with alleviated capillary leakage. eNOS™™ mice showed an exacerbated lung edema and injury. The stretched
C10 cells demonstrated that Wort diminished the activation of Akt, but potentiated phosphorylation of MAPK p38.

Conclusion: Our results indicate that PI-3K/Akt/eNOS pathway has significant protective effects in VALI by preventing capillary leakage,
and that there is a cross-talk between PI3K/Akt and p38 MAPK pathways in vascular barrier dysfunction resulting from VALI.

Keywords: mechanical stress; ventilator-associated lung injury; pulmonary capillary leakage; PI3K/Akt/eNOS; p38 MAPK signalings;
signals cross-talk; pulmonary edema; wortmannin
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Introduction

Acute lung injury (ALI) is a complex syndrome marked by
increased vascular permeability resulting in tissue edema and
profound hypoxia™ 2. Mechanical ventilation (MV) is often a
necessary treatment for respiratory failure and a supportive
measure in critically ill patients. However, it is well known
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that ventilation with high tidal volume (HVy MV) or pres-
sure may be harmful, causing damage to previously healthy
lungs or worsening already injured ones. This is especially
the case for permeability whereby exacting mechanical stress
on various components of the respiratory system can lead to
ventilation associated lung injury (VALIL). We performed the
study described herein in an effort to elucidate the underly-
ing mechanisms of VALI and investigate potential therapies
against VALL

Akt (protein kinase B), a multifunctional serine-threonine
protein kinase, is a major downstream signaling molecule
of phosphoinositide 3-kinase (PI3K). It is also an upstream
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enzyme of eNOS. Its activation has been implicated in various
endothelial functions, including cell survival, migration, and
B3l Studies in vitro have
shown that Akt can directly phosphorylate endothelial nitric
oxide (NO) synthase (eNOS) and activate the enzyme, lead-
ing to NO production”. Thus the PI3K/Akt/eNOS signaling
pathway is critical for maintenance of endothelial vascular

activation of nitric oxide synthase

tone, and integrity” *l. We have previously demonstrated that
NOS signaling and p38 MAPK are significantly implicated
in the development of acute lung injury® ', Though the
PI3K/ Akt and MAPKSs, which include the ERK1/2, JNK, and
p38 MAPK subgroups, are probably the best-characterized
survival-related or death-associated signaling pathways!"'"!
respectively, their functional roles in the VALI, especially the
interplay between these two pathways, have not yet been elu-
cidated. The emerging evidence has triggered interest on the
crosstalk link between PI3K/ Akt and MAPKs signaling®™").

The purpose of this study is to identify the protective role
of PI3K/Akt/eNOS signaling in the context of the lung vas-
cular permeability in response to mechanical stress and to
ascertain if this protective effect occurs via p38 MAPK signal-
ing in murine HVy MV and cyclic stretch models. Our results
indicate that the PI3K/Akt/eNOS pathway is involved in the
process of HVy MV with a change in phosphorylated forms
in intact lungs. Furthermore, genetic deletion of eNOS exac-
erbates vascular dysfunction as assessed by Evans Blue Dye
(EBD). Finally, the findings that pharmacologic antagonism of
PI3K with Wort potentiates phosphorylation of p38 MAPK in
response to cyclic stretch in C10 epithelial cells and that inhibi-
tion of p38 MAPK facilitates the activation of Akt, a survival
signaling protein, suggest interplay between the Akt and p38
MAPK pathways in vascular barrier dysfunction®.

Materials and methods

Materials

CMRL 1066 medium was purchased from Invitrogen (Carls-
bad, CA), and fetal bovine serum was obtained from Hyclone
(Logan, UT) and Invitrogen (Carlsbad, CA). Wortmannin was
obtained from Calbiochem (San Diego, CA). Phospho-specific
antibodies of PI3K, Akt, and eNOS as well as p38 MAP kinase
were obtained from Cell Signaling Technology (Beverly, MA).
SB203580 and other reagents used in this study were obtained
from Sigma (St Louis, MO).

Animal model of VILI and drug administration

Male C57BL/6] mice aged 10 weeks (23—-25 g, Jackson Labora-
tory, Bar Harbor, ME) were studied in a pathogen-free facility
under a protocol approved by the Johns Hopkins University
Department of Laboratory Animal Medicine. Anesthesia was
induced with sodium pentobarbital (50 mg/kg, ip). Animals
then underwent tracheotomy and intubation prior to exposure
to MV (Harvard Apparatus, Boston, MA) with room air for
0 (Control, Cont), 2, or 4 h with either 7 mL/kg or 20 mL/kg
tidal volume (LVy or HVy). The respiratory rate was set at
160 breaths per minute for all tidal volumes together with an
adjustment of the dead space to maintain arterial pH between
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7.35 and 7.45. Airway pressures were continuously measured
and remained around 0-2 cm H,O. A 500-pL bolus of lactated
Ringer’s solution was given intravenously at the initiation of
MYV to maintain adequate mean arterial blood pressure (about
80 Torr) during 4 h of ventilation. The adequacy of MV set-
tings on gas exchange was evaluated according to the mean
blood pressure (MBP) and the arterial blood gases obtained
via catheterization of a femoral artery. Rectal temperature
was maintained near 37 °C using a heating lamp and pad. At
the end of MV, the animals were administered an intraperito-
neal lethal dose of the anesthetic agent before the lungs were
harvested.

To assess the effect of MV on the signaling of PI3K/Akt/
eNOS and p38 MAPK, mice were treated with either a specific
inhibitor of p38 MAPK, SB203580 (2 mg/kg, ip), or a specific
inhibitor of PI3K, Wort (100 nmol/L, ip)*", 1 h before expo-
sure to MV. SB203580 and Wort were dissolved in DMSO first
and then diluted further by saline. All doses, route of admin-
istration, and timing of delivery of pharmacological agents as
well as the solvent were based on known half-life of agents

and preliminary experiments that demonstrated efficacy'™ >,

Assessment of pulmonary capillary permeability

Acute changes in vascular permeability were evaluated by
using bronchoalveolar lavage (BAL) fluid albumin concentra-
tions and EBD assay in intact mice. Pulmonary edema forma-
tion was also assessed using lung wet-to-dry weight (W/D)
ratios. EBD (20 mg/kg) was injected into the external jugular
vein 60 min prior to termination of the experiment to deter-
mine vascular leak as previously described™ *!. To determine
wet-to-dry lung weight ratio, as a separate measure of pul-
monary edema, briefly the left lung was excised and imme-
diately weighed on pre-tared dishes for determination of wet
lung weight. The samples were then dried in an oven (Fisher
Isotemp) of 60 °C for 7 d and weighed several times until the
weight became consistent™.

Cyclic stretch (CS) and C10, epithelial cell culture

C10, a murine nonmalignant alveolar type II-like epithelial
cell line, was cultured in CMRL 1066 medium supplemented
with 10% fetal bovine serum (FBS) and antibiotics. Cells were
seeded at standard densities (8x10° cells/well) onto collagen
I-coated BioFlex plates, and once confluence was reached, the
plates were mounted onto the FX-4000T Flexercell Tension Plus
system (Flexercell International, McKeesport, PA) equipped
with a 25-mm BioFlex loading station. This system provides
uniform radial and circumferential strain across a membrane
surface along all radii. Cells were subjected to 18% elonga-
tion for the desired time at 25 cycles per minute. Cells grown
on BioFlex plates and simultaneously placed in a cell culture
incubator were considered as static controls. At the end of the
experiment, the cells were harvested for protein analysis.

SDS-PAGE and immuno-blotting analysis
Aliquots from cell lysates and tissue homogenates were
immunoblotted using native and phosphospecific antibodies



as previously described”. The blots were then visualized with
the ECL Western Blot Detection Kit (Amersham, Piscataway,
NJ, USA).

Statistics

Data are shown as mean*standard deviation (SD), for each
experimental condition. Comparisons between groups were
performed using t-tests or one-way ANOVA with Bonferroni
correction. Analysis of variance for comparison of the differ-
ent groups was used with significance set at P<0.05.

Results

The signaling pathway of PI3K/Akt/eNOS in response to MV
Immunoblot analysis for phospho-specific (active) and total
isoforms of PI3K, Akt and eNOS was performed on lung tissue
homogenates obtained from wild type mice subjected to MV
with HV; for 0 (Control), 15, 30, 60, or 120 min. As demon-
strated in Figure 1A, MV at HV; induced a decrease in PI3K,
Akt and eNOS phosphorylation as early as 30 min after initia-
tion of MV. Figures 1B, 1C and 1D show the densitometry of
phospho-PI3K, phopho-Akt, and phospho-eNOS normalized
to total Akt. When we extended the experiment to 4 h HV;
MYV, a consistent change of phosphor-Akt was observed (Fig-
ure 2).

eNOS signaling is required for maintaining the integrity of the
pulmonary vasculature

To define the role of eNOS in pulmonary permeability asso-
ciated with VALI, we obtained eNOS”~ mice from the same
strain background as its wild type and exposed both to MV for
up to 4 h at LVy (7 mL/kg) or HVT (20 mL/kg) at 160 BPM.
Peak airway pressure was monitored continuously as detailed
in Methods. Pulmonary vascular leakage was assessed by the
extravasation of EBD into lung parenchyma. MV with LV;
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Figure 2. Down-regulation of phospho-Akt in response to mechanical
stress in a time-dependent fashion. (A) In a separate experiment of
4 h HV; MV, we observed that phospho-Akt at its serine residue 473
decreased most noticeably at 30 min and then gradually returned to
control level at 2 h. (B) shows the densitometry of phopho-Akt normalized

to total Akt. n=3-4 mice per condition, °P<0.05.

caused no change in extravasation of EBD in WT mice, but
caused a remarkable increase of EBD leakage in eNOS™”~ mice
lungs. HV; MV caused a 50% increase of EBD in WT mice
lungs and a further increase of about 100% in eNOS”~ mice
(Figure 3).

Wet/dry lung weight ratios, a separate measure of pulmo-
nary edema, showed that 4 h of LV; MV increased this ratio,
but not significantly. HVy MV caused more remarkable lung
water retention in eNOS™~ mice than in WT mice (Figure 4).
No difference was observed between WT and eNOS™" mice at
the control condition (results not shown).

Figure 1. The signaling pathway
of PI3K/Akt/eNOS in response to
MV. C57BL/6J mice were randomly
exposed to spontaneous breathing
(Control, Cont) or HV; (20 mL/kg) for
2 h. (A) Immunoblotting of WT mouse
lung homogenates shows a decrease in
PI3K, Akt, and eNOS phosphorylation
after initiation of HV; MV detected by
their active forms of antibody. (B),
(C), and (D) show the densitometry
of phospho-PI3K, phopho-AKT, and
phospho-eNOS normalized to total Akt.
n=3-4 mice per condition, "P<0.05
vs control. Note: the Figure 1A P-Akt
bands represented a combination of
the results came from several experi-
ments.

15 60 120 (min)
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Figure 3. eNOS defective mice are less tolerant than WT mice in response
to high amplitude mechanical stress featured with severe lung edema.
Pulmonary vascular leakage was assessed at 4 h by the extravasation
of evans blue dye(EBD) albumin in the lung parenchyma. MV with LV,
caused no change in EBD influx in C57BL/6J mouse lungs, but caused
a marked increase of EBD extravasation in eNOS™™ mouse lungs. In
addition, HV; MV caused a 100% increase of EBD in eNOS™~ mouse
lung in comparison with a 50% increase of EBA in WT mice. n=4 mice/
experimental condition. °P<0.05 vs Control; °P<0.05 vs LV;; "P<0.05 vs
WT vent-exposed mice.

be
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Figure 4. Effects of eNOS deficiency on pulmonary vascular leakage
during mechanical ventilation. As a separate measure of pulmonary
edema, wet/dry lung weight ratios were determined at the end of 4 h HV;
MV. HV; MV caused an increase of the lung wet-dry weight ratio especially
in eNOS-deficient mice. n=4 mice/experimental condition. °P<0.05 vs LV
exposed animals; °P<0.05 compared with WT mice exposed to HV; MV.

PI3K/Akt regulates the protective role of eNOS in reducing the
lung edema

To ascertain its upstream regulation of eNOS, we examined
the expression of phospho-Akt in WT and eNOS™”~ mice
after MV stress. We found that phospho-Akt declined more
dramatically in eNOS™~ mice in comparison with WT. In
addition, there was a lower level of phospho-Akt in eNOS™/~
mice when exposed to LVy (Figure 5). To further explore the
effect of this pathway on the vascular leakage associated with
HV;: MV, we then administered the PI3K inhibitor Wortman-
nin (Wort, 100 nmol/L, ip) 1 h prior to HVy MV exposure.
At the end of the experiment, EBD assay was performed as
mentioned above. As shown in Figure 6, Wort pre-treatment
significantly worsened EBD lung accumulation in WT mice
triggered by 4 h HV; MV in comparison with the non-treated
group. The morphology of the lungs demonstrated a consis-
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Figure 5. Lower levels of phosph-Akt expression in eNOS™™ mice
compared with WT mice after exposure to mechanical stress. We
specifically evaluated the level of phosphor-Akt, a survivor signal in
response to a variety of stresses, in our 4-h VALI model by immunoblotting.
(A) Consistent with our data above, decreased phopho-Akt was blunted
in WT mice at the end of 4 h HV; MV, while eNOS™~ mice showed a
significant further decrease of phosphorylated Akt in response to 4 h
HV; over the attenuated expression of phospho-Akt when exposed to LV;.
(B) Densitometry of phopho-Akt normalized to total Akt. n=3-4 mice per
condition. °P<0.05 vs LV;; ®P<0.05 vs eNOS ™~ mice.
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Figure 6. Wortmannin (Wort) pretreatment aggravates the pulmonary
vascular leakage in WT mice induced by 4 h HV; MV. C57BL/6J mice
(WT) were pretreated with Wort (100 nmol/L, given intraperitoneally), a
selective PI3Kase inhibitor, 1 h prior to exposure to MV. Wort itself dose
not have effect on EBD assay (data not shown). Exposure of animals to
LV; on the other hand caused no changes in these values as compared
to controls (data not shown). However, Wort pretreatment significantly
enhanced EBD lung accumulation in C57BL/6J mice caused by 4 h HV;
MV. n=4-6 mice/experimental condition. °P<0.05 vs LV+; °P<0.05 vs HV;
MV.

tent finding with EBD assay that Wort treatment exacerbated
neutrophil infiltration and lung edema (Figures 7A, 7B). There
were no striking histologic changes in lungs of C57BL/6] mice
exposed to LVy as compared with control animals (results not
shown).

Cross-talk between p38 MAPK and PI3K/Akt/eNOS
Given the evidence of up-regulation of p38 MAPK contribut-
ing to VALI in our murine model™ *?, we sought to determine
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Figure 7. The morphological review of the lungs after pretreatment with
Wort and mechanical ventilation. (A) Neutrophil immunostaining: the
presence of parenchymal neutrophil was assessed using specific anti-
neutrophil antibody. Exposure to 4 h HV; MV produced an increased
staining of neutrophils in the interstitium and alveolus in WT mice (c,
arrow) compared to LV; and Wort only (a and b). However, Wort — a
specific inhibitor of PI3K-pretreatment exacerbated this effect (d, arrow).
(B) Hematoxyline and eosin stain of lung tissue (x40): the presence of
neutrophil infiltration in WT mice lungs when exposed to HV; for 4 h is
similar as seen on the neutrophil immuno-staining but with occasional
alveolar hemorrhage (g, arrow) compared to LV and Wort only (e and f);
Wort worsened the lung injury compared to that in animals ventilated
alone (h, arrow). There were no striking histological changes in lungs of
C57BL/6J mice exposed to LV; as compared with control animals (results
not shown).

the possible involvement of p38 MAPK in the pathway of
PI3K/Akt/eNOS. We found that pretreatment of WT mice
with SB203580 (2 mg/kg, ip) 1 h prior to HVy MV attenu-
ated lung capillary leakage as measured by the index of BAL
protein at the end of 2 h HVy MV (Figure 8). Recently, using
the index of wet/dry lung weight ratio and EBD, we dem-
onstrated that inhibition of the p38 MAP kinase pathway
with SB203580 reduces pulmonary capillary permeability in
response to high tidal volume mechanical ventilation®. More
strikingly, at 4 h we found that inhibition of p38 MAPK with
SB203580 treatment increased the activation of Akt in response
to HVy MV, possibly indicating interplay between these two
signaling pathways (Figure 9). To further confirm the overlap-
ping of these two signals, we observed the effect of the PI3K
inhibitor, 20 nmol/L Wort*”, on the expression of phospho-
Akt and phospho-p38 MAPK on C10 alveolar epithelial cells
when exposed to 18% elongation of CS for 1-2 h. This data
demonstrated that pharmacologic antagonism of PI3K with
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Figure 8. Inhibition of p38 MAP kinase prevents protein leakage in

response to HV; MV. Mice were treated with the p38 MAP kinase inhibitor

SB203580 (2 mg/kg, ip) 1 h prior to exposure to 1-2 h HV; MV. The data

showed that the lung capillary leakage was attenuated by using the index

of BAL protein at the end of 2 h HV; MV. n=4. °P<0.05 vs LVy; °P<0.05 vs

2 h HV; MV.
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Figure 9. The effect of SB203580(SB) on the activation of Akt in WT
mice exposed to 4 h mechanical ventilation. Western blotting on the
mice lung exposed to HV; MV for 4 h demonstrated that the inhibition of
p38 MAPK with SB203580 increased the activation of Akt (serine 473
phosphorylation), indicating interplay between these two signal pathways.
n=3-4 mice per condition. "P<0.05.

Wort diminished the activation of Akt, but potentiated phos-
phorylation of MAPK p38 in response to mechanical stress in
cultured epithelial cells (Figure 10).

Discussion

In this study, we demonstrated that eNOS signaling is required
for maintaining the integrity of the pulmonary vasculature in
response to mechanical stress, and that this effect is modulated
by its upstream pathway of PI3K/Akt. More importantly, we
provide evidence for the first time about the existence of cross-
talk of PI3K/Akt/eNOS and the p38 MAP kinase pathways in
a mechanical stretch model. We demonstrate that inhibition of
PI3-kinase/ Akt potentiates p38 MAPK activation, while inhi-
bition of p38 MAPK results in an increased phosphorylation of
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Figure 10. The effect of PI3K inhibitor, 20 nmol/L Wort, on the expression
of phospho-Akt and phospho-p38 MAPK. Pharmacologic antagonism
of PI3K with Wort diminished the activation of Akt, but potentiated
phosphorylation of MAPK p38 in C10, type Il alveolar epithelial cells when
exposed to 18% cyclic stretch (CS) from 1-2 h. A) the representative
blotting; B and C) the densitometric ratio of phospho-p38/actin and
phospho-Akt/actin. n=3-4. °P<0.05 vs Vehicle; °P<0.05 vs static. Note:
the P-Akt bands represented a combination of the results came from
several experiments.

Akt, which regulates the protective effect of eNOS against the
pulmonary vascular edema associated with mechanical stress.
In summary, this work, coupled with results from prior stud-
ies, demonstrates that the protective role of PI3K/Akt/eNOS
signaling in mechanical stress is mediated in part via inhibi-
tion of p38 mitogen-activated protein kinase signaling.

The signaling pathway of PI3K/Akt/eNOS in response to MV

In this work, we investigated the role of PI3-kinase/Akt/
eNOS in ventilator-associated alveolar-capillary injury and
dysfunction in a murine model by using eNOS™”~ mice together
with WT mice, and by using a pharmacological inhibitor of
PI3-kinase. We found in our previous study that total eNOS
signaling in intact mice lung decreased after animals were
exposed to HV; MVP In the present VALI study we mea-
sured the active forms of PI3K/Akt/eNOS. We found initially
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that not only the phospho-eNOS signal would decrease as
early as 15 min, but also that the phosphorylation of PI3 kinase
and Akt declined in the same time-dependent pattern after ini-
tiation of HVy MV up to 2 h in WT mice lungs. This indicated
that the PI3K/ Akt pathway is involved in this event (Figure
1). We then extended ventilating stress to 4 h. Immuno-
blotting showed the same trend of the decline in phospho-Akt
as seen during the first 2 h of HV: MV. This change gradually
returned toward baseline at the end of 4 h HV; MV (Figure 2).
Given that the total Akt did not changed and all the signals
were detected on the same blotting, we quantified the expres-
sion of phosphorylated PI3K/ Akt/eNOS based on total Akt.

eNOS signaling is required for maintaining the integrity of the
pulmonary vasculature

We further explored the role of eNOS in the pulmonary
micro-vascular leakage. We found that genetic deletion of
eNOS reduced the tolerance of the pulmonary endothelium
to mechanical stress. MV with LV; caused no change of
extravasation of EBD in wild type mice, but caused remark-
able increase of EBD leakage in eNOS”~ mice lungs. HV; MV
caused a 50% increase of EBD influx in the WT mice lungs and
a further increase of about 100% in EBD lung accumulation in
eNOS”~ mice (Figure 3). This result was consistent with our
previously published work that a declined expression of eNOS
protein was associated with VALI in C57BL/6] mice, and that
an increased eNOS activity was correlated with the tolerance
of iNOS deficient mice to ventilator-induced pulmonary capil-
lary leakage”. This finding was also in agreement with the
work of Takenaka et al, in which overexpressed eNOS in the
lung could reduce VALI® 1,

We also observed wet/dry lung weight ratios as a separate
measure of pulmonary edema to confirm the effect of eNOS
influencing vascular barrier function. As shown in Figure 4,
HV; MYV for 4 h caused more profound lung edema in eNOS™~
mice than in WT mice. According to our data, the enhanced
pulmonary permeability in response to mechanical stress can
be explained in part by defects in eNOS signaling, a finding
similar to that of a previous report in which eNOS or Aktl
deficient mice exhibited impaired blood flow recovery and
neovascularization following arterial occlusion®™ and a sup-
pressed VEGF-induced angiogenesis and vascular permeabil-
ity"™. Chen et al also showed that impaired vascular matura-
tion due to loss of the gene of Aktl (Aktl”") in mice may be
attributed to reduced activation of endothelial nitric oxide
synthase (eNOS)".

Lungs from eNOS-deficient animals showed less change
in the index of wet/dry weight ratio compared to wild-type
(WT) controls than would be expected based on the Evans
blue dye assay (EBD). Pharmacokinetic analysis demonstrated
that 87% of the decline in intravascular Evans blue during the
first 3 h after administration was a result of transvascular flux
to tissue compartments. Thus, the initial accrual of Evans blue
in the lung and heart may be used as a marker of transcapil-
lary macromolecular flux in those tissues™.

EBD mainly measures the condition of capillary permeabil-



ity detected by albumin leaking from vasculature to the inter-
stitial compartment. The initial decline in intravascular con-
tent of EBD corresponds to the intercompartmental clearance
and to transcapillary macromolecular flux. While the wet/dry
lung weight ratios measure whole lung water accumulation,
this includes the three fluid compartments (vascular, intersti-
tial and alveolar). The measurement not only reflects vascular
and pulmonary permeability, but also the hydraulic pressure
of the capillaries and fluid clearance of the airways.

The differences observed between the wet/dry ratio and
EBD indicate that the wet/dry weight ratio is not as sensitive
as the EBD assay for the evaluation of vasculature leakage.
This may be due to a number of factors. First, it is likely that
mechanical stretch may have non-uniform effects on protein
permeability, hydraulic conductivity and fluid clearance®'.
Also, many studies showed that hydraulic conductivity
increased without changes in protein permeability”™”. Further-
more, it is possible that water flux across the vascular barrier
is increased with eNOS deficiency, but that edema clearance
mechanisms are unaltered or in a compensatory condition,
thus attenuating any differences in lung wet/dry weight
between knockout and WT animals. These three factors may
blunt the change of vascular permeability caused by mechani-
cal stress, especially at the condition of LV MV. We did not
show the data for the spontaneously breathing in the animals
because we repeatedly demonstrated in our preliminary
experiments and published works that there is no difference
between the control and LV:MV.

There is now compelling evidence supporting that endothe-
lial NO is a barrier-tightening factor in modulating thrombin,
cytokine and H,0,-induced endothelial permeability[33’ 4
Electron microscopic analyses revealed an intercellular junc-

B3 1

tion opening in lung microvasculature in eNOS”~ mice
eNOS transgenic mice there is a remarkable resistance to ven-
tilator-induced lung injury and to bacterial lipopolysaccharide
induced septic shock (with attenuated hypotension, pulmo-
nary leukocyte infiltration and lung water content), as well as

e® ! Therefore,

an enhanced survival rate over control mic
eNOS-derived nitric oxide is believed to be a determinant of
endothelial junctional integrity, and eNOS will be a beneficial

signaling protein protecting the vessel from leakage.

PI3K/Akt regulates the protective role of eNOS in reducing the
lung edema

Recent studies indicated that Aktl deficiency, the predomi-
nant isoform of Akt, could cause an immature development of
the vasculature that is prone to leak” ™. In the vessel wall, the
loss of Aktl increases inflammatory mediators and reduces
eNOS phosphorylation, suggesting that Aktl exerts vascular
protection against atherogenesis, in part, through the action of
eNOs!"™,

Considering the link between PI3K/Akt and eNOS, eNOS
signaling is necessary for maintaining the integrity of the Iung
vasculature after exposure to mechanical ventilation. Given
that PI3K/ Akt in vivo roles and the interactions with other
signaling are not yet explicitly defined, we investigated the
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expression of phospho-Akt on the lungs of both eNOS”~ and
WT mice after 4 h HVy MV. As shown in Figure 5, there was
a lower level of phosphorylated-Akt detected at the residue of
serine 473 respond to both LV; and HV; MV in eNOS™~ mice
compared to WT mice. This may suggest a mechanism related
to a vulnerability of eNOS™~ mice in response to mechanical
stress. In addition, these data may suggest a possible feedback
role of eNOS deficiency on Akt activation.

Chen and colleagues reported a modest decrease in the basal
levels of active eNOS in endothelial cells isolated from Akt1”~

mice when compared to wild-type mice!”.

Interestingly, our
experimental data demonstrated that deletion of the eNOS
gene could decrease the activation of Akt both at the physi-
ological condition and when the animal responds to high tidal
volume mechanical stretch.

The direct role of Akt in the maintenance of vascular per-
meability was further supported by our observation that pre-
treatment with Wort, a pharmacological inhibitor of PI3K,
significantly worsened EBD lung accumulation in WT mice
induced by 4 h HV; MV (Figure 6). In addition, H&E stain-
ing and neutrophil immunostaining in the lungs showed an
enhanced interstitial and alveolar infiltration of neutrophils
in WT mice pretreated with Wort and exposed to 4 h HVy
MV compared with vehicle (Figures 7A, 7B). These findings
indicate that phospho-Akt plays an essential role in modulat-
ing eNOS-regulated vascular permeability and suggest an
upstream regulatory role of PI3K/ Akt on eNOS in our model.

Cross-talk between p38 MAPK and PI3K/Akt/eNOS

In recent years, the emerging evidence has triggered the
interests on the crosstalk between PI3K/Akt and MAPKs
signalings"® "% %l The important reason for elucidating
the interplay of the PI3K/Akt and p38 MAPK pathways is
that the former pathway is the best-characterized survival-
related system and the latter is a death-associated signaling
pathway!"!
between NOS/NO expression and p38 phosphorylation
Data from our study shows that inhibition of p38 MAPK by
SB203580 increased the activation of Akt in response to HV;
MV and decreased the lung edema. Our recently published
work demonstrated that inhibition of the p38 MAP kinase
pathway prevents EBD extravasations and water retention in

. Many studies have suggested a close relationship
[17,38,39]

mice lungs in response to high tidal volume mechanical venti-
lation™™. Thus, in this study, we mainly focused on the signal-
ing pathway PI3K/Akt /eNOS using Wort on EBD and wet/
dry ratio observations instead of inhibition of both pathways.
Furthermore, given the awareness that phosphorylation of
Akt triggered by HVy MV has resolved by 4 h ventilation and
the evidence of the severe lung edema and injury at this time
point, we observed the interaction between the two signals
by applying the PI3K inhibitor, Wort, to evaluate p38 MAPK
change. The PI3K inhibitor, Wort, potentiated phosphoryla-
tion of p38 MAPK in response to mechanical stretch, suggest-
ing a possible mechanism of modulation between parallel sig-
naling pathways at this time point'*’. Based on the results we
published before that the peak of phosphorylated P38 MAPK
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expression is around 60 min before it returns back during the
2 h HV;: MV and the lung injuries were seen at either 2 h or 4 h
HV: MV, we believe that the suppressed protective pathway
of PI3K/Akt/eNOS in the 4 h HVy MV was mediated by up-
regulation of p38 MAPK. Thus, maintaining a normal level of
PI3K/Akt/eNOS may negate the p38 MAPK role attributed to
VALL

Our results are in agreement with the report that PI3-
kinase/ Akt signaling promotes endothelial cell survival by
inhibiting p38 MAPK-dependent apoptosis, because Akt may
cause MEKK3 phosphorylation, an upstream regulator of
p38 MAPK. The phosphorylated form of MEKK3 decreases
MEKKS3 kinase activity leading to down-regulation of
MKK3/6and p38 MAPK activation®").

Therefore, we conclude that protection of capillary leakage
was associated with activation of Akt and attenuation of p38
MAPK expression. In addition, eNOS deficient mice were
prone to HVy MV-mediated injury. The crosstalk between the
two signaling pathways shown above may govern the differ-
ential effects of PI3K/Akt/eNOS and p38 MAPK on vascular
barrier function in our experimental setting. The finding that
PI3K/ Akt/eNOS has a critical role in maintaining the integrity
of vasculature through inhibition of p38 MAPK deepens our
insight and has potential therapeutic implications.
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SLC22A2 gene 808 G/T variant is related to plasma
lactate concentration in Chinese type 2 diabetics
treated with metformin

Qing LI, Fang LIU*, Tai-shan ZHENG, Jun-ling TANG, Hui-juan LU, Wei-ping JIA

Department of Endocrinology and Metabolism, Shanghai Jiaotong University affiliated Sixth People’s Hospital; Shanghai Clinical Center
of Diabetes, Shanghai Institute for Diabetes, Shanghai Key Laboratory of Diabetes, Shanghai 200233, China

Aim: To investigate the potential relationship between the SLC22A2 gene polymorphism and blood lactate concentration in Shanghai
Hans suffering from type 2 diabetes mellitus (T2DM).

Methods: The SLC22A2 single nucleotide polymorphism (SNP) 808G/ T was genotyped in 400 T2DM patients, including a metformin-
treated group (n=200) and a non-metformin-treated group (n=200). Fasting plasma lactic acid levels were measured with an enzyme-
electrode assay. Biochemical indexes, including plasma alanine aminotransferase (ALT), creatinine (Cr), and glycolated hemoglobin
(HbA1c), were also measured.

Results: The fasting plasma lactate concentration in the metformin-treated group was significantly higher than that in the non-met-
formin-treated group (1.29+£0.45 mmol/L vs 1.18+0.44 mmol/L, P=0.015). Additionally, the ratio of patients with hyperlactacidemia
was 8% (16/200) for the metformin-treated group and 5.5% (11/200) for the non-metformin-treated group, with no lactic acidosis
found in either group. The frequency of the SLC22A2 808G/ T T allele was 12.9%. Patients with the mutant genotype (TT) had a
higher blood lactate concentration in the metformin-treated group than those in the non-metformin-treated group (t=2.492, P=0.013).
This trend was not observed in the GG and GT genotypes when compared with metformin-treated and non-metformin-treated groups.
Patients with the mutant genotype (TT) in the metformin-treated group also had a higher incidence of hyperlactacidemia compared with
the GG genotype (40.0% vs 6.9%, P=0.050) in the metformin-treated group and the GG (6.0%, P=0.042) or GT (4.3%, P=0.043) geno-
types in the non-metformin-treated group. In the metformin-treated group, there were significant gender differences in lactate concen-
trations in the TT (2.18+0.15 vs 1.04+0.27 mmol/L, P=0.008) and GG genotypes (1.40+0.51 vs 1.19+0.35 mmol/L, P=0.004). The
lactate levels of women with the TT genotype were the highest in the metformin-treated group, but differences in lactate levels among
the genotypes were not observed in the non-metformin-treated group.

Conclusion: There is an 808G/ T polymorphism in the SLC22A2 gene in Chinese Hans with T2DM. The 808G>T variance in the
SLC22A2 gene can affect the plasma lactate level and the incidence of hyperlactacidemia in T2DM patients undergoing metformin
therapy. Additionally, the female patients carrying the TT genotype are prone to lactatemia.

Keywords: ASP-PCR; metformin; SLC22A2 gene; organic cation transporter 2; lactate; single nucleotide polymorphism; type 2 diabetes
mellitus
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Introduction metabolized but is transported by at least two organic cation
Metformin is one of the most commonly used drugs for the transporters (OCTs), OCT1 and OCT2®*. The human OCT1
treatment of type 2 diabetes mellitus (T2DM). It also has  angporter (SLC2241) is primarily expressed in the liver and
beneficial effects in cardiovascular disease, impaired glucose s ot detected in the kidney. Furthermore, OCT2 (SLC22A2)
tolerance and pOI[Z']CYStiC ovary syndrome through an insulin- 55 peen found to be the most abundant organic cation trans-

porter in the basolateral membranes of human kidney™ . A
kinetic analysis of metformin transport and its distribution
in rats suggested that metformin is a superior substrate for
*To whom correspondence should be addressed. renal. OCT2 rather than hePatlc OCTL, ar.1d r(.mil] OCtT2 plfa}./s a
E-mail liufangstar@163.com dominant role in metformin pharmacokinetics™. In addition,
Received 2009-08-27  Accepted 2009-12-04 OCT2 is responsible for the observed gender differences in

sensitizing effect'’. However, metformin therapy is charac-

terized by considerable inter-individual variability in clinical

2l

efficacy'”. Some studies have shown that metformin is not
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renal basolateral membrane organic cation transporting activ-
ity”); however, to date no studies related to human OCT2
and its relevance to metformin-treatment in diabetic popula-
tions have been reported.

Genetic factors have been estimated to account for 64 %
to 94% of individual variations in renal clearance of various
drugs, including metformin, amoxicillin, and ampicillin™. In
Chinese people in particular, genetic factors have been shown
to account for up to 75% of the inter-individual variability in

drug disposition and its effects!"!

. The existence of genetic
polymorphisms in the human OCT2 gene has been previously
reported in some populations. A total of 28 genetic variations
in the OCT2 gene have been identified in non-Asian American
populations, as reported by Leabman. Among those variants,
three non-synonymous SNPs (T1991, T201M, and A270S) in
the SLC22A2 gene decreased the renal clearance of metformin
compared to the reference genotype . The non-synonymous
SNP, 808G>T (Ala270Ser), was found to be present in 13.3% of
individuals from a healthy population of Chinese from Hong
Kong. Subjects who are homozygous for 808G>T tend to have
higher plasma exposure to metformin, and this can be further
enhanced in elderly patients or those with renal dysfunction
[3); however, other variations in the OCT2 gene were rare (less
than 3%) in the Chinese population. Thus, the variant that
is the most likely to be related to metformin sensitivity and
plasma lactate in Chinese Hans with T2DM may be the 808G/
T transversion in the SLC22A2 gene.

Serum lactate level is a balance between its synthesis and
elimination. Lactate, which is produced in the gut, liver, and
peripheral tissues, such as erythrocytes and the skin, is utilized
to form glucose in the liver". The portion of lactate that is not
metabolized is excreted almost completely in the urine by the
kidney. Two possible mechanisms for raised lactate levels due
to metformin have been proposed: 1) increases in glycolytic
lactate production in peripheral tissues™ and 2) inhibition
of lactate metabolism/transport in the liver and other tissues
such as heart and muscle. Wang DS reported that the plasma
lactate concentrations of metformin-treated wild-type mice
were 2.5-fold greater than that in metformin-treated OCT (-/-)

mice!’®

. However, prospective large-scale studies in patients
with diabetes still lack the necessary evaluation of the clinical
relevance of the SLC22A2 genetic polymorphisms and their
impact on the beneficial and adverse effects of metformin.

The allele-specific primer polymerase chain reaction (ASP-
PCR) assay is a method used to determine SNPs based on
DNA amplification, and the SNPs can be determined by
whether the primers anneal to the target DNA '
ent study was designed to determine SNPs at position 808
of the SLC22A2 gene using ASP-PCR and to investigate the
potential relationship between SLC22A2 gene polymorphisms

|, The pres-

and blood lactate concentrations in Shanghai Hans with
T2DM.

Materials and methods
Subjects
A total of 400 patients with T2DM [diagnosed according to

1999 World Health Organization (WHO) and American Diabe-
tes Association standards] were enrolled in the study between
April 2007 and October 2008 from the Shanghai Diabetes Cen-
ter, including a group receiving metformin treatment (1=200)
and another group with no metformin treatment (2=200). The
patients had a male: female ratio of 200:200 and a median age
of 60 years (range 35-77 years). All participants with pre-
disposing conditions, such as congestive heart failure, renal
insufficiency, chronic lung disease with hypoxia, history of
alcohol use, or aged older than 80 years, were excluded from
the study. These conditions were determined from their medi-
cal history, physical examination, electrocardiographic evalua-
tion, and routine laboratory tests (blood chemistry evaluation,
hematologic testing, and urinalysis). The patients did not take
any medications other than hypoglycemic agents (sulfonylu-
reas and glitazones) starting three days before being admitted
to the hospital.

Measurement of plasma lactate concentrations and biochemical
indexes

After taking metformin [500 mg three times daily (tid)] at
least three days from the first day of admission to the hospital,
blood samples from metformin-treated and non-metformin-
treated groups were collected in the morning of the fourth day
after an overnight fast and without any physical activity. The
fasting venous plasma glucose (FPG), creatinine (Cr), urea
nitrogen (BUN), alanine aminotransferase (ALT), and HbAlc
were determined on the same morning with lactate. FPG was
determined with the glucose oxidase method. Kidney and
liver function was measured on an automatic analyzer (Hitachi
7180 biochemistry automatic analyzer, Japan). HbAlc was
measured with a high-performance liquid chromatography
(HPLC). Body mass index (BMI) was calculated by dividing
body weight in kg divided by the square of the height in m.
The glomerular filtration rate (GFR) was detected by a Tech-
netium-99 isotope scan. The total GFR was calculated as the
sum of the left and right kidneys. If GPT>60 U/L or Cr>110
pmol/L or GFR<60 mL/min, the patient was excluded from
the study. A total of 400 patients satisfied the above criteria
and were recruited into this study. Written informed consent
was obtained from all subjects.

SNP determination (808G>T) in the SLC22A2 gene using the
ASP-PCR method

The genomic sequence of SLC22A2 exon4 was obtained using
the BLAST program(accession number: rs316019) (http://
www.ncbi.nlm.nih.gov/SNP). The genotyping of the SNP
(808G>T) of SLC22A2 was performed using the ASP-PCR
method according to previous reports!"®. The primer set
(forward primer: 5-AAAGGTTCTACCGTCCAA-3'; reverse
primer for 808G: 5'-GTGGTTGCAGTTCACAGTAGC-3';
reverse primer for 808T: 5'-GGTGGTTCCAGTTCACAG-
TATC-3") was designed to amplify a 359-bp and 360-bp por-
tion of the SLC22A2 gene encoding the SNP. ASP-PCR was
carried out in 20 pL reaction volumes consisting of 2*reaction
buffer, 4 mmol/L dNTPs, 15 pmol primer mixture, 2U Tag
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DNA polymerase (5 U/puL), and 25 ng genomic DNA (20
ng/pL) (Sai Bai Sheng (sbs) gene company, Shanghai, China).
The reaction mixtures were placed in an ABI 9700 thermal
cycler (Applied Biosystems) that was programmed for touch-
down PCR to improve the specificity of PCR amplification!”.
For this procedure, the annealing temperature was 57 °C for
two PCR cycles and decreased by 1 °C per two cycles for the
next 4 cycles until an optimal annealing temperature of 55 °C
was reached. Then, there were 35 PCR cycles at the annealing
temperature of 55 °C with a final extension at 72 °C for 10 min.
PCR products were analyzed by electrophoresis on 3% agarose
gels followed by ethidium bromide staining and inspection
under UV light.

Direct sequencing of the SLC22A2 gene in randomly selected
individuals with and without the 808G/T mutation

To confirm the results of the ASP-PCR-based determination of
the 808G>T SNP in the SLC22A2 gene, exon4 of the SLC22A2
gene, including site 808, was sequenced using DNA samples
from randomly selected individuals diagnosed to be wt (wild-
type), heterozygote or mutant homozygote.

Statistical analyses

All numerical values are expressed as the mean+SD, and
the count data are expressed as percentages. The Hardy-
Weinberg equilibrium was tested by SHEsis. The plasma
lactate concentration between different groups and different
genders of the three genotypes was compared by factorial
design variance analysis. The blood lactate concentration of
the three genotypes was compared by one-way analysis of
variance (ANOVA) followed by Fisher’s exact test to find sta-
tistically significant differences in the frequency of genotypes
of SLC22A2 (808G>T) between the two groups. Whether Cr,
ALT, or GFR values and plasma lactate concentration differed
among genders and groups was tested using Student’s t test
or Chi-square test. Finally, the incidence of hyperlactacidemia
in different genotypes was compared using Fisher’s exact test.
All analyses were performed with SPSS software (version 16.0;
SPSS, Chicago, Illinois, USA). All P-values were two-sided
and a P value of <0.05 was considered significant.

Results

Identification of organic cation transporter 2 genetic polymor-
phisms

The results of ASP-PCR showed that there were three geno-

types of the SLC22A2 gene at position 808: GG (n=308), GT
(n=81) and TT (n=11) in 400 T2DM patients of Chinese Hans
(Table 1 and Figure 1), and this was confirmed by direct
sequencing (Figure 2A-2C). The gene distributions were con-
sistent with Hardy-Weinberg equilibrium in all of the groups.
In short, the frequencies of the GT genotype and the TT geno-
type in all patients were 20.2% and 2.8%, respectively, and the
T allele frequency was 12.9%.

A 808G/T 808T

808G

808G primer -

- pl’imer__ o

B 808G/T
¥

359 bp

808T
¥

808G primer —

- primer__ B bp

Figure 1. Representative patterns of electrophoresis of allele specific
primer-polymerase chain reaction (ASP-PCR) products with different
primers for determination of 808G/T genotypes of the SLC22A2 gene.
When the PCR products were observed in the lanes of 808G primers
and no PCR products were observed in lanes for 808T primers (359 bp
and 360 bp, respectively) , the strain was diagnosed as wild-type (wt) (A).
When the PCR products were observed in the lanes of 808G and 808T
primers (359 bp and 360 bp, respectively), the strain was considered
as heterozygote (A). When the PCR products were observed in the lanes
of 808T and no PCR products were observed in lanes for 808G primers,
the strain was diagnosed as mutant homozygotes. (B) Applying the clear
genotype of 8 samples as control for each test.

The general biochemical characteristics in different genotypes of
the two groups

Table 2 shows the clinical characteristics of patients (1=400)
in this study. The patients with the TT genotype in the met-
formin-treated group (n=200) had significantly lower HbAlc
compared to the GG or GT genotypes in the metformin-treated
group (P=0.022 and P=0.033, respectively). There were no
differences in age, BMI, duration of diabetes, FPG and BUN,

Table 1. The numbers and frequencies of three genotypes and alleles in groups with and without metformin therapy.

Exon Subjects Metformin (n=200) Non-metfromin (n=200) Total (n=400)
Genotypes Allele Genotypes Allele Genotypes Allele
n (%) n (%) n (%) n (%) n (%) n (%)
Exon4 808G/T GG 160 (80) G 355 (88.7) GG 148 (74) G 342 (85.5) GG 308 (77) G 697 (87.1)
GT 35 (17.5) T45(11.3) GT 46 (23) T58 (14.5) GT 81 (20.2) T103 (12.9)
TT 5 (2.5) 1T 6(3) TT11(2.8)

Hardy-Weinberg balance test; Fisher’s exact test, P=0.383 vs non-metformin group.
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Figure 2. Direct sequence results of sense strands of SLC22A2 genotypes of (A) wildtype (wt), (B) 808T, (C) 808G/T strains. In the strains with wt, the
sense base at position 808 was G (A). In the strain with 808T mutation, the sense base at position 808 was T (B). In the strain with 808G/T, the sense

bases at position 808 were G and T, respectively.

Cr, ALT, or GFR between different genotypes both in the met-
formin-treated and the non-metformin-treated groups (P>0.05;
Table 2).

Plasma lactate concentration in different genotypes of the two
groups

Of these 400 cases, the fasting plasma lactate concentration in
the metformin-treated group (1.29+£0.45 mmol/L) was higher
than in the non-metformin-treated group (1.18+0.44 mmol/L,
P=0.015), and the ratio of patients with hyperlactacidemia
in the metformin-treated group was slightly higher than in
the non-metformin-treated group (8% vs 5.5%, P=0.58), but
no lactic acidosis was found in any of the patients. Figure 3
indicates that the patients in the metformin-treated group that
carried the mutant homozygote genotype (TT) had higher lac-
tate concentrations than patients in the non-metformin-treated
group with the TT genotype (P=0.013); however, the difference
in blood lactate concentration between the two groups with
GG and GT genotypes was not significant (P=0.053, P=0.344,

2.5
O Non-metformin b
— 2 4 B Metformin
-
~
g
£ 1.54
o
& 1 A
Q
i3]
% 0.5
0
GG GT 1T

Genotype

Figure 3. The plasma lactate levels of three genotypes in two groups with
and without metformin treatment. By the method of analysis of variance
of factorial design, there was no significant difference in the blood lactate
levels of GG and GT genotypes in two groups (P=0.053, P=0.344 ). The
plasma lactate level of metformin group carried TT genotype was higher
obviously than that of non-metformin group with TT (t=2.492, P=0.013).
Each column represents as mean+SEM. "P=0.013, compared with non-
metformin group with TT genotype.

Table 2. Comparison of the clinical characteristics and biochemical indexes between subjects with and without metformin treatment.

Metformin group

Non-metformin group

GG GT T GG GT T
N 160 35 5 148 46 6
Age 57.24+11.22 59.91+12.07 59.20+£12.23 63.21+11.83 63.32+11.31 64.5+9.79
BMI 25.99+3.22 26.76+3.89 25.79+4.40 24.04+3.12 23.11+3.17 24.73+2.88
DUR 7.11+6.37 6.93+6.46 8.2+5.4 8.06+7.53 8.07+7.05 10.66+11.41
FPG 8.76+2.81 8.48+2.10 8.11+1.92 7.99+2.59 7.61+2.29 6.80+1.11
HbAlc 8.97+2.03 8.88+1.75 7.70£0.84" 9.01+2.23 8.93+2.32 8.36+0.76
BUN 5.50+1.47 5.46+1.54 6.06+2.69 6.24+2.01 6.22+1.76 5.72+0.81
Cr 70.78+16.30 68.03+17.83 74.70+£22.56 79.57+17.97 75.28+15.34 74.00+12.14
ALT 29.60+£17.16 25.57+14.83 28.00+£15.60 26.17+16.27 20.86+£11.68 22.83+£13.22
GFR 97.93+21.03 93.43+17.96 99.28+25.60 84.00+21.91 85.25+20.25 86.65+16.19

Data were expressed as mean+SD (range). Student’s t test and Chi-square test were used. BMI: body mass index; DUR: duration after diabetes onset;
FPG: fasting plasma glucose; HbAlc: glycosylated hemoglobin; BUN: urea nitrogen; Cr: creatinine; ALT: alanine transferase. GFR: glomerular filtration
rate; °P=0.022, °P=0.033, compared to GG or GT genotype in metformin group.
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respectively). Furthermore, the incidence of hyperlactaci-
demia among the three genotypes in both groups is shown in
Table 3. The results reveal that patients carrying the TT geno-
type in the metformin-treated group had a higher incidence of
hyperlactacidemia compared to patients with the GG genotype
(40.0% vs 6.9%, P=0.050) in the metformin-treated group and
with the GG (6.0%, P=0.042) or GT (4.3%, P=0.043) genotype in
the non-metformin-treated group. In contrast, the difference
in lactatemia in patients with the TT genotype between the
two groups was not significant.

Gender differences in lactate concentrations

The ANOVA of factorial design indicated that the blood
lactate concentration in women who carried the GG and TT
genotype in the SLC22A2 gene was significantly higher than
that of men (P=0.001, P=0.025, respectively), but the difference
in lactate concentrations in the GT genotype was not signifi-
cant (P=0.529, Figure 4). In the metformin-treated group, the
blood lactate concentration in women who carried the GG or
TT genotypes in the SLC22A2 gene was significantly higher
than that of men (P=0.004, P=0.008, respectively) and that of
women who carried the TT genotype was significantly higher
than that of women with the GG or GT genotypes (P=0.045,
P=0.041, respectively, Figure 5). However, the levels of
plasma Cr in women were significantly lower than those in
men (P=0.000). In the non-metformin-treated group, there

2 1 g Male b
B Female

1.5 c

0.5

Lactic acid (mmol/L)
=

GG GT

Genotype

Figure 4. The plasma lactate levels of three genotypes in different
genders. In 400 subjects, the blood lactate concentration in women
carried GG and TT genotype of SLC22A2 gene was higher significantly
than that of men, and the difference of lactate concentration in GT
genotype was no significance by the analysis of variance of factorial
design. °P=0.025, °P=0.001, compared to lactate levels of males.
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Figure 5. The plasma lactate levels of three genotypes between different
genders in metformin group. The blood lactate concentration in women
carried GG and TT genotype of SLC22A2 gene was higher significantly
than that of men. The blood lactate concentration in women carried TT
genotype of SLC22A2 gene was higher significantly than those with GG or
GT genotypes. °P=0.004, P=0.008, compared to lactate levels of males;
"P<0.05 (P=0.045 for GG genotype, P=0.041 for GT genotype) compared
to lactate levels of females with TT genotype.

was no significant relationship between lactate concentrations
and any of the three genotypes.

Discussion

In the present study, the ASP-PCR method was performed to
detect the 808G>T SNP in the SLC22A2 gene, which encodes
OCT2. By applying touchdown PCR conditions, better speci-
ficity was achieved, and the results were reliable. This analy-
sis showed that there were three genotypes (GG, GT, and TT)
at position 808 in the SLC22A2 gene in Chinese Hans with
T2DM. The genotype in the two groups and the total group
were in accordance with Hardy-Weinberg equilibrium, and
the T allele frequency was 12.9%, which was similar to the
data in healthy populations from Hong Kong (13.3%), Japan
(16.8%), and Korea (11%)™ 22!,

This research further investigated the relationship between
the SLC22A2 808G>T polymorphism and plasma lactate levels
in these T2DM patients treated with or without metformin.
The results reveal that the mean lactate level of patients with
the mutant homozygote genotype (TT) was the highest in all
groups, especially in patients treated with metformin; how-
ever, the HbAlc level was the lowest. In other words, the
SLC22A2 gene (808G>T) variation can affect the plasma lactic
acid and HbAlc levels of T2DM patients receiving metformin

Table 3. The number of cases and the incidence of hyperlactacidemia of three genotyps in groups treated with or without metformin.

Metformin (n=200)

Non-metformin (n=200)

GG GT T GG GT T

n (%) n (%) n (%) n (%) n (%) n (%)
hLA 11 (6.9%) 3 (8.6%) 2 (40%"") 9 (6.0%) 2 (4.3%) 0 (0%)
nLA 149 (93.1%) 32 (91.4%) 3 (60%) 139 (94.0%) 44 (95.7%) 6 (100%)

hLA: hyperlactacidemia, nLA: nomal lactate concentration. The lactate level higher than 1.96 mmol/L was defined as hyperlactacidemia. Fisher’s exact
test, °P=0.042, °P=0.043 compared to GG or GT genotype in non-metformin group; "P=0.05, compared with GG genotype in metformin group.
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therapy. To date, a few studies examining the relevance of the
808G/ T gene polymorphism and metformin pharmacokinetics
have been reported, but studies about these polymorphisms
and their association with blood lactate concentration are
rare. The above-mentioned Hong Kong study in the general
population demonstrated that the SLC22A2 (808G>T) poly-
morphism influenced metformin metabolism in vivo and that
the discharge of metformin was reduced in subjects with the
TT genotype™. Similarly, the present study indicates that
the incidence of lactatemia in T2DM patients carrying the
TT genotype in the metformin-treated group increased and
their HbAlc decreased significantly compared to the non-
metformin-treated group. However, no marked difference
was found in patients with the GG or GT genotypes. Thus, it
is likely that a metformin concentration in the plasma clears
more glucose, decreasing the level of HbAlc and increasing
the plasma lactate level by inhibiting lactate metabolism in the
liver. That is to say, SLC22A2 gene (808G>T) polymorphisms
increase the plasma lactate level by elevating the circulating
concentration of metformin.

Earlier studies have demonstrated that OCT1-mediated
hepatic uptake of guanides play an important role in lactic
acidosis"* .
formin is a superior substrate for renal OCT2 rather than

However, an animal study revealed that met-

hepatic OCT1, and renal OCT2 plays the dominant role in
metformin pharmacokinetics'®. From the results of this study,
we can infer that OCT2 also takes part in the occurrence of
hyperlactacidemia. After administration of metformin, the
OCT2 transporter of T2DM patients carrying allele T at posi-
tion 808 of the SLC22A2 gene could not bind with the drug
and subsequently excrete the drug into the urine. This esca-
lated the blood concentration of metformin, which caused
the production of lactate. Therefore, this study proved the
relevance of the SLC22A2 808 G/T polymorphism and the
raised blood lactate concentration/hyperlactacidemia in the
metformin-treated group and supplied a possible explanation
for the decreased excretion of metformin. However, in this
study, there were no obvious differences between patients
with the GG and TT genotypes, which may be the result of the
small sample size. Thus, it is necessary to expand the sample
size to further prove these findings in the future.

The study additionally showed that compared to the non-
metformin-treated group, there was a gender difference in
plasma lactate levels. The plasma lactate concentrations in
females were higher than in males with the same SLC22A2
808G/ T genotype in the metformin-treated group, and women
carrying the TT genotype had significantly higher plasma lac-
tate levels than those with the GG or GT genotypes. Diabetic
patients recruited in this study had normal liver and renal
function. In addition, Cr, BUN, and ALT levels of women in
the metformin-treated group were not higher, and their Cr lev-
els were lower than in men. Thus, it is unlikely that abnormal
liver production or renal excretion of lactate caused this result.
Therefore, the gender differences in lactate levels are more
likely related to the fundamental difference in sex hormone
levels in males and females. Urakami demonstrated in rats
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that OCT2 is responsible for the gender differences in renal
basolateral membrane OCT activity, and OCT?2, but not OCT1,
is sexually up-regulated by testosterone and down-regulated
by estradiol in the kidney®". In our clinical study of 1021
patients with T2DM, we observed that blood lactate levels
were due to gender differences, with females having signifi-
cantly higher blood lactate levels than males treated with met-
formin (unpublished data). Until now, no related study has
reported the relationship between OCT2 gene polymorphisms
and gender. From the results of this study and previous ani-
mal experiments, we speculate that the gender differences in
blood lactate concentration might be due to differential OCT2
expression in males and females. Specifically, the low expres-
sion of OCT2 in females may reduce the renal excretion of
metformin, cause its accumulation, and induce a higher level
of lactic acid. The in-depth mechanisms of metformin metabo-
lism and excretion need to be confirmed by further studies.
Even so, this study may have important clinical meaning for
metformin therapy. Because of the relatively high frequency
of G808T in the diabetic population, we can use ASP-PCR to
rapidly detect the highest allele frequency (A270S) and predict
the risk of lactatemia in patients carrying the T allele, espe-
cially in females with the TT genotype, which may prevent the
occurrence of lactic acidosis.

Limitations of this study include the indirect measurement
of blood metformin concentrations and the lack of control of
other hypoglycemic agents in these patients. These may limit
the significance of this study, and we cannot certify the specu-
lation directly. Another limitation of the present research
was small sample size, and therefore more studies with larger
sample sizes should be done to further prove these findings.

In summary, our results demonstrate that there is an
808G/T polymorphism in the SLC22A2 gene in Chinese Hans
with T2DM. The 808G>T variance in the SLC22A2 gene can
increase plasma lactate levels and the incidence of hyperlac-
tacidemia in T2DM patients undergoing metformin therapy.
Female patients carrying the TT genotype are prone to lac-
tatemia.
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Immunomodulatory activity of andrographolide
on macrophage activation and specific antibody
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Aim: To investigate the immunomodulatory effects of andrographolide on both innate and adaptive immune responses.

Methods: Andrographolide (10 ug/mL in vitro or 1 mg/kg in vivo) was used to modulate LPS-induced classical activated (M1) or IL-4-
induced alternative activated (M2) macrophages in vitro and humor immune response to HBsAg in vivo. Cytokine gene expression pro-
file (M1 vs M2) was measured by real-time PCR, IL-12/IL-10 level was detected by ELISA, and surface antigen expression was evaluated
by flow cytometry, whereas phosphorylation level of ERK 1/2 and AKT was determined by Western blot. The level of anti-HBs antibod-
ies in HBsAg immunized mice was detected by ELISA, and the number of HBsAg specific IL-4-producing splenocyte was enumerated by

ELISPOT.

Results: Andrographolide treatment in vitro attenuated either LPS or IL-4 induced macrophage activation, inhibited both M1 and M2
cytokines expression and decreased IL-12/1L-10 ratio (the ratio of M1/M2 polarization). Andrographolide down-regulated the expres-
sion of mannose receptor (CD206) in IL-4 induced macrophages and major histocompability complex/costimulatory molecules (MHC |,
CD40, CD80, CD86) in LPS-induced macrophages. Correspondingly, anti-HBs antibody production and the number of IL-4-producing
splenocytes were reduced by in vivo administration of andrographolide. Reduced phosphorylation levels of ERK1/2 and AKT were

observed in macrophages treated with andrographolide.

Conclusion: Andrographolide can modulate the innate and adaptive immune responses by regulating macrophage phenotypic polariza-
tion and Ag-specific antibody production. MAPK and PI3K signaling pathways may participate in the mechanisms of andrographolide

regulating macrophage activation and polarization.
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Introduction

Andrographis paniculata is an herb used in Chinese traditional
medicine as recorded in Chinese Pharmacopoeia™, and a com-
mon remedy for anti-infection treatment”. Andrographolide,
a bicyclic diterpenoid lactone, 3-[2-[decahydro-6-hydroxy-5-
(hydroxylmethyl)-5,8a-dimethyl-2-methylene-1-napthalenyl]
ethylidene]-dihydro-4-hydroxy-2(3H)-furanone, is the major
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active constituent and has various pharmacological effects,
including anti-inflammation®, anti-tumor™, antidiabetic’
and cardioprotective activities’®. In clinic, andrographolide
has being applied as an anti-inflammatory remedy for upper
respiratory tract infection and bacterial dysentery. Androgra-
pholide was reported to have immunoregulatory activities. In
tumor-bearing mice it enhanced natural killer cell activity”),
increased secretion of IL-2 and IFN-y by T cells and thereby
inhibited the tumor growth!. In autoimmune encephalomy-
elitis mice it interfered with maturation of dendritic cells",
induced antigen-specific tolerance and thus prevented detri-
mental autoimmune responses’. It suggests that androgra-
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pholide can have different effects in different immune disease
models, playing a role as a modulator of altered immune
responses rather than a sole immunostimulatory or immuno-
suppressive agent. Considering that macrophages are widely
distributed immune cells that play an indispensable role in
homeostasis and defense, we investigated the immunomodu-
latory effect of andrographolide on the alteration of mac-
rophage phenotype and function.

Macrophages can be activated and phenotypically polar-
ized by different stimuli and microenvironment!. In general,
activated and polarized macrophages can be broadly classified
into two main groups: classically activated inflammatory mac-
rophages (M1), which produce large amount of inflammatory
cytokines like TNF-a, IL-1p, IL-6, IL-12, IL-18, and IL-23; and
alternatively activated macrophages (M2) that produce other
cytokines as IL-10, IL-1Ra, and IL-18BP™?. M1 participate in
polarized Thl responses as inducers and effectors, while M2
I3 Macrophages
exhibit phenotypic plasticity to control immunological balance

support Th2-associated effects and functions

in the microenvironment™!. However, the immunomodula-
tory effect of andrographolide on the alteration of macrophage
phenotype has not been investigated. We studied how
andrographolide altered macrophage phenotype in naive and
LPS/IL-4 activated macrophages by comparing the expression
of activation-relevant M1 vs M2 cytokines.

Macrophages not only serve as the primary defense bar-
rier in the innate immune response, but also act as important
accessory cells in the adaptive immune response!™. Activated
macrophages phagocytose antigens by pattern recognition
receptors (such as mannose receptor)'®, and provided signals
to mediate T cells activation. One signal is the major histocom-
patibility antigen complex binding to T cell receptor (TCR),
the other is the interaction of co-stimulatory molecules with

sl We observed effects of

their respective ligands on T cell
andrographolide on the antigen uptake and presenting capac-
ity of macrophages by measuring mannose receptor (CD206),
MHC I/1I and co-stimulatory molecules (CD40, CD80, CD86)
on naive and LPS/IL-4 activated macrophages. In addition,
yeast-derived recombinant HBsAg (vaccine qualified) was
used as an antigen to induce Ag-specific antibody in a Th2/
M2-dependent mouse model of adaptive responses!® **!
effects of andrographolide on humor immune responses were

, and

evaluated by the levels of serum antibodies and the number of
IL-4 producing splenocytes.

Studies on the signal transduction mechanism of mac-
rophage activation have indicated that stimuli, such as LPS
or IL-4, trigger the mitogenactivated protein kinase (MAPK)
and phosphoinositol-3-kinase (PI3K) signaling pathways™ I,
MAPK pathway positively regulated the expression of pro-
inflammatory cytokines (TNF-a, IL-1B, IL-6 etc), whereas
PI3K pathway conversely inhibits MAPK pathway activation
and induced anti-inflammatory cytokines (IL-10 etc)* *!. To
investigate the mechanisms of andrographolide regulat-
ing macrophage activation and polarization, the effects of
andrographolide on phosphorylation level of ERK 1/2 (MAPK
pathway) and AKT (PI3K pathway) were analyzed.

Acta Pharmacologica Sinica

Materials and methods

Reagents

Andrographolide was kindly provided by Chong Yuan Biol-
ogy Science Co, Ltd (Nanjing, China), and it was dissolved in
dimethyl sulfoxide (Sigma-Aldrich, St Louis, MO, USA) at 10
mg/mL as a stock solution. LPS from E coli strain 055:B5 was
purchased from Sigma-Aldrich. Recombinant murine 1L-4
and IL-13 were purchased from Pepro Tech Inc (Rocky Hill,
NJ, USA). Human hepatitis B surface antigen (yeast-derived
recombinant HBsAg, vaccine qualified) was kindly provided
by Beijing Institute of Biological Products (Beijing, China).
Fluorochrome-labeled monoclonal antibodies to surface anti-
gens on murine macrophages were purchased from eBiosci-
ence (San Diego, CA, USA). Antibodies against phospho-ERK,
ERK, phospho-AKT, AKT and p-actin were purchased from
Cell Signal Technology (Beverly, MA, USA).

Endotoxin detection

Contamination of endotoxin in andrographolide was assessed
by the Limulus Amoebocyte Lysate (LAL) colorimetric assay
(QCL-1000® Endpoint LAL Assay; Lonza, Walkersville, MD,
USA), according to the manufacturer's instructions. The
absorbance at 405 nm is linear in the concentration range of
0.1-1.0 EU/mL endotoxin. The endotoxin concentration in
diluted andrographolide was calculated with the absorbance
from the standard curve by linear regression.

Peritoneal macrophage isolation

Primary mouse peritoneal macrophages were obtained from
C57BL/6 mice (SPF, aged 6-8 weeks, SIPPR-BK Experimental
Animal Ltd Co, Shanghai, China) 4 days after intraperitoneal
injection of 1.5 mL 3% Brewer thioglycollate medium (Kang
Run Biology Science Co Ltd, Shanghai, China). Peritoneal exu-
date cells were harvested from the peritoneal cavity of mice by
lavage, washed with ice-cold RPMI-1640 medium (Invitrogen,
Carlsbad, CA, USA) containing 1% fetal bovine serum (FBS;
Invitrogen), resuspended in pre-warmed RPMI-1640 contain-
ing 10% FBS and supplemented with 100 mg/L streptomycin
and 10° U/L penicillin (Invitrogen), and distributed in wells
of the BD Falcon™ culture plates (BD Biosciences, San Jose,
CA, USA). Macrophages were allowed to adhere for 2-3 h at
37 °C in humidified atmosphere containing 5% CO,, and non-
adherent cells were removed by washing twice with PBS. Cell
number and viability was assessed using trypan blue exclu-
sion under microscope. Thioglycollate-treated mice will yield
about 107 peritoneal macrophages per mouse. Pooled mac-
rophages were cultured and treated with andrographolide (10
pg/mL) and/or LPS/IL-4 (100 ng/mL). The purity of isolated
mouse peritoneal macrophages pooled from five mice was
greater than 95%, as determined by staining with fluorescein
isothiocyanate (FITC)-conjugated anti-mouse F4/80 and flow
cytometric analysis.

Macrophage viability
Macrophage viability was assessed by the mitochondria-
dependent reduction of MTT, 3-(4,5-dimethyl-thiazol-2-yl)-2,5-
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diphenyltetrazolium bromide (Amresco, Solon, Ohio, USA)
to formazan. In 96-well plates, 2x10* cells/well were treated
with andrographolide and/or LPS/IL-4 for 24 h, then MTT
solution was added to a final concentration of 0.5 g/L and fur-
ther incubated for 4 h at 37 °C, 5% CO,. The culture medium
was dumped off and 200 pL DMSO was added to resuspend
formazan into the solvent. The absorbance was measured at
the test wavelength of 570 nm (670 nm as the reference wave-
length) by the DTX Series Multimode Detectors (Beckman,
Fullerton, CA, USA), and the percentage of viable cells was
calculated versus untreated cell control.

Macrophage cytokine gene expression

Cytokine gene transcription of mouse peritoneal macrophages
was measured by reverse transcription and real-time PCR. In
6-well plates, 4x10° cells/well were treated with androgra-
pholide and/or LPS/IL-4 for 4 h or 24 h. Total RNA was
extracted using TRIzol reagent (Invitrogen) according to
the manufacture’s instruction, and treated with RNase-free
DNase-I (Takara, Otsu, Shiga, Japan) for removal of potentially
contaminating DNA. First-strand cDNA was synthesized
from 2 pg total RNA with random hexamer primer (Takara)
and M-MLV reverse transcriptase (RT) (Promega, Madison,
WI, USA) for 30 min at 37 °C. PCR amplification was per-
formed using ABI PRISM® 7500 real time PCR system (Applied
Biosystems, Foster City, CA, USA), and reactions were car-
ried out with SYBR® Premix Ex Taq™ (2xmixture) (Takara)
and specific primers for mouse cytokines according to the
sequences in GenBank (Table 1). Primers were designed using
Beacon Designer 6.0 (PREMIER Biosoft International, Palo
Alto, CA, USA) and synthesized by Sangon Biology Science

Table 1. Primer sequences for detecting mouse cytokine mRNA
expression.

Cytokine  Accession number Primer sequence (5'—3’)
(mRNA)

TNF-a NM_013693 f: GTG GAA CTG GCA GAA GAG

r: CCA TAG AAC TGA TGA GAG G
IL-1B NM_008361 f: TGG GAA ACA ACA GTG GTC AG

r: CCA TCA GAG GCA AGG AGG A
IL-1Ra NM_031167 f: ACA GTA GAA GGA GAC AGA AG

r: GGT GGT AGA GCA GAA GAC
IL-6 NM_031168 f: TGC CTT CTT GGG ACT GAT G

r: ACT CTG GCT TTG TCT TTC TTG T
IL-10 NM_010548 f: GAA GAC CCT CAG GAT GCG

r: CCA AGG AGT TGT TTC CGT TA
IL-12 NM_008352 f: AGA TGA AGG AGA CAG AGG AG

r: GCA CGA GGA ATT GTA ATA GC
I-18 NM_008360 f: GAC TCT TGC GTC AAC TTC

r: GAT CAA TAT CAG TCA TAT CCT C
1L-18BP NM_010531 f: ACT TCT CCT GTT TGT TTG TG

r: TCT GGA TAC TGG GCT GTG
GAPDH NM_008084 f: GGT GAA GGT CGG TGT GAA CG

r: CTC GCT CCT GGA AGA TGG TG

f: forward primer; r: reverse primer.

Co, Ltd (Shanghai, China). Amplification conditions were:
(1) 95 °C/10 s, 1 cycle, for hot-start; (2) 95 °C/5's, 60 °C/34 s,
40 cycles, for PCR and data collection; (3) dissociation stage:
0.1 °C/ s from 60 to 95 °C, for melting curve analysis. Rela-
tive quantification of gene expression in treatment groups vs
control (freshly isolated cells before culture) was calculated
using the comparative threshold cycle method 2*[(Ctgappu-
Ctgene)treatment—(Cteappi—Clcene)control] Where GAPDH is the house-
keeping gene!™.

Macrophage cytokine production

Mouse peritoneal macrophages (4x10° cells/well in 6-well
plate) were treated with andrographolide and/or LPS/IL-4/
IL-13 for 48 h. Culture supernatants were collected, IL-12p40
and IL-10 concentrations were determined using specific
ELISA Kkits (eBioscience), according to the manufacturer’s
instructions.

Macrophage surface antigen expression

Flow cytometry was used to determine the surface antigen
expression (F4/80, MHC-I, MHC-II, CD40, CD80, CD86, and
CD206) in mouse peritoneal macrophages. Briefly, 4x10°
cells/well in 6-well plates treated with andrographolide and/
or LPS/IL-4 for 24 h were stained with fluorochrome-labeled
mAbs (30 min on ice), washed with FACScan buffer (PBS
containing 2% FBS and 0.1% Sodium Azide), and fixed with
4% paraformaldehyde. Flow cytometry acquisition was per-
formed on FACScan® flow cytometer and data were analyzed
using CellQuest™ software (BD Biosciences). The percentage
of cells positive for each surface protein was determined based
upon isotype control staining, and the amount of surface anti-
gen expression of all cells counted was calculated by the fol-
lowing equation:

Expression Index (EI)=% positive cellsxMean Fluorescence
Intensity™!.

Mice immunization and andrographolide administration

Inbred female BALB/c mice (SPF, aged 6-8 weeks) were pur-
chased from SIPPR-BK Lab Animal Co, Ltd (Shanghai, China)
and housed under pathogen-free conditions. All animal stud-
ies were performed in accordance to national and international
laws and policies. Mice were grouped as indicated in the
experiments described below, each group consisting of 6 mice.
Two groups of mice were immunized intramuscularly twice
over a 4-week period with HBsAg alone (1 png/mouse) or fol-
lowed by intraperitoneal administration of andrographolide
(1 mg'kg™d”, 7 d). Another group of mice received HBsAg
admixed with AI(OH); adjuvant [1 ng HBsAg+50 ug Al(OH),/
mouse] as a positive control. Naive mice were used as a nega-
tive control.

Detection of anti-HBsAg antibodies

Sera were collected from the retroorbital plexuses of indi-
vidual mice at 2, 4, and 6 weeks after the first HBsAg immu-
nization. Anti-HBsAg antibodies were detected by anti-HBs
ELISA kit (Diagnostic Reagent Center of Shanghai Municipal

Acta Pharmacologica Sinica
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Infectious Diseases Hospital, Shanghai, China) according to
the manufacturer's instruction. Each serum was diluted by
serial threefold dilution and incubated in a 96-well plate pre-
coated with HBsAg for 1 h at 37 °C. Plates were washed and
horseradish peroxidase (HRP)-conjugated goat anti-mouse
IgG (Huamei Bioengineering Co, Ltd, Shanghai) was added
and further incubated for 1 h at 37 °C. After washing, the sub-
strate (tetramethyl benzidine) was added and incubated for 15
min at 37 °C. The absorbance was measured at 450 nm with
the reference wavelength of 630 nm in a 96-well plate spectro-
photometer. Antibody titers are presented as the reciprocal of
the highest dilution showing a positive reaction.

Detection of IL-4-producing splenocytes

After mice were sacrificed at 6 week after the first HBsAg
immunization, spleens were removed and dissociated on
200-gauge nylon mesh. Splenocytes were treated with lysis
buffer (0.15 mol/L NH,C], 0.01 mol/L KHCO;, 0.1 mol/L
Na,EDTA, pH 7.4) at room temperature for 1.5 min to lyse
red cells, washed with RPMI-1640 and resuspended in
RPMI-1640 with 10% FBS. IL-4-producing cells in spleens
from immunized mice were detected by the enzyme-linked
immunospot (ELISPOT) assay. Briefly, 96-well multiscreen
filtration plates (Millipore, Billerica, MA, USA) were coated
with anti-mouse IL-4 capture antibody (5 pg/mL; BD Biosci-
ences) overnight and blocked with culture medium for 1.5 h.
Spleen cells (5x10°) were added to wells and stimulated with
0.5 pg/mL HBsAg at 37 °C for 48 h. Plates were washed, and
biotinylated anti-mouse IL-4 detection antibodies (2 pg/mL)
were added and incubated for 2 h at room temperature. After
washing, streptavidin-HRP was added and incubated for
1 h at room temperature, and 3-amino-9-ethylcarbazole was
used as substrate. Spots were developed for about 30 min and
the reaction was stopped by washing with deionized water.
Spots were enumerated manually by inspection under a dis-
secting microscope, and automatically using an ImmunoSpot
Analyzer-BioReader 4000 Pro-X (BIO-SYS GmbH, Karben,
Germany).

Detection of ERK 1/2 and AKT phosphorylation

The phosphorylation level of ERK 1/2 and AKT proteins in
mouse peritoneal macrophages was measured by Western blot
assay. Briefly, in 6-well plates, 4x10° cells/well were treated
with andrographolide and/or LPS/IL-4/1L-13 for 2 h or 12 h.
After washing with PBS, cells were lyzed in the lysis buffer
(20 mmol/L Tris, pH 7.5, 150 mmol/L NaCl, 1 mmol/L Na,E-
DTA, 2.5 mmol/L sodium pyrophosphate, 1% Triton X-100,
1 mmol/L B-glycerophosphate, 1 mmol/L Na;VO,, 1 pg/mL
Leupeptin, 1 mmol/L PMSF) on ice and centrifuged (14000x%g,
5 min, 4 °C). The lysate of cells (mixed with 5xprotein load-
ing buffer and boiled for 5 min at 100 °C) were analyzed by
12% SDS-PAGE, transferred to PVDF membrane (Millipore,
Bedford, MA, USA) and blocked with 5% nonfat milk in TBST
buffer (20 mmol/L Tris, pH 8.0, 150 mmol/L NaCl and 0.1%
Tween-20) for 2 h at room temperature. The membranes
were incubated with the primary antibody overnight at 4 °C,
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then with a horseradish peroxidase-conjugated secondary
antibody 1 h at room temperature, and detected by enhanced
chemiluminescence kit (Thermo scientific, Waltham, MA,
USA) according to the manufacturer’s instructions. Protein
molecular weight was estimated by Prestained Protein Ladder
(Fermentas, Glen Burnie, MD, USA). For repeated immuno-
blotting, membranes were incubated in the stripping buffer
(62.5 mmol/L Tris, pH 6.7, 20% SDS and 100 mmol/L 2-mer-
captoethanol) for 30 min at 50 °C.

Statistical analysis

Experimental data obtained were analyzed with the SPSS soft-
ware. Variance between groups was analyzed by ANOVA,
means of groups were compared by t-test. Differences with
P<0.05 were considered statistically significant.

Results

Endotoxin contamination of the andrographolide preparation
The presence of endotoxin contamination in the preparations
of test molecules is a major source of false results, in particu-
lar in assays on macrophages which are exquisitely sensitive
to endotoxin stimulation. Thus, the presence of endotoxin
in the andrographolide preparation was checked, by using a
quantitative chromogenic LAL assay. Three concentrations of
andrographolide were assayed (10, 50, and 100 pg/mL). At
each of these concentrations the endotoxin contamination was
below the detection limit of the assay (0.1 EU/mL). To make
sure that andrographolide did not interfere with the enzymatic
reaction at the basis of endotoxin detection, or with the optical
reading of the yellow color developed by liberation of para-
nitroaniline, the reaction developed by known concentration
of standard LPS (0.5 EU/mL) was compared with that devel-
oped by LPS in the presence of andrographolide. Addition of
andrographolide does not affect in any way the detection of
standard endotoxin, as shown in Figure 1.
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% @ An 100 pg/mL
% 04}
G
f=
2 03¢t
©
2
g o2t
o
(&}
0.1
An An+LPS

Figure 1. No endotoxin contamination in preparation of andrographolide
(An). The An batch used for the experimental procedures was assessed
at different concentrations (10—-100 pg/mL) for endotoxin contamination
(left part of the figure). As control of possible interference of An with
the endotoxin-induced reaction, an dilutions were added to a fixed
concentration of LPS (0.5 EU/mL) and tested in the LAL assay (right
part of the figure). The lower detection limit of the assay is 0.1 EU/mL.
Endotoxin was not detected in An alone, and An did not inhibit detection of
0.5 EU/mL of standard LPS.



Effects of andrographolide on murine macrophages viability

The in vitro toxicity of andrographolide and/or LPS or IL-4 on
mouse peritoneal macrophages was assessed by MTT assay.
At the concentration of 2.5-10 pg/mL, andrographolide did
not affect the viability of macrophages, but at the concentra-
tion of 40 pg/mL, cell viability was inhibited by 50% versus
the control (Figure 2). Therefore, the concentration of 10
pg/mL was used for in vitro studies on macrophages.

B An (0 pg/mL)

O An (2.5 pg/mL)
O An (10 pg/mL)
@ An (40 pg/mL)

1201

100

80

60

40

Cell viability (% untreated control)

20

An An+LPS An+IL-4

Figure 2. Effects of andrographolide (An) on macrophage viability.
Mouse peritoneal macrophages (2x10* cells/well, 96-well plate) were
incubated for 24 h with different concentrations of An (0-40 ug/mL)
alone or together with LPS or IL-4 (both at 100 ng/mL). Cell viability
was determined using the MTT method, as described. Values are the
mean+SD of eight replicate wells from one experiment, representative of
three performed. °P<0.01 vs no treatment control.

Effects of andrographolide on cytokine expression in naive
murine macrophages

The effect of andrographolide on naive murine macrophage
activation was evaluated by measuring expression of M1/M2
cytokine with quantitative real-time RT-PCR and ELISA assay
(for IL-12 and IL-10). TNF-a, IL-12, IL-1B, IL-18, and IL-6
mRNA were measured as M1-related inflammatory cytokines,
while IL-10, IL-1Ra, and IL-18BP were assessed as M2 activa-
tion cytokines. Treated with andrographolide for 24 h, the
mRNA level of both M1 and M2 cytokines in macrophages
was decreased as compared to untreated cells: TNF-a, 25% of
control; IL-12, 5%; IL-1pB, 33%; IL-10, 35%; IL-1Ra, 25% (Table
2). The results of M1/ M2 cytokine genes transcription were
confirmed by IL-12 and IL-10 cytokine productions detected
by ELISA, as shown in Figure 3.

Effects of andrographolide on cytokine expression in LPS/IL-4
activated murine macrophages

Murine macrophages were activated by LPS or IL-4 for M1 or
M2 polarization. In LPS-activated macrophages, transcription
of the cytokine genes detected as above was increased after 4 h
of stimulation, while induced cytokine expression was par-
tially restored upon longer stimulation time (24 h). In contrast,
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Figure 3. Effects of andrographolide (An) on IL-:12 and IL-10 productions.
Mouse peritoneal macrophages were incubated with An (10 pug/mL)
alone or together with LPS, IL-4, or IL.-13 (100 ng/mL) for 48 h. IL-12 (A)
and IL-10 (B) concentration in the supernatant were detected by ELISA,
and the ratio of IL-12/1L-10 was calculated (C). Values are the mean+SD
of three replicate wells from one experiment, representative of three
performed. °P<0.05 vs no treatment control; °P<0.05 vs LPS treatment
control; "P<0.05 vs IL-4 treatment control; *P<0.05 vs IL-13 treatment
control.

the expression of the M1 cytokine (TNF-a) was decreased and
that of the M2 cytokine (IL-10) was increased in IL-4-activated
macrophages (Table 2).

The effect of andrographolide on LPS/IL-4 activated murine
macrophages was evaluated by measuring expression of acti-
vation relevant cytokines. When andrographolide was added
along with LPS or IL-4, it down-regulated expression of both
M1 and M2 cytokines in activated macrophages, shown in
Table 2.

It is important to note that the most important parameters
for discriminating between M1 and M2 polarization are the
relative levels of IL-12 vs IL-10 expression. M1 macrophages
typically express high level of IL-12 and low level of IL-10,
and M2 cells vice versa. Thus, the IL-12/1L-10 ratio has been
calculated for untreated macrophages (0.488 at 4 and 0.789 at
24 h), for cells treated with LPS (31.0 at 4 h and 9.02 at 24 h,
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Table 2. The effects of andrographolide (An) on cytokine mRNA expression level in naive and activated macrophages.

Stimulation Cytokines Mean (range) values of cytokine mRNA expression ratio (cultured vs fresh cells)
time detected Medium An LPS LPS+An -4 IL-4+An
4h M1 TNF-o 1.02 0.245)| 1121 35.9)° 0.461| 0.169]°
(0.92-1.1) (0.22-0.27) (106-118) (30-43) (0.44-0.48) (0.15-0.19)
IL-12 0.398 0.321 14501 197/° 0.266 0.265
(0.35-0.45) (0.21-0.49) (1310-1590) (142-273) (0.22-0.33) (0.19-0.36)
IL-1B 0.293 0.277 7891 115|° 0.318 0.128°
(0.26-0.32) (0.22-0.35) (750-829) (76.8-173) (0.28-0.36) (0.10-0.16)
118 0.985 0.769 5.981 2.50|° 0.75 0.65
(0.87-1.1) (0.68-0.87) (5.6-6.4) (2.0-3.1) (0.65-0.84) (0.57-0.72)
IL-6 0.418 0.300 20971 413)° 0.9581 0.488|°
(0.37-0.47) (0.24-0.37) (1880-2330) (307-556) (0.85-1.1) (0.36-0.58)
M2 IL-10 0.815 0.572 46.71 18.3)° 4.551 2.00)°
(0.67-0.99) (0.43-0.74) (43-51) (13-26) (4.1-5.1) (1.7-2.3)
IL-1Ra 1.13 0.867 9.151 4.50)° 0.828 0.712
(1.0-1.2) (0.73-1.02) (8.6-9.9) (3.8-4.9) (0.80-0.85) (0.57-0.89)
IL-18BP 1.25 1.67 7.001 8.79 1.57 1.94
(1.1-1.4) (1.5-1.9) (6.7-7.3) (6.2-13) (1.4-1.8) (1.6-2.2)
Ratio IL-12/1L-10 0.488 0.561 31.0 10.8 0.059 0.135
IL-1B/IL-1Ra 0.257 0.322 86.2 25.6 0.386 0.366
1L-18/1L-18BP 0.792 0.461 0.854 0.284 0.478 0.335
24 h M1 TNF-o 0.847 0.211)| 2921 4.34 0.734 0.183|"
(0.74-0.94) (0.20-0.22) (2.3-3.8) (3.8-4.9) (0.67-0.80) (0.17-0.20)
112 0.557 0.029| 7.851 1.83)° 0.807 0.087)"
(0.36-0.84) (0.01-0.08) (5.7-11) (1.7-2.0) (0.67-1.0) (0.08-0.10)
IL-1B 0.06 0.019| 5.311 0.526)° 0.10 0.020}°
(0.05-0.08) (0.018-0.020) (3.7-7.6) (0.47-0.59) (0.09-0.1) (0.016-0.025)
I-18 1.09 0.573 0.630 0.492 0.804 0.734
(0.93-1.3) (0.50-0.66) (0.47-0.85) (0.46-0.53) (0.73-0.89) (0.69-0.79)
IL-6 0.144 0.31 2,771 1.03)° 1.551 0.621]°
(0.12-0.18) (0.28-0.34) (2.1-3.6) (0.92-1.1) (1.4-1.7) (0.58-0.66)
M2 IL-10 0.708 0.248| 0.870 0.385)° 2.531 0.804)°
(0.62-0.81) (0.19-0.31) (0.67-1.1) (0.38-0.41) (2.4-2.6) (0.68-0.94)
IL-1Ra 1.62 0.396] 2.81 0.865|° 1.77 0.226)°
(1.4-1.9) (0.39-0.42) (2.2-3.6) (0.81-0.92) (1.6-1.9) (0.19-0.26)
IL-18BP 2.23 1.89 19.21 10.6 5.161 4.16
(1.9-2.6) (1.8-2.0) (15-25) (9.7-12) (5.0-5.3) (3.8-4.6)
Ratio IL-12/1L-10 0.789 0.120 9.02 4.69 0.320 0.113
IL-1B/1L-1Ra 0.037 0.050 1.89 0.608 0.056 0.087
1L-18/1L-18BP 0.489 0.302 0.033 0.046 0.155 0.175

Data are shown in the table as 2—AACtmean [27(AACHSD)1 27(AAC[75D)]1 AACt:(CtGene_CtGAPDH)treatmem_(CtGene_CtGAPDH)control-
Data in bold are those with >2-fold difference. fup-regulation (>2-fold increase vs medium control), Jdown-regulation (>2-fold decrease vs medium

control),

12 down-regulation (>2-fold decrease vs LPS-treated control), |” down-regulation (>2-fold decrease vs IL-4-treated control).

indicating strong M1 polarization), and for IL-4-treated cells
(0.059 and 0.320 at 4 and 24 h ie distinctly M2). Treatment
with andrographolide could polarize M2 direction in the con-
trol cells after 24 h of exposure (IL-12/IL-10 ratio from 0.789 to
0.120), strongly decrease M1 polarization of LPS-treated cells
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(from 31.0 to 10.8) at 4 h, and further increase M2 phenotype in
IL-4 treated cells (from 0.320 to 0.113) (Table 2). The results of
M1/M2 cytokine genes transcription were confirmed by IL-12
and IL-10 cytokine productions detected by ELISA, as shown

in Figure 3.



Effects of andrographolide on surface antigen expression in
murine macrophages
To evaluate the effect of andrographolide on the antigen
uptake and presenting capacity of macrophages, modulation
of mannose receptor (CD206), MHC class I/II and co-stimu-
lating molecules (CD40, CD80, CD86) was assessed by flow
cytometry in naive macrophages or cells activated with LPS or
IL-4 in the presence or in the absence of andrographolide.
When murine macrophages were treated by androgra-
pholide alone, the expression of MHC-I (EI 24.9) was down-
regulated comparing with basal antigen expression in naive
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macrophages (MHC-1: 47.5; MHC-II: 0.157; CD40: 9.86; CD80:
9.90; CD86: 3.57; CD206: 4.25). Activation with LPS increased
the expression of MHC-I (189), CD40 (60.3), CD80 (18.3) and
CD86 (10.8). However, activation with IL-4 increased the
expression of CD40 (17.4) and CD206 (19.7), as shown in
Figure 4.

When andrographolide was added along with LPS, it down-
regulated the LPS-induced increase of MHC-I (from 189 to
103), CD40 (from 60.3 to 27.1), CD80 (from 18.3 to 6.94) and
CD86 (from 10.8 to 4.23). Andrographolide treatment along
with IL-4 down-regulated IL-4-induced expression of CD40

200 200 200
MHC | 1 i I j 4
104 10°  10* 10?2 10° 10*
MHC Il
CD40
10°  10* 10?2 10® 10*
200 200
CD80
0
10°  10* 10?2 10° 10*
200 200
CD86
Figure 4. Effect of andrographolide
(An) on macrophage surface antigen
10° 10° 10 10?2 10° 10*  expression. Macrophages (4x10° cells/
00 well, 6-well plate) were incubated for 24 h
, Medium i Medium with An (10 ug/mL) alone or together
3 LPS -4 with LPS or IL-4 (both at 100 ng/mL).
0206 £ LPS+An ‘ 0 IL-4+An Expression of surface antigens was tested
by flow cytometric analysis, as described.
Data were analysed by CellQuest™
0 software. Data from one experiment

10°  10* 102 10° 10*

10° 10 10?2 10° 10*  representative of three performed.
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(from 17.4 to 14.2) and CD206 (from 19.7 to 11.6), as shown in
Figure 4.

Effects of andrographolide on specific antibody response

To determine whether andrographolide can regulate the adap-
tive immune response in vivo, its effect on specific antibody
response was tested in mice vaccinated with HBsAg. Mice
were primed intramuscularly with HBsAg (1 pg/mouse), and
andrographolide was administered intraperitoneally for 7 con-
secutive days starting from the day of priming. After 4 weeks
the mice were boosted with the same dose of HBsAg. Mice
immunized with HBsAg plus alum was used as control. Anti-
HBsAg antibody titers were determined at 2 and 4 weeks after
priming, and 2 weeks after boosting (ie, 6 weeks after priming).
Treatment of andrographolide resulted in decreased anti-HBs
titers at all time tested (Figure 5A). At 2 weeks after boosting,
splenocytes were isolated from immunized mice, stimulated in
vitro with HBsAg (0.5 pg/mL), and IL-4-producing cells were
measured by ELISPOT. The number of IL-4-producing cells
in the spleen of HBsAg-immunized mice (23/10° spleen cells)

A 18
16

—e— HBsAg
—0— An+HBsAg
—— Al(OH);+HBsAg

14
12

10 |

Serum titer of HBsAb (log2)

Time (Week)

40
35+
30
25
20 +
15
10

HH

106 spleen cells

IL-4 producing cells/
HH T

HBsAg An+HBsAg  Al(OH)s+HBsAg

Figure 5. Andrographolide (An) inhibits serum anti-HBsAg antibody titers
and reduces the numer of IL-4-producing cells. Mice were immunized
with HBsAg as described. The first group received HBsAg alone (two
administrations of 1 yg/mouse 4 weeks apart). The second group
received HBsAg and repeated administrations of An (1 mgkg’d™®, 7 d).
The last group received HBsAg plus Al(OH); adjuvant (50 pg/mouse). (A)
Serum anti-HBsAg antibodies were measured by ELISA after 2, 4, and 6
weeks from the first antigen inoculum. Antibody titers are presented as
the reciprocal of the highest dilution showing a positive reaction. (B) At 6
weeks (2 weeks after the second antigen inoculum) mice were sacrificed,
spleen cells isolated and challenged in culture with HBsAg (0.5 pg/
mL). The number of IL-4-producing cells/10° spleen cells was measured
by mouse IL-4 ELISPOT. Data are presented as the meantSD of values
from 6 mice/group in one experiment, representative of three performed.
°P<0.05 vs the control group of HBsAg.
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was decreased by 40% in mice immunized with HBsAg plus
andrographolide, while in mice immunized with HBsAg plus
alum IL-4-producing cells increased about 2 fold (Figure 5B).

Effects of andrographolide on ERK 1/2 and AKT phosphorylation
As MAPK and PI3K signaling pathway are involved in the
macrophage activation, the effects of andrographolide on
phosphorylation level of ERK 1/2 (MAPK pathway) and AKT
(PI3K pathway) were analyzed by Western blot assay in naive
macrophages or cells activated with LPS or IL-4/IL-13 in the
presence or in the absence of andrographolide. Activation
by LPS or IL-4/IL-13 increased ERK 1/2 and AKT phospho-
rylation. Treatment with andrographolide for 2 h exerted an
apparent inhibitory effect on phosphorylation of ERK 1/2 and
AKT in both M1 and M2 activated macrophages. However,
this modulatory effect of andrographolide was reversed or
restored after 12 h treatment (Figure 6, 7).

Discussion

Macrophages have remarkable heterogeneity and plastic-
ity that allows them to efficiently respond to exogenous
and endogenous signals by changing their functional
phenotype!™ ™. In this study, thioglycollate-elicited mouse
peritoneal macrophage (F4/80" population) have been used
to investigate the immunomodulatory activities of androgra-
pholide on the innate immune response in vitro. Our results
indicated that andrographolide showed potent immunoregu-
latory properties in murine macrophages. Andrographolide
reduced expression of inflammatory cytokines (TNF-a, IL-12,
IL-13, IL-18, and IL-6) in LPS activated macrophages, which
is consistent with a previous report that andrographolide
decreased TNF-a and IL-12 mRNA expression and cytokine
production in murine peritoneal macrophages, although they
did not detect IL-1B, TL-18, and IL-6%".

The response of macrophages to the microenvironment
changes is of key importance in the ability of the organism to
cope with dangers (eg an infection). For example, at the acute
stage of an infection, macrophages respond to microbial exog-
enous signals such as LPS (a structural component of Gram-
negative bacteria) and produce pro-inflammatory cytokines
(classical inflammatory activation). This reaction is important
for the efficient control of growth and dissemination of invad-
ing pathogens. At later times, other signals such as the endog-
enous anti-inflammatory cytokine IL-4/IL-13 can re-direct
macrophage activation into an alternative regulatory pathway
(alternative M2 activation) that promotes the resolution of
inflammation by reducing inflammatory cytokine production
and inducing synthesis of anti-inflammatory and tissue repair-
ing factors™ *. We observed the phenomenon in this study
that LPS induced a rapid and significant increase of cytok-
ines gene transcription at the early time (4 h), which returns
toward background at 24 h. On the other hand IL-4 did not
up-regulate inflammatory cytokine expression but was able to
induce expression of regulatory molecules IL-10 and IL-18BP
also at the late time, and this tendency was also observed in
IL-13 treated macrophages (Supplementary Table 1).
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Figure 6. Andrographolide (An) modulates the PI3K signalling pathway
activation. Macrophages were incubated with An (10 pyg/mL) alone or
together with LPS, IL-4 or IL-13 for 2 h/ 12 h. (A) AKT phosphorylation
and total ERK 1/2 expression were detected by Western Blot. B-actin was
used as a protein loading control. (B, C) The densitometric analysis of
band intensity in (A) is analyzed by Quantity One software (Bio-Rad).

It has been described that a phenotypic switch in the mac-
rophage population occurs over time in some cases and is
associated with immune mediated pathology". On one hand,
over-production of inflammatory cytokines can lead to chronic
inflammation and a variety of autoimmune diseases, includ-
ing inflammatory bowel disease, rheumatoid arthritis, asthma
and even atherosclerosis. On the other hand, over-production
of anti-inflammatory cytokines can lead to persistent infec-
tion and tumor tolerance®™ *". Regulation of macrophage
activation by immunomodulatory drugs at specific stage of
different diseases can be of important therapeutic benefit. In
the present study, LPS or IL-4 activated mouse peritoneal
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Figure 7. Andrographolide (An) modulates the MAPK signalling pathway
activation. Macrophages were incubated with An (10 yg/mL) alone or
together with LPS, IL-4 or IL-13 for 2 h/ 12 h. (A) ERK 1/2 phosphorylation
and total AKT expression were detected by Western Blot. B-actin was used
as a protein loading control. (B, C) The densitometric analysis of band
intensity in (A) is analyzed by Quantity One software (Bio-Rad).

macrophages were treated with andrographolide, to assess
the effect of the agent in regulating macrophage activation.
It showed that andrographolide significantly down regu-
lated the expression of both M1- and M2-related cytokines
in macrophages activated with either LPS or IL-4. As both
inflammatory and anti-inflammatory cytokine genes are trig-
gered by LPS and IL-4 (as prototypes of type 1 and type 2
inflammation), the relative activation of inflammatory vs anti-
inflammatory genes is a better estimate of M1 vs M2 polariza-
tion as compared to assessement of single genes. The ratio of
M1:M2 cells may be more important than the absolute number
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of cells”". M1 macrophage cells usually have the phenotype
showing IL-12 high, IL-10 low, IL-23 high, and M2 cells vice
versa™. The ratio between IL-12 and IL-10 production is
indicative of classical vs alternative activation. We found that
treatment of andrographolide for 4 h significantly decreased
the LPS-induced M1 polarization (IL-12/IL-10 ratio from 31.0
to 10.8) and slightly reversed the IL-4-induced M2 polariza-
tion (from 0.059 to 0.135). After 24 h of treatment androgra-
pholide showed anti-inflammatory effect on LPS-stimulated
cells (IL-12/IL-10 ratio from 9.02 to 4.69), but tended toward
the M2-like phenotype of IL-4-activated cells (from 0.320 to
0.113). The inhibitory activity of andrographolide on IL-23
was also observed in LPS-induced macrophages (Supplemen-
tary Table 2). Correspondingly, IL-12 production and the ratio
of IL-12/1L-10 were reduced by andrographolide after 48 h
of treatment. Thus andrographolide acted as a modulator in
macrophage activation depending on the initial microenviron-
ment.

Cytokine environment and cell-cell interaction are impor-
tant factors in the adaptive immune response. As professional
antigen-presenting cells, macrophages not only respond to
Th1 and Th2 cytokines and alter their functional phenotypes,
but also secrete different amounts of M1 and M2 cytokines and
express antigen uptake and presenting related surface mark-
ers (such as mannose receptor, MHC and costimulatory mol-
ecules) to present antigen protein and activate T/B cells" **,
The effects of andrographolide were thus investigated on the
antigen-uptake and presenting capacity related suface markers
of macrophages in vitro and specific antibody response in vivo.
Andrographolide inhibited LPS-induced expression of class I
MHC and costimulatory molecules (CD40, CD80, and CD86),
and inhibited IL-4 induced expression of mannose recep-
tor. Similar effects have been observed in dendritic cells, in
which andrographolide inhibited LPS-induced up-regulation
of the maturation markers CD40 and CD86”. Administration
of andrographolide to mice immunized with HBsAg (vac-
cine quality) significantly down-regulated anti-HBs produc-
tion. The capacity of andrographolide to reduce macrophage
expression of pattern recognition receptor (mannose receptor,
CD206) and MHC/ costimulatory molecules indicated that
andrographolide may inhibit the antigen uptake and presen-
tation and result in reduced specific antibody production.
HBsAg induces Th2 biased response and increases specific IL-
4-producing splenocytes after immunization of mice"”. Treat-
ment with andrographolide decreased the number of HBsAg
specific IL-4-producing cells in parallel to the decrease of anti-
HBs production.

MAPK and PI3K signaling pathway have been reported
to be involved in macrophage activation™ !, the effects of
andrographolide on the signaling pathway activation were
analyzed by detecting phosphorylation level of ERK 1/2
(MAPK pathway) and AKT (PI3K pathway). Androgra-
pholide exerted an apparent inhibitory effect on phosphoryla-
tion of ERK 1/2 and AKT at the early time (2 h) and reversed
or restored them after 12 h, suggesting that ERK 1/2 and
AKT pathways may contribute to the regulatory activity of
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andrographolide on macrophage activation. The inhibitory
effect of andrographolide on PI3K and MAPK pathway may
indicate that the mechanism of andrographolide modulating
macrophage polarization is not the direct activation of naive
macrophages but an inhibitory effect on already activated
macrophages.

The results indicate that andrographolide is able to modu-
late the innate immune response by regulating both classical
and alternative activation of macrophages, and regulate spe-
cific antibody production as well as antigen-specific IL-4 pro-
ducing splenocytes. Our study provides more evidences for
using andrographolide as an immunomodulatory drug in the
therapy for immune disorders.
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Downregulation of Dickkopf-1 is responsible for high
proliferation of breast cancer cells via losing control
of Wnt/B-catenin signaling

Xiao-lei ZHOUY, Xiao-ran QIN?, Xiao-dong ZHANG? *, Li-hong YE* *

Departments of *Biochemistry and 2Cancer Research, Key Laboratory of Molecular Microbiology and Technology of Ministry of Educa-
tion, Institute for Molecular Biology, College of Life Sciences, Nankai University, Tianjin 300071, China

Aim: To investigate the role of DKK-1/Wnt/B-catenin signaling in high proliferation of LM-MCF-7 breast cancer cells, a sub-clone of
MCEF-7 cell line.

Methods: Two cell lines (MCF-7 and LM-MCF-7) with different proliferation abilities were used. LM-MCF-7 cells were transiently trans-
fected with the pcDNA3-DKK-1 plasmid encoding the DKK-1 gene (or MCF-7 cells were transfected siRNA targeting DKK-1 mRNA).
Flow cytometry analysis and 5-bromo-2"-deoxyuridine (BrdU) incorporation assay were applied to detect the cell proliferation. The
expression levels of B-catenin, phosphorylated B-catenin, c-Myc, cyclin D1 and Survivin were examined by Western blot analysis. The
regulation of Survivin was investigated by Luciferase reporter gene assay.

Results: Western blot and RT-PCR analysis showed that the expression level of DKK-1 was downregulated in LM-MCF-7 relative to
MCEF-7 cells. Flow cytometry and BrdU incorporation assay showed DKK-1 could suppress growth of breast cancer cells. Overex-
pression of DKK-1 was able to accelerate phosphorylation-dependent degradation of B-catenin and downregulate the expression of
B-catenin, c-Myc, cyclin D1 and Survivin. Luciferase reporter gene assay demonstrated that Survivin could be regulated by B-catenin/
TCF4 pathway.

Conclusion: We conclude that the downregulation of DKK-1 is responsible for the high proliferation ability of LM-MCF-7 breast cancer
cells via losing control of Wnt/B-catenin signaling pathway, in which c-Myc, cyclinD1 and Survivin serve as essential downstream effec-

tors. Our finding provides a new insight into the mechanism of breast cancer cell proliferation.

Keywords: Dickkopf-1; Wnt/B-catenin; breast cancer; cell proliferation; MCF-7 cell line; survivin

Acta Pharmacologica Sinica (2010) 31: 202-210; doi: 10.1038/aps.2009.200

Introduction

Breast cancer is a very common tumor worldwide, and its
metastasis is a major cause of death. Our laboratory previ-
ously established a metastatic subclone from the MCF-7 breast
cancer cell line, called LM-MCEF-7, derived from a lung metas-
tasis of a severe combined immunodeficient (SCID) mouse!.
Both in vivo and in vitro experiments, our results showed that
LM-MCEF-7 had high malignant phenotype in cell prolifera-
tion. Results of gene chips assay, containing 21,329 kinds of
human genes, demonstrated that 67 kinds of genes were mark-
edly different between LM-MCF-7 cells and MCF-7 cells?,
suggesting that the two cell lines were remarkably different in
molecular events associated with malignance. Therefore, the
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two cell lines, having the similar genetic background, are ideal
parallel cell lines to investigate the mechanism of proliferation
%4 However, the endogenous signal
pathways which are responsible for the high proliferation abil-
ity of LM-MCE-7 cells remain unclear.

The aggressive nature of malignant cancer cells is deter-
mined by complex signaling pathways that regulate key func-
tions including cell proliferation, survival, migration, and

of breast cancer cells

invasion. The enhanced and independent cell proliferation is
an essential step in tumor metastasis””. Recent studies show
that the signal transduction pathways, such as NOTCH3-me-
diated signaling, ErbB-mediated cascade, serum and glucocor-
ticoid-inducible kinase (SGK)-mediated signaling, G protein-
coupled receptor GPR40-mediated signaling and ERK/MAPK
signaling, are involved in the regulation of breast cancer cell
proliferation’®®. It has been reported that Wnt signaling plays
an important role in regulation of cell proliferation in several

cancers, such as prostate cancer, lung cancer, myeloma and
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colon cancer?*?.

Dickkopf-1 (DKK-1) was first identified as a secreted
inhibitor of the canonical Wnt signaling pathway. DKK-1
mediates its inhibitory effects on Wnt signaling by bind-
ing to the Kremen receptor. Frizzled, the receptor for Wnt,
and Kremen both use LRP5/6 as a co-receptor. As a result
DKK-1 can sequester LRP5/6 away from Frizzled, thereby
inhibiting Wnt signaling™*"®l.
ies have indicated that the members of the DKK gene family

An increasing number of stud-

are involved in a variety of carcinomas, such as colon cancer,
colorectal cancer and melanoma™ !, DKK-1 mediated inhibi-
tion of TCF/Lef transcription can inhibit ovarian carcinoma
cell proliferation”. Our previous study showed that DKK-1
secreted by mesenchymal stem cells could inhibit the growth
of tumor cells via depressing Wnt signaling™. However, the
role of DKK-1 in the growth of LM-MCEF-7 breast cancer cells
remains unclear.

In the present study, we investigated the mechanism of
growth of LM-MCF-7 breast cancer cells involving Wnt/
-catenin signal pathway. Our finding shows that DKK-1 is
downregulated in LM-MCEF-7 cells relative to MCF-7 cells,
which is responsible for the high proliferation ability of LM-
MCEF-7 breast cancer cells via losing control of Wnt/p-catenin
signaling pathway.

Materials and methods

Cell culture

MCEF-7 and LM-MCF-7 cells were cultured in RPMI 1640
medium (Gibco, USA) supplemented with 10% fetal calf
serum, 2 mmol/L L-glutamine, and 100 U/mL penicillin/
streptomycin in humidified 5% CO, at 37 °C.

Cell growth curve analysis

MCF-7cells and LM-MCEF-7 cells in exponential growth phase
were counted and seeded into flasks (1x10° cells/flask, 21
flasks per cell line). Medium was changed every 3 days as
usual. Three flasks of cells were harvested daily by trypsinisa-
tion and counted using a hemocytometer. Draw the growth
curve by using the average number. Tumor cell doubling
time: TD=TIg2/1g(N/N) (TD: doubling time; T: time interval,
N,: initial cell number, N: end-point cell number)®,

RNA isolation and RT-PCR

Extraction of total RNA of the cells and reverse transcrip-
tion were carried out according to a previously pub-
lished protocol®. The specific primers for DKK-1 were:
5-TAGCACCTTGGATGGGTATT-3' (forward) and 5'-
ATCCTGAGGCACAGTCTGAT-3' (reverse). The amplifica-
tion was done for 25 cycles (94 °C 30 s, 56 °C 30 s, 72 °C 30
s). cDNA synthesis was normalized by PCR with GAPDH
primers; 5'-CCAAGGTCATCCATGACAAC-3' (forward), 5'-
AGAGGCAGGGATGATGTTCT-3' (reverse).

Plasmids and Transfections
pcDNA3-DKK-1 plasmid encoding DKK-1 was a gift from

Dr Vincent ] HEARING?. Plasmids pGL3-sur contain-

ing Survivin promoter gene and pcDNA-Tcf46 containing a
dominant-negative Tcf-4 gene lacking the portion responsible
for the protein binding to DNA were constructed previ-
ously in our labP®. Short interfering RNA (siRNA) duplex
composed of sense and antisense strands were synthesized
(Guangzhou RiboBio Co, Ltd, China). RNA oligonucleotides
used for targeting DKK-1 were 5'-AAUGGUCUGGUAC-
UUAUUCCAGAC-3' (sense) and 3'-dCAGUUACCAGACCAU-
GAAUAAGG-5' (antisense). Control siRNA oligonucleotides
were 5-AAUGGUCAUGGUCUUAUUCCAGAC-3' (sense) and
3'-dCdGUUACCAGUACCAGAAUAAGG-5' (antisense)™!.
One day before transfection, cells were collected, and seeded
into 6-well plates at 1x10° cells per well (n=3, each group).
LM-MCE-7 cells were transfected with 2 pg plasmids such as
pcDNA3 empty vector, pcDNA3-DKK-1 encoding DKK-1,
or pcDNA-Tcf48 respectively (MCF-7 cells were transfected
with 20 nmol/L DKK-1 siRNA or control siRNA), using Lipo-
fectAMINE 2000 (Invitrogen, Carlsbad, CA, USA) according
to the manufacturer’s instruction. The transfection mixture
was removed after 6 h. Transfection efficiency in the cells was
monitored in separated wells which paralleled with experi-
mental group by co-transfection of 0.2 ng pEGFP-C2 plasmid,
which expresses green fluorescence protein (GFP).

Flow cytometry analysis

After 48 h of transfection, adherent cells were washed with
cold PBS and fixed in 70% ethanol at 4 °C. Cells were pel-
leted and treated with RNase A (50 pg/mL, Takara, Otsu,
Japan) and stained with propidium iodide (50 pg/mL, Sigma-
Aldrich, St Louis, MO, USA). The cell cycle was determined
by a FACSCalibur™ Flow Cytometer (Becton Dickinson, Bed-
ford, Mass). The proliferation indexes (PIs) were calculated by
using the formula®":

PI=(G,/M+S)+(G,/ G +5+G,/ M) *100%

BrdU incorporation assay
5-Bromo-2'-deoxyuridine (BrdU) incorporation assay was

71 In brief, cells were

performed described as previously!
seeded in 6-well culture plate and were grown overnight prior
to transfection. After 48 h transfection, all groups (n=3 in
every group) were incubated with fresh medium containing
10 pmol/L BrdU (Sigma-Aldrich, St Louis, MO, USA) for 4 h
prior to immunofluorescence staining with mouse anti-BrdU
antibody. The cells were fixed for 15 min with 4% paraformal-
dehyde in phosphate buffered saline (PBS). After 1 h incuba-
tion with PBS containing 2 mol/L HCl to denature DNA, cover
slips were washed 3 times with 0.5% bovine serum albumin
(BSA) and 0.5% Tween 20 in PBS, and incubated overnight (4
°C) with a mouse anti-BrdU antibody (NeoMarkers, Fremont,
CA, USA) at 1:300 dilution. Reactions were developed using
fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse
IgG (Dako, Glostrup, Denmark) at 1:100 dilution for BrdU
staining. The BrdU labeling index was assessed by point
counting through a Nikon TE200 inverted microscope (Nikon,
Tokyo, Japan) using a 40xobjective lens. A total of 700-800
nuclei were counted in 6-8 representative fields. The label-
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ing index was expressed as the number of positively-labeled
nuclei/total number of nuclei. Propidium iodine (Sigma-
Aldrich, St Louis, MO, USA) staining for nuclei in 50 pg/mL
was used as the control to all cells in each group.

Western blot analysis

After 48 h of transfection, cells were washed three times with
ice-cold PBS and extracted directly in the lysis buffer (20
mmol/L Tris-HCI pH 8.0, 150 mmol/L NaCl, 10 mmol/L
EDTA pH 8.0, 1% TritonX-100, 1% DOC, 1 mmol/L DTT, and
protein inhibitor cocktails) for 30 min at room temperature.
Then, the cell lysates were clarified by centrifugation at 13000
r/min for 20 min and the supernatants were collected for
protein determination by the Bradford assay. Equal amounts
of protein were separated using 10%-15% SDS-PAGE. Sepa-
rated proteins were transferred onto polyvinylidene difluo-
ride (PVDF) membranes. The membranes were blocked in
PBS/0.1% Tween 20 containing 5% dry milk and probed with
primary antibodies: rabbit anti-human DKK-1 polyclonal
antibody (1:400 dilution; Sigma-Aldrich, St Louis, MO, USA),
mouse anti-c-Myc antibody (1:500 dilution, Sigma-Aldrich),
rabbit anti-B-catenin antibody (1:4000 dilution, Sigma-
Aldrich), mouse anti-phospho-f3-catenin antibody (1:1000 dilu-
tion, Sigma-Aldrich), mouse anti-cyclin D1 antibody (1:1000
dilution, Cell Signaling Technology, Danvers, MA, USA),
mouse anti-survivin antibody (1:1000 dilution, Santa Cruz Bio-
tech, Delaware Avenue, Santa Cruz, CA, USA). Protein bands
were visualized by using the enhanced chemiluminescence
(ECL, Amersham phamacia biotech, Tokyo, Japan) system.
For loading control, membranes were stripped and reprobed
with mouse anti-human p-actin monoclonal antibody (1:20000
dilution, Sigma-Aldrich). All experiments were repeated 3
times. We further confirmed the results by applying Glyco
Band-Scan software (PROZYME®, San Leandro, Calif, USA).

Luciferase reporter gene assay

The cells, such as MCF-7 and LM-MCF-7 were placed into
24-well plate respectively. The plasmids of 0.8 pg pGL3-sur
(containing survivin promoter), 0.5 pg pcDNA3-Tcf48 (or 0.5
pg pcDNA3-DKK-1) and 0.1 pg pRL-TK (containing renilla
luciferase gene) were co-transfected into the LM-MCEF-7 cells
in triplicate by using lipofectAMINE 2000 according to the
manufacture’s recommendation. In MCF-7 cells, plasmids
of 0.8 pg pGL3-sur, 20 nmol/L DKK-1 siRNA and 0.5 pg
pcDNA3-Tcf4d were co-transfected into the MCF-7 cells in
triplicate. After 48 h transfection, the dual luciferase reporter
gene assay was performed by Dual-Glo luciferase Assay kit
(Promega, WI, USA). The intensity of luminescence was
measured by a TD-20/20 luminometer (Turner Biosystems,
Sunnyvale, CA). Data were normalized by Renilla luciferase
luminescence intensity.

Statistical analysis

All data are presented as meantstandard error of the mean
and were analyzed by ANOVA or Student’s t test using Prism
4.0 (GraphPad Software, CA). A P value of <0.05 was con-
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sidered statistically significant. All statistical tests were two-
sided.

Results

DKK-1 is downregulated in LM-MCF-7 breast cancer cells
Malignant breast cancer cells require an independent prolif-
eration signal pathway to adapt foreign microenvironment
for survival. Recent studies show that DKK-1 is involved in
h!"71, Our labo-
ratory previously established a metastatic subclone from the
MCEF-7 breast cancer cell line, called LM-MCEF-7, derived from
a lung metastasis of a severe combined immunodeficient
(SCID) mouse. Our previous results showed that LM-MCE-7
had high malignant phenotype in cell proliferation!). In this
study, we showed that the population doubling time in vitro

regulation of a variety of tumor cells growt

was estimated as 34.3 h and 40.0 h in the exponential phase
of LM-MCEF-7 cells and MCF-7 cells, respectively (Figure 1A).
To identify the role of DKK-1 in LM-MCE-7 breast cancer cell
proliferation, we investigated the expression of DKK-1 at the
levels of mRNA and protein in MCF-7 and LM-MCEF-7 cells.
RT-PCR and Western blot analysis showed that the expression
of DKK-1 at the levels of mRNA and protein was downregu-
lated in LM-MCEF-7 cells relative to MCF-7 cells (Figures 1B
and 1C), suggesting that DKK-1 may be involved in the high
proliferation of LM-MCEF-7 breast cancer cells.

DKK-1 suppresses the growth of LM-MCF-7 breast cancer cells

Accordingly, we examined the role of DKK-1 in proliferation
of breast cancer cells by transfection. Transfection efficiency
revealed that approximately 70%-80% of cells showed green
fluorescence (Figure 2A). BrdU incorporation analysis showed
that the downregulation of expression of DKK-1 by RNA
interference led to the percentage of BrdU-positive MCF-7
cells increased significantly (P<0.05, vs control, Student’s ¢ test,
Figure 2B). However, the percentage of BrdU-positive LM-
MCF-7cells reduced significantly when overexpressing DKK-1
in LM-MCEF-7 cells by transfecting with pcDNA3-DKK-1
plasmids (P<0.05, vs control, Student’s t test, Figure 2B). Flow
cytometry analysis showed that the downregulation of DKK-1
by RNA interference led to the increase of cell proliferation
index (PI) of MCF-7 cells from 30.87% to 41.44% (P<0.05,
vs control, Student’s t test). However, the PI of LM-MCEF-7
declined from 50.61% to 32.99% after overexpressing DKK-1
by transfecting pcDNA3-DKK-1 plasmids (P<0.05, vs control,
Student’s t test, Figure 2C). Thus, our finding suggests that
the DKK-1 is involved in proliferation of breast cancer cells.

B-catenin, c-Myc, cyclin D1, and Survivin serve as downstream
effectors of DKK-1

Our previous results showed that -catenin, c-Myc, cyclin D1,
and Survivin were upregulated in LM-MCEF-7 cells by cDNA
microarray””. Therefore, we further examined the protein
expression levels of them in the cells. Western blot analysis
showed that -catenin, c-Myc, cyclin D1, and Survivin were
highly expressed in LM-MCEF-7 cells relative to MCF-7cells,
while the phosphorylation level of $-catenin was decreased
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Figure 1. DKK-1 is downregulated in LM-MCF-7 breast cancer cells. (A) Cell growth curve of MCF-7 cells and LM-MCF-7 cells was measured,
respectively (°P<0.05, Student’s t test). (B) RT-PCR showed the mRNA expression level of DKK-1 in MCF-7 and LM-MCF-7 cells. Histogram shows the
results by applying Glyco Band-Scan software (°P<0.05, Student’s t test). (C) Western blot analysis showed the expression level of DKK-1 in MCF-7 and
LM-MCF-7 cells. Histogram shows the results by applying Glyco Band-Scan software ("P<0.05, Student’s t test).

in LM-MCEF-7 cells (Figure 3A, 3B), suggesting that -catenin,
c-Myc, cyclin D1, and Survivin may serve as downstream
effectors of DKK-1 in the cells. Then, we found that the
downregulation of DKK-1 in MCF-7 cells by RNA interfer-
ence could lead to the upregulation of B-catenin, c-Myec, cyclin
D1, and Survivin, and decrease of phosphorylated p-catenin
(Figure 3C, 3D). Contrarily, the overexpression of DKK-1 in
LM-MCE-7 cells by transfection with pcDNA3-DKK-1 plasmid
could result in the opposite results in MCF-7 cells (Figure 3E,
3F). Therefore, we conclude that p-catenin, c-Myc, cyclin D1,
and Survivin were downstream effectors of DKK-1 in breast
cancer cells.

Survivin is a downstream target gene of B-catenin

To examine whether Survivin is a downstream target gene
of B-catenin, we examined the promoter activity of Survivin
by luciferase reporter gene assay when co-transfecting with
pcDNA-Tcf48 plasmids. Tcf4d, containing a dominant-neg-
ative Tcf-4 gene lacking the portion that responsible for the
Tcf-4 protein binding to DNA, can block p-catenin/Tcf4 signal
P4 Luciferase reporter gene assay showed that the
Survivin promoter luciferase activity was higher in LM-MCEF-7
cells than in MCF-7 cells (P<0.05, Student’s t test, Figure 4A).
Transfection of LM-MCEF-7 cells with pcDNA-DKK-1 plasmids
or pcDNA-Tcf46 plasmids could downregulate the Survivin
promoter luciferase activity of LM-MCE-7 cells (P<0.05, Stu-
dent’s t test, vs Control, Figure 4A). Meanwhile, downregula-

pathway

tion of DKK-1 by RNA interference could enhance Survivin
promoter luciferase activity in MCF-7 cells. It failed to change
Survivin promoter luciferase activity when DKK-1 RNAi
and overexpression of Tcf48 were performed simultaneously
in MCEF-7 cells (Figure 4B). Moreover, Western blot assay
showed that transfection with pcDNA-Tcf4d plasmids in LM-
MCEF-7 cells could efficiently downregulated the expression of
Survivin (Figure 4C, 4D), suggesting that Survivin is a down-

stream target gene of [-catenin.

To further confirm the effect of Wnt/[-catenin on the pro-
liferation of LM-MCEF-7 breast cancer cells, we transfected
LM-MCE-7 cells with pcDNA-Tcf46 plasmid for blocking
-catenin/Tcf4 signal pathway. Flow cytometry analysis
showed that the overexpression of Tcf46 could potently inhibit
the proliferation of LM-MCEFE-7 cells, whose proliferation index
(PI) of LM-MCE-7 cells declined from 54.57% to 30.54% (Fig-
ure 4E, P<0.05, vs control, Student’s f test), suggesting that the
inhibition of Wnt/ 3-catenin mediated by DKK-1 is responsible
for the high proliferation of breast cancer cells.

Discussion

Breast cancer is the most common malignant disease in
women. Our laboratory previously established a metastatic
subclone from the MCF-7 breast cancer cell line"!. We have
reported that a positive feedback cascade of Gi/o proteins-
PLC-PKC- pERK1/2 mediated by cyclooxygenase (COX) and
lipoxygenase (LOX) contributes to the high proliferation of
LM-MCE-7 breast cancer cells!*. Additionally, a cross-talk
between myosin light chain kinase (MLCK) and phosphory-
lated ERK1/2 also leads to the high proliferation of LM-MCEF-7
breast cancer cells’’. In the present study, we investigated the
mechanism of high proliferation of LM-MCEF-7 cells involving
Wnt/B-catenin signaling. The malignant cancer cell growth
needs independent signaling pathways which were gener-
ated due to the expression levels of certain effectors changes.
According to our previous gene chips assay™, we sup-
posed that an endogenous signaling pathway, such as Wnt/
-catenin, may be responsible for the high proliferation of
LM-MCE-7 breast cancer cells. We first examined the expres-
sion level of DKK-1 in MCF-7/LM-MCE-7 breast cancer cells.
Our data demonstrated that the expression level of DKK-1
was downregulated in LM-MCE-7 cells relative to MCF-7 cells
(Figure 1), suggesting that DKK-1 may be involved in the pro-
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Figure 2. DKK-1 suppresses the growth of LM-MCF-7 breast cancer cells. (A) In transfection efficiency, co-transfection was performed in cells, such as
pcDNA3-DKK-1 plasmid and pEGFP-C2 plasmid in LM-MCF-7 cells, and DKK-1 siRNA and pEGFP-C2 plasmid in MCF-7 cells. x100. (B) Measurement
of cell proliferation by BrdU incorporation assay. Positive Pl staining is in red in the nucleus, showing the numbers of cells as the control. Green
fluorescence shows the number of BrdU-positive cells. x100. Histogram shows the positive rates of BrdU-positive cells (°P<0.05, vs control Student’s t
test). (C) Examination of cell cycle by flow cytometry analysis in MCF-7 cells and LM-MCF-7 cells.

liferation of LM-MCEF-7 cells. Then, we identified the function
of DKK-1 in the growth of LM-MCF-7 cells. Flow cytometry

suppression of tumor growth of human prostate and lung
cancers®™ *!. Previous study also shows ectopic expression

analysis and BrdU incorporation assay showed that elevating
expression of DKK-1 could suppress proliferation of breast
cancer cells (Figure 2). Our results are consistent with that
the expression of DKK family of proteins (DKK-1, -2, and-3)
is reduced in most of melanoma cell lines and most of tumor
samples®. The overexpression of DKK-1 could result in the

Acta Pharmacologica Sinica

of a dominant negative p53 gene in the p53 wild type MCEF-7
breast cancer cell line results in a dramatic decrease in levels of
DKK-1 mRNA expression®™. All the data suggest that DKK-1
is a very important factor in tumor cell proliferation.

Next, we try to identify the downstream effectors of
DKK-1 in promotion of proliferation of breast cancer cells.
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Figure 3. B-Catenin, c-Myc, cyclin D1 and Survivin serve as downstream effectors of DKK-1. (A) Western blot analysis showed the expression level of
B-catenin, phosphorylated B-catenin, c-Myc, cyclin D1, and Survivin in MCF-7 and LM-MCF-7 cells. The data are representative of three independent
experiments. (B) Histogram shows the results by applying Glyco Band-Scan software (°P<0.05, Student’s t test). (C) Western blot analysis showed the
expression level of the proteins when DKK-1 was downregulated by RNA interference in MCF-7 cells. (D) Histogram shows the results by applying Glyco
Band-Scan software (°P<0.05, vs control siRNA, Student’s t test). (E) Western blot analysis showed the expression level of the proteins when DKK-1
was upregulated by transfection of LM-MCF-7 cells with pcDNA3-DKK-1 plasmid. (F) Histogram shows the results by applying Glyco Band-Scan software
(°P<0.05, vs pcDNA3, Student’s t test). The data are representative of three independent experiments.

A hallmark of canonical Wnt pathway activation which can
enhance proliferation ability of several tumor cell lines shows
an increase in P-catenin-dependent transcription, primarily
9103132 Thys

we assessed the effects of DKK-1 on the phosphorylation of

as a result of B-catenin protein stabilization

-catenin which led to -catenin degradation. Western blot
analysis demonstrated that the expression of DKK-1 could
result in declined expression of B-catenin and increased phos-
phorylation of B-catenin protein (Figure 3), suggesting that
the overexpression of DKK-1 in breast cancer cells results in
phosphorylation-dependant degradation of B-catenin. This
result is consistent with previous study that DKK-1 expression
resulted in increased phosphorylation and accelerated half-
B3 Next, we

examined the expression of B-catenin-dependent transcription
[12, 34]

life of B-catenin protein in T47D carcinoma cells
effectors"~ ", such as c-Myc and cyclin D1. c-Myc is a nuclear
phosphoprotein that functions as a transcription factor stimu-
lating cell-cycle progression. It responds directly to mitogenic
signals and plays a critical role in cell-cycle progression, espe-
cially during transition from G; to the S phase[35]. cyclin D1

has a rate-limiting role in G;-S phase transition. Both trans-
genic mouse models and clinical studies indicate a pivotal role
for cyclin D1 in normal and malignant cell growth, particularly
in breast cancer™!. In our experiments, Western blot analysis
showed that DKK-1 was able to downregulate the expression
of c-Myc and cyclin D1 (Figure 3), suggesting that c-Myc and
cyclin D1 are downstream effectors of DKK-1.

We previously showed that Survivin mRNA was upregu-
lated in LM-MCE-7 cells relative to MCF-7 cells by cDNA
microarray™. Then, we confirmed that at protein level by
Western blot analysis (Figure 3A, 3B). Next, we found that
DKK-1 could negatively regulate the expression of Survivin
(Figure 3D-3F). Luciferase reporter gene assay and Western
blot analysis showed that Survivin was a p-catenin/Tcf4 path-
way-dependent transcription gene via transfecting breast can-
cer cells pcDNA-Tcf4d plasmids which contains a dominant-
negative Tcf-4 gene lacking the portion that responsible for
the protein binding to DNA (Figure 4). Our results are con-
sistent with previous reports that blockade of Wnt signaling
decreased the Survivin protein expression level in melanoma

Acta Pharmacologica Sinica
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Figure 4. Survivin is a downstream target gene of B-catenin. Effect of DKK-1 (or Tcf48) on Survivin promoter was examined by luciferase reporter gene
assay. Presented results are relative luciferase activities. (A) Activity of the Survivin promoter could be decreased by the overexpression of DKK-1 (or
Tcf4d) in LM-MCF-7 cells (°P<0.05 vs pcDNA3, Student’s t test). (B) Activity of the Survivin promoter could be increased by DKK-1 RNA interference
in MCF-7 cells (°P<0.05 vs control siRNA, Student’s t test). However, the overexpression of Tcf4d could abolish the increase (°P<0.05 vs DKK-1
siRNA+pcDNA3, Student’s t test). (C) Western blot analysis showed the expression of Survivin could be inhibited by overexpressing Tcf46 in LM-MCF-7
cells. (D) Histogram shows the results by applying Glyco Band-Scan software (°P<0.05 vs pcDNA3, Student’s t test). The data are representative of

three independent experiments.
examined by flow cytometry analysis.

cell lines and colon cancer cells® 3,

totic protein which is overexpressed in most human cancers
Therefore, we conclude that DKK-1 can also regulate breast
cancer cell proliferation by suppressing Survivin expression
via B-catenin.

Our finding provided evidence of correlation between
expression levels of DKK-1 and changes of Wnt/p-catenin
signal pathway targets (Figure 3 and 4). Moreover, the Wnt
signal pathway targets, such as cyclin D1, c-Myc, and Sur-

Survivin is an anti-apop-
[39]
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(E) Cell cycle of LM-MCF-7 cells and LM-MCF-7 cells transfected with pcDNA-Tcf40 (or pcDNA3 empty vector) was

vivin, were all verified as -catenin/Tcf4 pathway-dependent
transcription genes (Figure 4A-4D)!"> 3. The flow cytometry
analysis showed that the blockage of p-catenin/Tcf4 pathway
by transfection with pcDNA-Tcf46 plasmids could potently
inhibit the proliferation of LM-MCEF-7 cells (Figure 4E). There-
fore, we conclude that the downregulation of DKK-1 is respon-
sible for the high proliferation of breast cancer LM-MCF-7 cells
via losing control of Wnt/p-catenin signaling. In addition, it
has been reported that DKK-1 is able to inhibit tumor growth



through noncanonical CamKII pathway in human breast
carcinoma cells”™. DKK-1 mediated activation of the JNK sig-
naling pathway was responsible for inhibition of cell growth
in B-catenin-deficient human mesothelioma cells*”. Thus,
it suggests that DKK-1 plays an important role in tumor cell
malignance through not only Wnt/B-catenin signal pathway
but also other signal pathways.

Taken together, our data demonstrate that the downregula-
tion of DKK-1 is responsible for the high proliferation ability of
LM-MCE-7 breast cancer cells via losing control of f-catenin/
Tcf transcription cascade, in which c-Myc, cyclinD1, and Sur-
vivin serve as essential downstream effectors of p-catenin.
Here, our finding provides a new insight into the mechanism
of high proliferation of LM-MCEF-7 breast cancer cell. Overex-
pression of DKK-1 may be used in the gene therapy to inhibit
the development of breast cancer cells.
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The epoxyeicosatrienoic acid-stimulated phos-
phorylation of EGF-R involves the activation of
metalloproteinases and the release of HB-EGF

in cancer cells
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Aim: To test the hypothesis that the epoxyeicosatrienoic acid (EET)-induced transactivation of EGF-R depends on the activation of metal-
loproteinases and the subsequent release of HB-EGF in cancer cells.

Methods: Exogenous 14,15-EET were added to four human-derived cancer cell lines Tca-8113, A549, HepG2, and MDA-MB-231, or
these same cell lines were transfected with a mutant CYP epoxygenase (CYP102 F87V, an active 14,15-epoxygenase). The effects of
elevated EET levels on the phosphorylation of tyrosine residues in the EGF receptor and on ERK1/2 activation were then assessed.
Results: Both the addition of 14,15-EET and the transfection of cells with CYP102 F87V markedly increased the phosphorylation of the
tyrosine residues of EGF-R and ERK1/2, an effect that was blocked by a selective EGF-R tyrosine kinase inhibitor (tyrphostin AG1478),
a broad-spectrum metalloproteinase inhibitor (1,10-phenanthroline), and an inhibitor of HB-EGF release (CRM197) in Tca-8113 cells.

In addition, AG1478, 1,10-phenanthroline, and CRM197 also inhibited the tyrosine phosphorylation of EGF-R and ERK1/2 that was
induced by 14,15-EET in the A549, HepG2, and MDA-MB-231 cell lines.
Conclusion: These results suggest that the EET-induced transactivation of EGF-R depends on activation of metalloproteinases and the

subsequent release of HB-EGF in cancer cell lines.

Keywords: arachidonic acid; cytochrome P450 epoxygenase; epoxyeicosatrienoic acids; tumor cell proliferation; EGF-R; ERK1/2;

AG1478; phenanthroline; CRM197; metalloproteinase
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Introduction

Arachidonic acid is a polyunsaturated fatty acid that is a com-
ponent of membrane phospholipids and is acutely released
in response to exposure to a number of agonists, including
growth factors, cytokines, and hormones, in various cell types.
Upon release, it is metabolized via the cyclooxygenase, lipoxy-
genase, or cytochrome P450 (CYP) monooxygenase pathways,
which yield prostaglandins, leukotrienes, and epoxyeicosa-
trienoic acids (EETs), respectively™ ?. When arachidonic acid
is metabolized by CYP epoxygenases, it results in the genera-
tion of four regioisomeric EETs (5,6-, 8,9-, 11,12-, and 14,15-
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EET)®*. We and others have demonstrated that CYP-derived
EETs induce changes that have protective effects in endothe-
lial cells, including the upregulation of endothelial nitric oxide
synthase (eNOS) expression and activity, the enhancement of
angiogenesis, an increase in fibrinolytic activity via the pro-
duction of tissue plasminogen activator (tPA), and the inhibi-
tion of TNF-a-induced apoptosis. Additionally, CYP-derived
EETs possess anti-inflammatory properties’™ . Recently, EETs
have been implicated in a variety of physiologic processes that
are relevant to cancer pathogenesis, including the regulation
of intracellular signaling pathways, gene expression, tumor
cellular proliferation, and metastasis via the activation of the
MAPK and PI3 kinase/ Akt pathways as well as via the phos-
phorylation of EGF-R* 7.

In renal proximal tubular epithelial cells, it was found that
stable CYP102 F87V expression induced 14,15-EET produc-
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tion and enhanced cellular proliferation®”. Further studies in
these cells demonstrated that 14,15-EET induced the activa-
tion of matrix metalloproteinases (MMPs), which in turn led
to the release of heparin-binding epidermal growth factor-like
growth factor (HB-EGF), a potent mitogenic EGF-R ligand"”.
In human cancer cells, however, it remains unknown whether
the EGF-R phosphorylation and the malignant prolifera-
tion induced by CYP epoxygenase-derived EETs involve the
activation of MMPs and/or HB-EGF release. A better under-
standing of the mitogenic signaling events that are initiated by
CYP epoxygenase-EET signaling may lead to the development
of new anti-cancer therapeutic strategies. Therefore, we inves-
tigated the effects that exogenous 14,15-EET and CYP epoxy-
genase overexpression had on MMP activation and EGF-R
phosphorylation in the human cancer cell lines.

Materials and Methods

Materials

Tca-8113 (a human tongue squamous carcinoma cell line),
Ab549 (a human lung cancer cell line), HepG2 (a human liver
cancer cell line), MDA-MB-231 (a human breast cancer cell
line) were obtained from the American Type Culture Collec-
tion (Manassas, VA). Chemicals and reagents were obtained
as follows: Cell culture medium were purchased from
Hyclone (Logan, UT); antibodies against epidermal growth
factor receptor (EGF-R) and phospho-EGF-R from Cell Sig-
naling Technology (Beverly, MA); anti-extracellular signal-
regulated kinase (ERK) and anti-phospho-ERK antibodies
from New England Biolabs, Inc (Beverly, MA); antibodies
against -actin from Neomarkers (Fremont, CA); horseradish
peroxidase-conjugated secondary antibodies (goat anti-rabbit
immunoglobulin G and rabbit anti-mouse immunoglobulin G)
from KPL (Gaithersburg, MD); enhanced chemiluminescence
reagents from Pierce, Inc (Rockford, IL); 14,15-EET from Cay-
man Chemical Co (Ann Arbor, MI); AG1478 (EGF-R-selective
tyrosine kinase inhibitor) from Calbiochem (San Diego, CA);
and EGF, 1,10-phenanthroline (a non-specific MMP inhibitor)
and CRM197 (an inhibitor of HB-EGF release) from Sigma
Chemical Co (St Louis, MO). All other reagents were pur-
chased from standard commercial suppliers.

Adeno-associated virus (AAV)-mediated CYP epoxygenase over-
expression

The recombinant adeno-associated virus (rAAV) vector
pXXUF1, packaging plasmid pXX2, adenovirus helper plas-
mid pXX6, and an rAAV plasmid containing the GFP cDNA
(GFP-pUF1) were generous gifts from Dr Xiao XIAO (Uni-
versity of Pittsburgh, Pittsburgh, PA). CYP102 F87V is a
mutant P450 that is derived from Bacillus megaterium (P450gys)
in which phenylalanine 87 is replaced with valine, convert-
ing it to a highly regio- and stereoselective epoxygenase that
biosynthesizes 14(S),15(R)-EET from arachidonic acid. The
coding region of the CYP102 F87V mutant was subcloned into
pXXUF1 downstream from the cytomegalovirus promoter to
produce the construct CYP102 F87V-pUF1. The rAAVs were
produced and purified as previously described™** and their
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titers were determined by dot blot hybridization. The eluted
rAAV was then aliquoted and stored at -80 °C. The resultant
rAAVs were designated rAAV-CYP102 F87V and rAAV-GFP.
Next, Tca-8113 cells were infected with rAAV-CYP102 F87V or
rAAV-GFP (about 50 virions/cell) and cultured for one week
to allow them to obtain specifying expression. These cells
were used for further experiments as detailed below.

Cell culture and cell proliferation assays

Tca-8113 cells were cultured at 37 °C in DMEM containing
10% (v/v) bovine serum, 100 mg/mL streptomycin, and 100
IU/mL penicillin in a humidified atmosphere containing 5%
CO,. The cells were seeded onto 96-well plates (about 1x10*/
well) in DMEM containing 10% bovine serum in a final vol-
ume of 0.2 mL. Six parallel wells were set up for control and
treated group. Once the cells reached 60% confluence, the
medium was changed to serum-free DMEM and the cells
were incubated at 37 °C for 12 h to allow for synchronization.
Next, 14,15-EET (250 nmol/L) and AG1478 (100 nmol/L) were
added to the medium with ethanol used as the vehicle control.
After 24 h, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) (20 pL/well of 5 mg/mL in PBS) was
added to the culture medium and the cells were incubated
at 37 °C for 4 more hours, at which point the reaction was
stopped by the addition of 100 pL. DMSO. The reaction prod-
uct was then quantified by measuring the absorbance at 490
nm using an ELISA reader (EIx800, China).

Immunoblot analysis

Tca-8113, A549, HepG2, and MDA-MB-231 cells were treated
with 14,15-EET (250 nmol/L) or EGF (20 ng/mL) with and
without various inhibitors, including AG1478 (100 nmol/L),
CRM197 (10 pg/mL), and 1,10-phenanthroline (100 pmol/L).
The rAAV-infected cells were treated with the inhibitors
AG1478 (100 nmol /L), CRM197 (10 pg/mL), and 1,10-phenan-
throline (100 pmol/L). Cells were then harvested for Western
blot analysis to allow the detection of signaling molecules.
Cells were placed on ice, washed twice with ice-cold PBS, and
then lysed in RIPA lysis buffer containing 50 mmol/L Tris (pH
8.0), 150 mmol/L NaCl, 0.1% sodium dodecyl sulfate (SDS),
1% Nonidet P-40 (NP-40), 0.5% sodium deoxycholate, 0.02%
sodium azide (NaNj), 1 pg/mL aprotonin, and 1 mmol/L
phenylmethylsulfonyl fluoride. Solubilized lysates were cen-
trifuged at 10000xg for 15 min. Total protein concentrations
were determined by the Bradford assay. After the superna-
tants were heated to 95 °C for 10 min, they were electrophore-
sed on SDS-PAGE (8%-12%) gradient gels and transferred to
PVDF membranes. Blots were incubated overnight at 4 °C
with primary antibodies and washed 4 times with TBST before
they were probed with horseradish peroxidase-conjugated
secondary antibodies for 2 h at room temperature. Blots were
then visualized with enhanced chemiluminescence reagent
and the optical densities of the bands were semi-quantified
by the Gene Genius Bio Imaging System (SynGene, USA). In
some cases, blots were stripped and reprobed with other anti-
bodies.



Statistical analysis

Data were expressed as the mean+SEM for at least three sepa-
rate experiments. Statistical evaluation was performed using
Student’s t-test or ANOVA, as was appropriate for the situa-
tion. P-values less than 0.05 were considered to be statistically
significant.

Results

14,15-EET induces the phosphorylation of EGF-R and ERK1/2
When cells were incubated with 14,15-EET, there was a dose-
dependent increase in the phosphorylation of EGF-R and
ERK1/2 observed (Figure 1A and 1B), a finding that had been
previously demonstrated by our group!®. We treated cells
with the EGF-R-selective tyrosine kinase inhibitor tyrphostin
AG1478 to examine its effect on the EET-induced phosphoryla-
tion of EGF-R and ERK1/2. Our results showed that AG1478
attenuated the EET-induced phosphorylation of EGF-R and
ERK1/2 (Figure 1C). As expected, AG1478 also attenuated the
EGF-induced phosphorylation of EGF-R and ERK1/2 (Figure
1D). These results demonstrate that 14,15-EET enhances the
phosphorylation and activation of ERK1/2 in Tca-8113 cells by
inducing the transactivation of EGF-R.

14,15-EET promotes cancer cell proliferation via EGF-R activation
We next examined whether 14,15-EET-stimulated proliferation
of Tca-8113 cells occurred via the transactivation of EGF-R.
The MTT assays showed that 14,15-EET (250 nmol/L) sig-
nificantly increased Tca-8113 cell proliferation as compared
to the vehicle control (26% increase, P<0.05). AG1478 com-
pletely abolished the proliferative effect induced by 14,15-EET
(P<0.05, Figure 2). These results suggest that 14,15-EET pro-
motes the proliferation of Tca-8113 cells through transactiva-
tion of EGF-R.

Effects of 1,10-phenanthroline and diphtheria toxin/CRM197 on
14,15-EET-induced EGF-R activation

To evaluate whether the activation of EGF-R in Tca-8113 cells
resulted from the release of HB-EGF due to proteolytic pro-
cessing by MMPs, we investigated the effects that 1,10-phenan-
throline (a non-specific MMP inhibitor) and diphtheria toxin/
CRM197 (an inhibitor of HB-EGF release) had on EGF-R and
ERK1/2 phosphorylation. The MMP inhibitor 1,10-phenan-
throline is a heterocyclic organic compound that forms strong
complexes with most metal ions and thus acts as a non-specific
metalloproteinases inhibitor™ ™. The transmembrane precur-
sor of HB-EGF (pro-HB-EGF) also serves as the unique high-
affinity receptor for diphtheria toxin. CRM197, a nontoxic
and catalytically inactive (Glu-52) mutant of diphtheria toxin
that binds to the extracellular domain of HB-EGF and spe-
cifically inhibits the mitogenic activity of HB-EGF'> ", Our
results showed that when Tca-8113 cells were treated with
1,10-phenanthroline (100 pmol/L), 14,15-EET-induced EGF-R
and ERK1/2 phosphorylation were completely blocked, but
that EGF-induced EGF-R and ERK1/2 phosphorylation was
not inhibited (Figure 3A and 3B). Furthermore, pretreatment
of Tca-8113 cells with CRM197 (10 pg/mL) led to a significant
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Figure 1. 14,15-EET increases the tyrosine phosphorylation of EGF-R
and ERK1/2 in a dose-dependent manner. Serum-deprived Tca-8113
cells were treated with vehicle (ethanol) or different concentrations
of 14,15-EET (50, 100, 250, 500 nmol/L, 1, and 5 ymol/L) for 30
min. (A) Phosphorylation of EGF-R was detected using a site-specific
tyrosine antibody to EGF-R; B-actin was used as a loading control. (B)
Phosphorylated ERK1/2 and total ERK1/2 were analyzed by Western
blots. (C) and (D) Effect of tyrphostin AG1478 on EGF-R and ERK1/2
phosphorylation. Serum-deprived Tca-8113 cells were pretreated with or
without 100 nmol/L AG1478 for 60 min. They were then stimulated for
30 min with 250 nmol/L 14,15-EET or 20 ng/mL EGF. Phosphorylated
EGF-R, total EGF-R, phosphorylated ERK1/2, and total ERK1/2 were
detected using appropriate antibodies. (C) Representative Western blots
of three separate experiments with similar results. (D) Quantification of
three separate experiments by densitometry. °P<0.05 vs vehicle control
group; °P<0.05 vs no signaling pathway inhibitor group.

inhibition of the phosphorylation of EGF-R and ERK1/2 by
14,15-EET. However, CRM197 pretreatment had no effect on
the EGF-induced phosphorylation of these molecules (Figure
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Figure 2. The proliferative effect of 14,15-EET in Tca-8113 cells is
abrogated by AG1478. Treatment with 14,15-EET (250 nmol/L) stimulated
Tca-8113 cell proliferation. Cell proliferation was 26% higher in the
treatment group than in the vehicle control group (°P<0.05). Pretreatment
with AG1478 completely abolished the proliferative effect induced by
14,15-EET (°P<0.05).

3C and 3D). These results are consistent with those obtained
with tyrphostin AG1478 and show that the activation of MMPs
and subsequent release of HB-EGF are important steps in the
phosphorylation of EGF-R and ERK1/2 that is induced by
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To further investigate the possible mechanism by which
14,15-EET transactivates EGFR, we examined the effects of
AG1478, 1,10-phenanthroline, and CRM197 on 14,15-EET-
induced EGF-R activation in three other tumor cell lines: A549,
HepG2, and MDA-MB-231. As expected, we observed a simi-
lar profile to the one we noted in the experiments described
above: 14,15-EET increased the levels of phosphorylated EGFR
and ERK1/2 in these tumor cells and the 14,15-EET induced-
phosphorylation of EGF-R and ERK1/2 was dramatically
attenuated by AG1478, 1,10-phenanthroline, and CRM197
(Figure 4). There was no synergistic effect observed when
1,10-phenanthroline and CRM197 were added in combination.
These data further indicate that the release of HB-EGF and
activation of MMPs both exert regulatory effects on the phos-
phorylation of EGF-R and ERK1/2 that is induced by 14,15-
EET in tumor cells.

Effects of 14,15-epoxygenase CYP102 F87V on the transactiva-
tion of EGF-R

We and others have demonstrated that CYP102 F87V is a
14,15-epoxygenase that efficiently metabolizes arachidonic
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Figure 3. Effects of 1,10-phenanthroline and CRM197 on the 14,15-EET-induced tyrosine phosphorylation of EGF-R and ERK1/2 in Tca-8113 cells.
Serum-deprived Tca-8113 cells were incubated with or without 100 pmol/L of 1,10-phenanthroline or 10 pg/mL of CRM197 for 60 min. They were then
stimulated for 30 min with 250 nmol/L 14,15-EET or 20 ng/mL EGF. Phosphorylated EGF-R, total EGF-R, phosphorylated ERK1/2, and total ERK1/2
were detected with the corresponding antibodies. (A) Results of incubation with 1,10-phenanthroline. The results shown are representative of three
separate experiments with similar results. (B) Densitometric quantification of three separate experiments examining the effects of incubation with
1,10-phenanthroline. (C) Results of incubation with CRM197. The results shown are representative of three separate experiments with similar results.
(D) Densitometric quantification of three separate experiments examining the effects of incubation with CRM197. °P<0.05 vs vehicle control group;

°P<0.05 vs no signaling pathway inhibitor group.
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acid to 14,15-EET". In this study, we infected Tca-8113 cells
with rAAV-CYP102 F87V to determine if CYP epoxygenase
overexpression could transactivate EGF-R by activation of the
HB-EGF-shedding mechanism. The efficiency of gene transfer
was evaluated one week after infection. To assess EET levels,
we determined the concentration of its stable metabolites.
Western blot analysis revealed robust CYP102 F87V expres-
sion in Tca-8113 cells infected with rAAV-CYP102 F87V (Fig-
ure 5A). Moreover, we examined the activity of CYP102 F87V
in rAAV-CYP102 F87V infected cells. Given the instability of
14,15-EET, the levels of 14,15-DHET(the stable metabolites of

(C) Results from the MDA-MB-231 cell line. °P<0.05 vs vehicle group;
¢P<0.05 vs 14,15-EET group.

14,15-EET) were assessed using an ELISA assay. The results
showed that there was a dramatic increase in 14,15-DHET
levels in rAAV-CYP102 F87V infected cells as compared to
untreated cells (332+117 pg/250 pg protein vs 122+4 pg/250
pg protein, P<0.05) (Figure 5B). rAAV-CYP102 F87V infec-
tion significantly promoted phosphorylation of EGF-R and
ERK1/2, a finding that we had observed previously!. Impor-
tantly, the induction of phosphorylation conferred by CYP102
F87V overexpression was abolished by the addition of AG1478
2 h before cell harvesting (Figure 6). Furthermore, EGF-R and
ERK1/2 phosphorylation were also blocked when CYP102
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Figure 5. Expression of CYP102 in tumor cells after rAAV-CYP102 F87V
gene transfer. (A) CYP102 F87V expression in rAAV-CYP102 F87V-infected
cells. (B) CYP102 F87V activity (14,15-DHET production) in rAAV-CYP102
F87V-infected cells. Data are presented as mean+SEM. °P<0.05 vs
control; °P<0.05 vs rAAV-GFP.

F87V-infected Tca-8113 cells were treated with 1,10-phenan-
throline or CRM197 (Figure 6).

Discussion

Multiple studies have shown EETs to be potent mitogens
that activate EGF-R and ERKs in various cell types™ ‘.. Previ-
ous studies by our group have also demonstrated that EETs
increased the expression levels and activity of MMPs in vari-

71" However, the role of EETs in

ous human cancer cell lines
the activation of EGF-R in human cancer cells remains unclear.
In the present study, we found that the addition of 14,15-EET
or the overexpression of a selective 14,15-EET epoxygenase
can induce the activation of EGF-R and ERK1/2 in multiple
human-derived cancer cell lines: Tca-8113, A549, HepG2, and
MDA-MB-23. These signaling events were abolished by the
addition of the tyrosine kinase inhibitor of EGF-R, AG1478.
Interestingly, the addition of 1,10-phenanthroline (a non-spe-
cific MMP inhibitor) or diphtheria toxin/ CRM197 (an inhibitor
of HB-EGF release) also blocked the EET-induced activation
of EGF-R and ERK1/2. As expected, neither the inhibition of
MMP activity nor the inhibition of HB-EGF cleavage blocked
the EGF-induced EGF-R phosphorylation or its downstream
activation of ERK1/2 in the cancer cell lines tested. Together,
these results demonstrate that MMP activation with sub-
sequent HB-EGF cleavage and release is essential for EET-
induced EGF-R activation in human cancer cells.

HB-EGF is synthesized as a type I transmembrane pro-
tein in a manner that is similar to the way in which other
members of the epidermal growth factor (EGF) family are
synthesized. Pro-HB-EGF can be enzymatically shed within
the juxtamembrane region, leading to the release of a soluble
14-22 kDa growth factor!. The ectodomain shedding of pro-
HB-EGF is induced by various stimuli, including phorbol
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ester 12-O-tetradecanoylphorbol-13-acetate (TPA)™ ' and

calcium ionophore!™

[17]

as well as various growth factors and
cytokines G-protein coupled receptor (GPCR) agonists
also stimulate pro-HB-EGF shedding, which in turn mediates
EGF-R transactivation via GPCR signaling® '\

teinases have been shown to be responsible for the proteolytic

Metallopro-

cleavage of pro-HB-EGF because the ectodomain shedding of
pro-HB-EGF is efficiently inhibited by various metalloprotei-
nase inhibitors. Protein kinase C (PKC) and mitogen-activated
protein kinase (MAPK) may be required for the activation
of appropriate metalloproteinases as they are known to be
involved in the intracellular signaling pathway that leads to
pro-HB-EGF shedding™ '\,

In human colon carcinoma cells, IL-8 promotes cell pro-
liferation and migration via the metalloproteinase-induced
cleavage of pro-HB-EGF™. Additionally, it has been shown
that lysophosphatidic acid (LPA)-induced ectodomain shed-
ding of pro-HB-EGEF is critical for tumor formation in ovarian
cancer™, and that the deoxycholic taurine (DCT)-induced
transactivation of EGF-R is mediated by the MMP-7-catalyzed
release of the EGF-R ligand HB-EGF in H508 human colon
cancer cells®. In this study, we demonstrated that the addi-
tion of 14,15-EET as well as the overexpression of a 14,15-EET-
specific epoxygenase leads to EGF-R transactivation via MMP
activation and HB-EGF release in four cancer cell lines. How-
ever, the specific metalloproteinase responsible for the 14,15-
EET-induced cleavage of pro-HB-EGF has not yet been identi-
fied and thus requires further study.

The transactivation of EGF-R and the subsequent activa-
tion of downstream ERKs by the metalloproteinase-mediated
release of soluble HB-EGF plays an important role in EET-
stimulated mitogenic signaling. The tyrosine kinase inhibitor
of EGF-R, AG1478, may have significant therapeutic value in
controlling the malignant growth of various cancers. How-
ever, as demonstrated in previous studies, EETs activate the
PI3K/ Akt signaling pathway in different cell lines and tis-
sues, which can also lead to mitogenic effects™ ®. The relative
importance that the PI3K/ Akt and EGF-R/ERK/MMP signal-
ing pathways have in mediating the mitogenic effects of the
products of CYP epoxygenase remains to be determined.

In summary, this study reveals that EGF-R transactivation is
a crucial event in the mitogenic signaling pathways initiated
by EETs in cancer cells. In addition, the EET-induced transac-
tivation of EGF-R is mediated by the activation of metallopro-
teinases that cleave pro-HB-EGF from the cell membrane and
release active HB-EGF, which subsequently binds to EGF-R
and activates downstream ERKs. Thus, CYP epoxygenase-
derived EETs may lead to the malignant proliferation of can-
cer cells as a result of EGF-R transactivation via an MMP-HB-
EGF signaling pathway. Further studies will be required to
identify the precise metalloproteinases that are activated by
EETs in cancer cells and to elucidate the relative importance
that EGF-R/ERK/MMP and other signaling pathways have in
mediating the mitogenic effects of the products of CYP epoxy-
genase.
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Bicyclol protects HepG2 cells against D-galacto-
samine-induced apoptosis through inducing heat
shock protein 27 and mitochondria associated pa-
thway

Xiu-qi BAO, Geng-tao LIU*

Department of Pharmacology, Institute of Materia Medica, Chinese Academy of Medical Sciences and Peking Union Medical College,
Beijing 100050, China

Aim: To study the inducing effect of bicyclol on heat shock protein 27 (HSP27) and its role on anti-apoptosis in HepG2 cells intoxicated
with D-galactosamine (D-GalN).

Methods: HepG2 cells were treated with various concentrations of bicyclol and then subjected to D-GalN intoxication. Apoptosis was
assayed by hoechst 33258 staining and flow cytometry analysis. HSP27, cytochrome ¢, apoptosis inducing factor (AIF) and c-Jun N-ter-
minal kinase (JNK) were assayed by Western blot. Heat shock factor 1 (HSF1) was determined by electrophoretic mobility shift assay
and the interactions of HSP27 with cytochrome ¢ and AIF were detected by co-immunoprecipitation.

Results: The results showed that bicyclol induced HSP27 protein and mRNA expression in HepG2 cells in both time- and dose-depen-
dent manners (the maximal response: 1.23 fold increase at 100 umol/L). Bicyclol treatment stimulated HSF1 activation and increased
the HSF1-HSE binding activity (the maximal response: 2.1 fold increase at 100 ymol/L). This inducing effect of bicyclol on HSP27 and
HSF1 was markedly blocked by quercetin. Pretreatment of the cells with bicyclol markedly attenuated D-GalN-induced apoptosis and
the release of cytochrome ¢ and AIF from mitochondria. The induced HSP27 by bicyclol suppressed the activity of caspase-3 and the
phosphorylation of JNK caused by D-GalN in HepG2 cells. All the above effect of bicyclol against D-GalN-induced hepatocytes apopto-
sis were significantly reversed by quercetin.

Conclusion: HSP27 is involved in the anti-hepatocytes apoptosis of bicyclol, and this effect of bicyclol-induced HSP27 is mainly through
inhibition of mitochondria and JNK apoptotic pathways.

Keywords: bicyclol; heat shock protein; mitochondria; c-Jun N-terminal kinase; apoptosis; HepG2 cells; cytochrome c¢; D-galactosamine
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Introduction

Bicyclol is a novel anti-hepatitis drug which has been wildly
used to treat chronic viral hepatitis in China since 2004. Its
chemical name is 4,4'-dimethoxy-5,6,5',6'-bis(methylene-
dioxy)-2-hydroxy-methyl-2'-methoxycarbonyl biphenyl. Phar-
macologically, bicyclol protects against chemical-induced liver
injury in mice and rats!"™*), inhibits hepatitis virus replication
in duck viral hepatitis and in a HepG2.2.15 cell line!* *! and
anti-liver fibrosis in rat carbon tetrachloride model®. Bicyclol
exerts most of its effects by multiple pathways such as elimi-
nating free radical, maintenance of mitochondrial glutathione
redox status, anti-inflammation and inhibiting fibrogenesis!”.

*To whom correspondence should be addressed.
E-mail liugt@imm.ac.cn
Received 2009-09-21 Accepted 2009-12-09

Heat shock proteins (HSPs) are a family of constitutive and
inducible expressed gene products that collectively function to
maintain cellular protein conformation during stressful condi-
tions. The synthesis of HSPs, which allows cells to adapt to
gradual changes in their environment and to survive in oth-
erwise lethal conditions, can be induced by a variety of mild
stressors including exposure to oxidants, heat, hypoxia, and
low pH, all of which can affect protein conformation®. Tt was
reported that overexpression of HSPs suppressed apoptosis of
hepatocytes in vitro and in vivo™ . In addition, induction of
small HSPs such as HSP27 has been shown to exert cytopro-
tective effects against various stresses in many tissues includ-
ing the liver!"l.

Hepatocytes apoptosis plays an important role in patho-
genesis of liver disease including viral hepatitis!'?. D-galac-
tosamine (D-GaIN) induces hepatocyte cell death in vivol" and
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in vitro™, which is a suitable experimental model based on its
capacity to reduce the intracellular pool of uridine monophos-
phate in hepatocytes, thus inhibiting the synthesis of RNA and
proteins. Our recent study demonstrated that bicyclol sig-
nificantly induced the hepatic heat shock protein 27 and 70 in
normal mice, and the protective action of bicyclol against acet-
aminophen hepatotoxicity™!
induced liver injury also attributed to its induction of hepatic

and concanavalin A (Con A)™!

HSPs. However, the molecular mechanism against hepatocyte
injury is still not thoroughly elucidated. In this study, HepG2
cells were used to explore the mechanisms of bicyclol-induced
HSP27 in the protection against D-GalN-induced apoptosis of
hepatocyte.

Materials and methods

Cell culture and treatment

Human hepatoma HepG2 cells were cultured in minimal
essential medium with Earle's salts supplemented with 10%
(v/v) heat-inactivated fetal bovine serum and incubated in a
humidified incubator with 5% CO,/95% air at 37 °C.

In the time-course study of the inducing effect of bicyclol on
HSP27, a dose of bicyclol 50 pmol/L was used. Three different
dosages of bicyclol 25 pmol/L, 50 pmol/L, and 100 pmol/L
were added to the cells for dose-effect relationship study, each
with 20 pmol/L of quercetin (Sigma,USA) simultaneously.
To investigate the protective effects of bicyclol and its active
mechanism on HepG2 cells challenged by D-GalN (Sigma,
USA), the cells were pre-treated with bicyclol 100 umol/L and
quercetin 20 pmol/L for 2 h, and the cells were then stimu-
lated with D-GalN 50 mmol/L, and harvested 8 h later.

Hoechst 33258 staining and flow cytometry analysis

HepG2 cells were grown in 24 microwell plates and treated
as described above. To observe cells undergoing apoptosis,
Hoechst 33258 staining was performed according to the kit
instruction (Beyotime Institute Biotechnology, China). The
cells were counted and examined by fluorescence microscopy
at 480 nm (Eclipse TE300, Nikon, Japan). At minimum, 500
cells were counted from more than 5 random microscopic
fields by two observers (Darzynkiewicz et al, 1992). For the
flow cytometry study, HepG2 cells were cultured in 25 cm?
culture flask and treated as described in materials and meth-
ods. Cells were washed in a balanced salt solution, resus-
pended in 70% ethanol and stored at -20 °C for analysis. One
hour before flow cytometry analysis, the fixed cells were
washed twice and incubated for 30 min at room temperature
in Hank’s balanced salt solution in order to allow the release
of apoptotic cells characterized with DNA of low molecular
weight. Cells were resuspended in PBS, and then incubated
in the presence of propidium iodide (PI) and DNase-free
RNase A for 20 min at room temperature. The samples were
analyzed using an EPICS Profile II flow cytometer (Coulter)
equipped with an argon laser working at 15 mW. EPICS Pro-
file Software (Coulter) was run for data acquisition and Mul-
tiCycle AV (Phoenix Flow System, San Diego, CA) for DNA
ploidy. A minimum of 10° cells within the gated region was
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analyzed "

Caspase-3 activity determination

Caspase-3 activity was determined according to the manufac-
turer's protocol (Sigma). In brief, HepG2 cell lysates were pre-
pared by lysis buffer (25 mmol/L HEPES, pH 7.4, 2.5 mmol/L
CHAPS, 2.5 mmol/L dithiothreitol). Caspase-3 activity was
determined by monitoring proteolysis of the colorimetric
substrates. Ac-DEVD-p-nitroaniline was used as colorimet-
ric p-nitroaniline linked substrate. The whole-cell lysate was
added to a buffer containing 200 pmol/L substrates. After
1.5 h of incubation, the cleavage of the peptide by the caspase
was quantified spectrophotometrically at 405 nm in a 96 well
plate. The unit of the optical density was converted to nmols
of p-nitroaniline using a standard curve generated with free
p-nitroaniline.

Reverse transcription-polymerase chain reaction (RT-PCR) assay
Total RNA was isolated from HepG2 cells using Trizol reagent
(Invitrogen CA, USA) following the manufacturer’s proto-
col. RT-PCR was performed using One-Step RT-PCR Kit
(Promega, WI, USA). The reaction mixture contains AMV/
Tfl reaction buffer 10 pL, dNTP 0.2 mmol/L, 1 pmol/L of
each primer, 1 mmol/L MgSO,, 0.1 u/pL AMV reverse tran-
scriptase and Tfl DNA polymerase, 2 pg RNA template. The
reaction was heated at 45 °C for 45 min for reverse transcrip-
tion, and 94 °C for 2 min for AMV RT inactivation and RNA/
cDNA /primer denaturation for 40 cycles. Denaturation,
annealing and extension steps for detecting HSP27 tran-
scripts were 94 °C for 30 s, 55 °C for 1 min, and 68 °C for
2 min, respectively. The final extension was at 68 °C for 7
min. The following primers used in the PCR reactions were
synthesized by Shanghai Sangon Biological Engineering
Technology & Services Company (Shanghai, China): HSP27-
forward 5'-CCCACCCTCTATCACGGCTAC-3' and reverse
5'-GGGCTCAACTCTGGCTATCTC-3', which leads to a 426-bp
product. Amplified products were separated on a 1% agarose
gel in TBE buffer (45 mmol/L Tris borate, 1 mmol/L EDTA).
RT-PCR bands were photographed with a Kodak Gel Logic
100 Imaging System (Life Technologies, Inc, Eastman Kodak
Co, New Haven, CT) and the density of the bands was deter-
mined using Gel-Pro Analyzer 4.0 software.

Western blot analysis

HepG2 cells were lysed in nondenaturing lysis buffer (Apply-
gen Technologies Inc Beijing, China). 30 pg of sample proteins
were separated by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) in a 10% polyacrylamide gel, and transferred to
a polyvinylidene difluoride (PVDF) membrane. Membranes
were blocked in 5% skim milk-TBS-T (20 mmol/L Tris-HC],
pH 7.5, 500 mmol/L NaCl. 0.1% Tween 20) at 4 °C overnight.
Blots were probed with antibodies against HSP27, cytochrome
¢, apoptosis inducing factor (AIF) (Santa Cruz, CA, USA),
apoptosis protease activating factor-1 (Apaf-1), (p)JNK (Cell
Signaling, MA, USA) in 5% skim milk-TBS-T for 2 h at room
temperature, and then incubated with the horseradish perox-



idase-conjugated secondary antibody in skim milk-TBST for 2
hat room temperature. The blot was developed with LAS3000
chemiluminescence system (Fujifilm, Tokyo, Japan) and the
density of the bands was determined using Gel-Pro Analyzer
4.0 software.

Electrophoretic mobility shift assay (EMSA)

HepG2 cells nuclear extracts for EMSA were prepared using
nuclear-cytosol extraction kit (Applygen Technologies Inc).
Annealed double-stranded heat shock element (HSE) oligo-
nucleotides (5'-AGA CGC GAA ACT GCT GGA AGA TTC
CGT GCC-3') labeled with biotin were synthesized by IDT (NJ,
USA). EMSA Kit (Pierce, IL, USA) was used to perform the
reaction. The bindingreaction (20 pL in total) consists of 10 pg
of protein extracts, 20 fmol of biotin labeled DNA, 2.5% glyc-
erol, 5 mmol/L MgCl,, 50 ng/uL Poly (dI-dC), and incubated
for 20 min at room temperature. DNA-protein complexes
were resolved by electrophoresis on a 6% polyacrylamide gel
at 4 °C in 0.5xTBE buffer (45 mmol/L Tris borate, 1 mmol/L
EDTA), and transferred to a nylon membrane. Then the mem-
brane was detected with the enhanced LAS3000 chemilumi-
nescence system.

Co-immunoprecipitation (Co-IP)

HepG2 cells were lysed in nondenaturing lysis buffer (Apply-
gen Technologies Inc) The Co-IP assay was performed follow-
ing the protocol of Co-IP kit (Pierce, IL, USA). Briefly, 50 g of
the purified HSP27 antibody was immobilized in 100 pL, 50%
antibody coupling gel. Protein extracts 300 pg were incubated
with gentle end-over-end mixing for 2 h at room temperature.
Immunoprecipitated complexes were eluted thrice with 50 uL
elution buffer, boiled and separated by SDS-PAGE, transferred
to a PVDF membrane, incubated with cytochrome ¢, AIF or
Apapf-1 antibodies, and detected with the enhanced LAS3000
chemiluminescence system.

Statistical analysis

Data were expressed as meanstSD. Changes in different
assays were analyzed by ANOVA followed by Tukey-Kramer
test as the post hoc test. P<0.05 was considered to be significant
statistically.

Results
Bicyclol induced expression of HSP27 in HepG2 cells
Since the induction of HSP is a universal stress response
against various insults and it has been widely shown to have
an anti-apoptosis effect, the expression of HSP27, one of the
major members in HSPs family, was first detected by western
blot in this experiment. Bicyclol 50 pmol/L induced HSP27
expression in HepG2 cells in a time-dependent manner. The
maximum of the induction was at 6 h (0.93-fold increase,
P<0.05), after which the induction gradually declined to the
control level at 24 h (Figure 1A).

The dose-effect relationship of the inductive effect of HSP27
by bicyclol is shown in Figure 1B. Bicyclol induced both pro-
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tein and mRNA levels of HSP27 expression in a dose-depen-
dent manner. The inducing effect of HSP27 by bicyclol 100
pmol/L was more potent than those by bicyclol 50 pmol/L
and 25 pmol/L (25 pmol/L: 0.37-fold increase; 50 pmol/L:
0.58-fold increase; 100 pmol/L: 1.23-fold increase, P<0.01).

Quercetin is a flavanoid and a known inhibitor of HSP
synthesis which functions by inhibiting heat shock factor 1
(HSF1). Co-treatment of quercetin 20 pmol/L significantly
inhibited bicyclol-induced HSP27 expression in protein (0.82-
fold decrease, P<0.05) and mRNA level (0.65-fold decrease,
P<0.05), suggesting that the inductive effect of bicyclol on
HSP27 expression occurred at mRNA level.

Heat shock gene expression is mainly regulated at the tran-
scriptional level by HSF1. The results of the effect of bicyclol
on the activation of HSF1 indicated that bicyclol treatment
resulted in decreased level of HSF1 in cytosol (bicyclol treat-
ment: 50 pmol/L: 86.9% decrease, P<0.01; 100 pmol/L: 87.9%
decrease, P<0.01) and concomitantly, increased level of HSF1
in nucleus (p-HSF1) (bicyclol treatment: 50 pmol/L: 2.3-
fold increase, P<0.05; 100 pmol/L: 4.1-fold increase, P<0.01).
EMSA assay showed that bicyclol was able to enhance HSF1-
HSE binding activity in a concentration-dependent manner
(bicyclol treatment: 25 pmol/L: 1.7-fold increase, P<0.05;
50 pmol/L: 1.9-fold increase, P<0.05; 100 pmol/L: 2.1-fold
increase, P<0.01), and co-treatment of quercetin attenuated
these effects of bicyclol (Figure 1C, 1D). The results indicated
that bicyclol activated HSF1, which in turn induced HSP27
gene expression.

HSP27 induced by bicyclol attenuated apoptosis of HepG2 cells
intoxicated with D-GalN

As shown in Figure2A, the majority of HepG2 cells in con-
trol group had uniformly stained nuclei after staining with
the membrane-permeable DNA-binding dye Hoechst 33258.
Exposure of HepG2 cells to 50 mmol/L of D-GalN for 8 h
resulted in nuclei fragmentation as indicated in condensed
chromatin and bright staining in morphology of HepG2 cells
under fluorescent microscope, indicating apoptosis. The treat-
ment of 100 pmol/L bicyclol attenuated apoptosis by 57.6%
(P<0.01) as expressed in decrease of nuclei fragmentation of
HepG2 cells induced by D-GaIN. When HSP27 synthesis was
inhibited by 20 pmol/L quercetin, the protective effect of bicy-
clol against nuclei fragmentation was abrogated. The apopto-
sis percentage increased by 1.2-fold (P<0.05), suggesting that
HSP27 was involved in the attenuating effect of bicyclol on
nuclei fragmentation.

The flow cytometry analysis showed that 50 mmol/L of
D-GalN induced significant hypodiploid DNA peak before the
narrow peak of diploid DNA, which indicated DNA degrada-
tion and the undergoing apoptosis of HepG2 cells. The treat-
ment of bicyclol 100 pmol/L inhibited D-GalN-induced hypo-
diploid DNA peak development by 61.5% (P<0.01). This effect
of bicyclol was also attenuated by co-addition of 20 pmol/L
quercetin, indicating that HSP27 participated in the protective
effect of bicyclol on hepatocytes apoptosis (Figure 2B).
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Figure 1. Bicyclol induced the expression
of HSP27 and activation of HSF1 in HepG2
cells. HepG2 cells were treated with
bicyclol 25, 50, and 100 pymol/L alone or
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were collected 6 h later. HSP27 level was
measured by Western blot and RT-PCR.
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Bicyclol-induced HSP27 inhibited caspase-3 activation in HepG2
cells intoxicated with D-GaIN

Caspase-3 has been identified as a key mediator of apop-
tosis of mammalian cells. The results of caspase-3 colori-
metric assay indicated that cultivation of HepG2 cells with
50 mmol/L D-GalN for 8 h caused a significant increase in
caspase-3 activity in the cells. Pre-incubation of HepG2 cells
with 100 pmol/L bicyclol significantly inhibited D-GaIN-in-
duced activation of caspase-3 by 35.3% (P<0.01). Similarly, 20
pmol/L quercetin attenuated this effect of bicyclol as shown
in 30.5% increase of caspase-3 activity (P<0.05) (Figure 3). The
results suggested that HSP27 might be involved in the inhibi-
tory effect of bicyclol on caspase-3 activity.

Bicyclol induced HSP27 inhibited the release of cytochrome
¢ and AIF from mitochondria in HepG2 cells intoxicated with
D-GalN

The releases of cytochrome ¢ and AIF from mitochondria play
a crucial role in apoptosis. The present results showed that
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(umol/L)

with bicyclol 100 pmol/L.

the amount of cytochrome ¢ and AIF released from mitochon-
dria to cytosol significantly increased, accordingly, the levels
of cytochrome ¢ and AIF in mitochondria decreased signifi-
cantly in HepG2 cells intoxicated with D-GaIN. The ratio
of cytochrome ¢ and AIF in cytosol/mitochondria increased
8.5-foldand 4.2-fold, respectively. Pre-treatment of bicyclol
100 pmol/L inhibited the release of cytochrome c and AIF
from mitochondria to cytosol. The decrease of cytochrome
¢ was 6.3-fold (P<0.01) and AIF decreased 3.8-fold (P<0.01).
These effects of bicyclol were attenuated by simultaneously
addition of quercetin as shown in 3.85-fold increase of release
of cytochrome ¢ (P<0.01) and 3.5-fold of AIF P<0.01) (Figure 4),
indicating the role of HSP27 in the protection against D-GalN
induced hepatocytes apoptosis.

Bicyclol induced HSP27 interacts with cytochrome c, AlF, and
Apaf-1 in HepG2 cells intoxicated with D-GalN

To further study the effect of HSP27 on cytochrome ¢, AIF and
Apaf-1, a set of co-immunoprecipitation experiments were
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Figure 2. Bicyclol-induced HSP27 inhibited apoptosis of HepG2 cells intoxicated with D-GalN. The cells were pre-treated with bicyclol 100 umol/L
alone or co-treated with quercetin 20 pmol/L for 2 h simultaneously. The cells were then stimulated with D-GalN 50 mmol/L, and harvested 8 h later.
(A) Hoechst 33258 staining of DNA in HepG2 cells. (B) Flow cytometry analysis of DNA in HepG2 cells. °P<0.01 vs D-GalN treated cells; °P<0.05 vs
bicyclol+D-GalN treated cells. Each bar is the mean+SD of five separate experiments.
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Figure 3. Inhibitory effect of bicyclol-induced HSP27 on caspase-3
activation in HepG2 cells intoxicated with D-GalN. The procedure of cell
treatment was same as Figure 2. Data were described with Mean+SD by
five separate experiments. °P<0.01 vs D-GalN treated cells; °P<0.05 vs
bicyclol+D-GalN treated cells.

performed with cytochrome ¢, AIF, and Apaf-1 antibodies in
HepG2 cell intoxicated with D-GaIN. As shown in Figure 5,
the interaction of HSP27 with cytochrome c was quite distinct,
however, the interactions of HSP27 with AIF and Apaf-lwere
very weak. Blocking of HSP27 with quercetin reduced the
association of HSP27 with cytochrome c (Figure 5), suggesting
that bicyclol-induced HSP27 directly binds to the pro-apop-
tosis protein and inhibited the activity of the protein, thereby
suppressed hepatocytes apoptosis.

HSP27 induced by bicyclol inhibited JNK activation in HepG2
cells intoxicated with D-GalN

JNK pathway is also involved in hepatocyte apoptosis. The
protective action of HSP27 induced by bicyclol on the activa-
tion of JNK pathway was further studied. As shown in Figure
6, 50 mmol/L D-GalN caused JNK phosphorylation. The
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Figure 4. Bicyclol-induced HSP27 inhibited the releases of cytochrome
¢ and AIF from mitochondria in HepG2 cells intoxicated with D-GalN.
The treatment of cells was described above. Cytochrome ¢ and AIF was
measured by Western blot. A representative from three results is shown.
°P<0.01 vs D-GalN treated cells; P<0.01 vs bicyclol+D-GalN treated cells.

IP: HSP27

IB:cytochromec | — W———

I1B: AIF ‘ .

IB: Apaf-1 = e e -

Bicyclol (100 pmol/L) - = + + _
D-GaIN (50 mmol/L) - + + +

Quercetin (20 pmol/L) - = = $ _

Controllg - - = - e

Figure 5. Interactions of bicyclol-induced HSP27 with cytochrome c, AlF,
and Apaf-1 in HepG2 cell intoxicated with D-GaIN. Cells were pre-treated
with bicyclol 100 umol/L, and then they were subjected to D-GalN. Co-
immunoprecipitation assays were performed with cytochrome c, AIF, and
Apaf-1 antibodies. A representative of three experiments is shown.

pretreatment of 100 pmol/L of bicyclol suppressed JNK phos-
phorylation by 42% (P<0.05). Co-treatment of quercetin at 20
pmol/L significantly reversed the inhibitory effect of bicyclol
on JNK phosphorylation (P<0.05), suggesting that bicyclol
induced-HSP27 was involved in the inhibition of JNK.

Discussion

In the present study, bicyclol was further confirmed to induce
the expression of HSP27 in protein and mRNA levels in
HepG2 cells. HSP synthesis is tightly regulated at the tran-
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scriptional level by HSF1. The activation of HSF1 is associated
with its oligomerization, nuclear localization, and acquisition
of binding activity to HSE in the heat shock gene promoter to
exert the transcriptional activation™ ™. The results of western
blot and gel mobility shift assay indicated that bicyclol treat-
ment led to HSF1 translocation to nucleus, phosphorylation
and therefore produced an HSE sequence-specific complex
in HepG2 cells, which resulted in a marked up-regulation of
HSE-binding activity, indicating that bicyclol activates HSF1,
which in turn induces HSP27 gene expression.

It was reported that apoptosis is a key pathologic change
in liver disease, including viral hepatitis®’, liver ischemia™,
chemical™ and drug-induced™ liver injury as well as fatty
liver disease”. The results of our study indicated that in
associated with the induction of heat shock response by bicy-
clol, HepG2 cells acquired high resistance to apoptosis caused
by D-GalN insult, which expressed in a decrease of percent-
age of hepatocytes apoptosis and caspase-3 activity. Recent
paper pointed out that mitochondrial dysfunction is the com-
mitment step in hepatocyte apoptosis™. Cell death signals
induce the release of cytochrome ¢ from the mitochondria,
which then binds to Apaf-1, facilitating the formation of the
apoptosome. Apoptosome formation results in the process-
ing and activation of caspase-9, which triggers the caspase
pathway by activating the downstream caspase-3”4. AIF is
another mitochondrial intermembrane protein released upon
apoptotic stimulus, which translocates to the nucleus and trig-
gers caspase-independent nuclear changes upon activation of
the intrinsic pathway™!. The highly conserved HSPs provide
protection to injured cells. Overexpression of HSP27 increases
the resistance of cells to various apoptotic stimuli®. One
mechanism by which HSP27 could interfere with apoptosis is



by directly binding to cytosolic cytochrome c and sequestering
it from Apaf-1¥!. The present paper demonstrated that pre-
treatment of bicyclol inhibited the release of cytochrome c and
AIF from mitochondria caused by D-GalN, and enhanced the
association of HSP27 with cytochrome c. It might be possible
that overexpressed bicyclol-induced HSP27 may inhibit the
apoptotic pathways. So, quercetin, an inhibitor of HSPs bio-
synthesis, was therefore chosen as a tool in the present study.
Quercetin has been shown to block binding of activated HSF1
to its cognate DNA sequence, reduce the activation of the HSR,
and decrease HSP expression®™ *!. The present results also
demonstrated that quercetin at 20 mol/L has no protective
effect on hepatocyte apoptosis challenged by D-GaIN. More-
over, quercetin alone also does not affect cytochrome ¢, AIF
and JNK expression. Therefore, the only effect of quercetin at
20 is to inhibit the synthesis HSPs. The present results showed
that blocking HSP27 biosynthesis with quercetin markedly
attenuated the effects of bicyclol on cytochrome ¢ and AIF
release from mitochondria as well as apoptosis of hepatocytes.
A question arises as to why the interaction of HSP27 induced
by bicyclol with cytochrome ¢ was significant, whereas the
interactions with AIF and Apaf-1 were very weak. The cause
of different effects of bicyclol on the interaction with AIF and
Apaf-1 may be interpreted by other reports that Apaf-1 and
AIF mainly interact with HSP70 to antagonize AIF-dependent
apoptosis® and prevent the recruitment of caspases to the
apoptosome complex and thereby to block the apoptotic sig-
naling relay. In the present paper, HSP27 was shown to have
no interactions with AIF and Apaf-1. However, western blot
data indicated that bicyclol can also inhibit the release of AIF
from mitochondria to cytosol. Therefore, there might be other
proteins such as HSP70 that were involved in the inhibition
of bicyclol on AIF and Apaf-1 in HepG2 cells intoxicated by
D-GalN.

Caspase-3 can be activated by caspase-9, which is cleaved
and activated by the release of cytochrome c from mitochon-
dria to cytosol. Experimental depletion of HSP27 suggests
that HSP27 mainly functions as an inhibitor of caspase acti-
vation. Knock-down of HSP27 by small interfering RNAs
induces apoptosis through caspase-3 activation®. This phe-
nomenon can be explained by the ability of HSP27 to prevent
the formation of the apoptosome and the subsequent activa-

tion of caspases™

. In agreement with these reports, the pres-
ent paper provides evidence that HSP27 induced by bicyclol
inhibited the activity of caspase-3 in HepG2 cells intoxicated
with D-GalN. It still needs further investigation for the inhi-
bition of caspase-3 by HSP27 due to its effect on apoptosome
formation and/or directly on caspase-3.

Mitochondrial outer membrane permeabilization can acti-
vate intracellular stress kinases, such as JNK, which is the
most important kinase that determines the cell fate to death or
survival™. Mice lacking either JNK1 or JNK2 are highly resis-
tant to Con A-induced liver failure and show considerably
lower amounts of apoptotic and necrotic hepatocyte death™.
Recent studies further proposed that down-regulation of JNK
activity is a mechanism of HSP27 mediated protection. Over-
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expression of HSP27 in stress can definitely play an inhibitory
role in JNK signal transduction pathway, and thus blocks cell
apoptosis induced by JNK signal transduction pathway™™!.
In our study, the phosphorylation of JNK was also inhibited
by pretreatment of bicyclol in HepG2 cells intoxicated by
D-GalN, which was attenuated by simultaneous administra-
tion of quercetin, inhibitor of HSPs synthesis. The suppression
of JNK signaling by HSP27 induced bicyclol is also involved in
anti-apoptosis process of hepatocytes.

Taken together, the present study revealed that bicyclol at
non-toxic concentration elicits a significant induction of HSP27
response that is capable of protection against hepatocytes
apoptosis mainly through inhibition of mitochondrial and JNK
apoptotic pathways in HepG2 cells-intoxicated with D-GalN.
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Microarray analysis reveals the inhibition of nuclear
factor-kappa B signaling by aristolochic acid in
normal human kidney (HK-2) cells
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Aim: To study the molecular mechanism underlying the effect of aristolochic acid (AA), a major active component of plants from the

Aristolochiaceae family using microarray analysis.

Methods: Human kidney (HK-2) cells were treated with AA (0O, 10, 30, and 90 umol/L) for 24 h, and the cell viability was measured by a
3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide assay. Complementary DNA microarrays were used to investigate the gene
expression pattern of HK-2 cells exposed to AA in triplicate. A quantitative reverse transcriptase-polymerase chain reaction (QRT-PCR)
assay was used to verify the microarray data for selected nuclear factor kappa B (NF-kB)-regulated genes. Furthermore, the subcellular
localization of NF-kB p65 was visualized by immunofluorescence confocal microscopy in HK-2 cells. The NF-kB activity was examined
by a luciferase reporter assay in HK-2/NF-kB transgenic cells.

Results: AA exhibited a dose-dependent cytotoxic effect in HK-2 cells and induced alterations in the gene expression profiles related to
the DNA damage response, DNA repair, macromolecule metabolic process, carbohydrate metabolic process, DNA metabolic process,
apoptosis, cell cycle, and transcription. In addition, 9 biological pathways associated with immunomodulatory functions were down-
regulated in AA-treated HK-2 cells. A network analysis revealed that NF-kB played a central role in the network topology. Among NF-kB-
regulated genes, 8 differentially expressed genes were verified by gRT-PCR. The inhibition of NF-kB activity by AA was further confirmed

by immunofluorescence confocal microscopy and by NF-«kB luciferase reporter assay.
Conclusion: Our data revealed that AA could suppress NF-kB activity in normal human cells, perhaps partially accounting for the
reported anti-inflammatory effects of some plants from the genus Aristolochia.

Keywords: aristolochic acid; microarray analysis; nuclear factor-kappa B; human kidney HK-2 cells; confocal microscopy; luciferase

reporter assay
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Introduction

Aristolochic acid (AA), a major active component of plants
from the Aristolochiaceae family, was first detected in Aris-
tolochia clematitis in 19431 Many plant species of the genus
Aristolochia have been used worldwide for centuries in folk
medicine. For example, there are many formulas containing
various species of the genus Aristolochia that are commonly
used in traditional medicine in China, Japan, and Singapore®.
Beside those used in East Asia, several species of the genus
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Aristolochia have been used to regulate menstruation, induce
labor, expel parasites, relieve pain, and treat arthritis, cancer,
diarrhea, and snake bites in India, West Africa, the Mediterra-
nean, and South Americal®™®!.

Pharmacological studies have demonstrated that aristo-
lochic acid I (AAI) and aristolochic acid II (AAII) are the major
active components of plants in the Aristolochiaceae family! .
It has been shown that AA protects against infections and
inflammation in several biological systems, including humans.
AALI inhibits the growth of bacteria, including Escherichia coli,
Pseudomonas aeruginosa, Streptococcus faecalis, Staphylococcus
aureus, and Staphylococcus epidermidis®. AA can block H,0,
induced platelet aggregation and suppress hydroxyl radical-
induced platelet activation through the arachidonic acid path-
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way” ¥, AA was found to possess anti-inflammation effects as
demonstrated by its ability to inhibit phospholipase A, (PLA,)
when administered by intramuscular or intraperitoneal injec-

tion”, Furthermore, AA was also reported to inhibit Group
M From in vitro studies, AA

has been shown to suppress phospholipohydration of PLA,

I PLA; in humans with sepsis

derived from human synovial fluid, cobra venom, porcine

pancreas, and human platelets.

The anti-inflammatory
activities of AA in different models of inflammation have
promoted its use in many countries in herbal formulations
for arthritis, rheumatism, gout and chronic inflammatory

skin diseases™ .

Moreover, double-blind studies in healthy
volunteers show that AA increased the phagocytic activity of
peripheral granulocytes after treatment with AA 0.9 mg/d for
three to ten consecutive days!".

Plants of the genus Aristolochia were used as therapeutic
drugs until cases of rapidly progressive renal failure were
reported in Belgium"® in 1993, which were found in 1994 to
be caused by the inadvertent replacement of Stephania tetran-
1171

dra by Aristolochia fangchi

have been reported to be associated with nephropathy in
[18]

High cumulative doses of AA
humans'™. Aristolochic acid nephropathy complicated with
urothelial malignancy has been described, and the cumula-
tive dose (>200 g) of ingested Aristolochia was found to be a

[19, 20]

significant risk factor for urothelial carcinoma . Moreover,

there is evidence that AA is nephrotoxic and carcinogenic in

animals including humans'®®.

However, herbs of the genus
Aristolochia administrated at low cumulative doses (<30 g of
raw drugs) did not increase the risks for chronic kidney dis-
ease in a large Chinese cohort study of 200000 subjects™".

In this paper, the effects of AA and its underlying molecu-
lar mechanism were examined in normal human kidney cells
(HK-2) through microarray analysis. Results from these anal-
yses showed that NF-xB is an important modulator of gene
expression in AA-treated normal human cells. Furthermore,
AA-induced NF-xB inhibition was confirmed by immunofluo-
rescence confocal microscopy in HK-2 cells and by a luciferase

reporter assay in HK-2/NF-kB transgenic cells.

Materials and methods

Cell culture and reagents

HK-2 cells, derived from an immortalized proximal tubule
epithelial cell line from the normal adult human kidney, were
purchased from the Bioresource Collection and Research Cen-
ter (Hsinchu, Taiwan). HK-2 cells were grown in keratinocyte
serum-free basal medium (Gibco) supplemented with 5 ng/
mL of recombinant epidermal growth factor and 50 pg/mL
of bovine pituitary extract without antibiotics in 5% CO, at
37 °C. Aristolochic acid sodium salt, a mixture of AAI (41%)
and AAII (56%) (Sigma, St Louis, MO) was dissolved in dou-
ble-distilled water. HK-2 cells were seeded in 96-well plates
and incubated for 24 h before the AA treatment. Various con-
centrations of AA (10, 30, or 90 pmol/L) were added to HK-2
cells for 24 h. The control cells received equal amounts of
water only.

Acta Pharmacologica Sinica

3-[4,5-dimethylthiazol-2yl]-2,5-diphenyltetrazolium bromide
(MTT) assay

After the AA treatment for 24 h, 5 mg/mL MTT was added
to the cells for 4 h. The purple formazan crystals were solu-
bilized in 150 pL acidic isopropanol (0.1 mol/L HCI), and the
absorbance was measured at a test wavelength of 570 nm and
a reference wavelength of 650 nm using a microplate reader.
The relative survival rate was calculated using the following
equation: survival rate (%)=(absorbance of AA-treated cells/
absorbance of untreated control cells)x100%. The data are
expressed as the mean+SD of three independent experiments.

Total RNA extraction

Total RNA was extracted from HK-2 cells grown in 75 cm
flasks following treatment with AA (0, 10, 30, or 90 pmol/L)
(n=3) using an RNeasy Mini kit (Qiagen, Valencia, CA). The
total RNA was quantified using a Beckman DUS800 spectro-
photometer (Beckman Coulter, Fullerton, CA). Samples with

2

Agg/ Asg ratios greater than 1.8 were further evaluated using
an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA). RNA samples with an RNA integrity number
greater than 8.0 were used for the subsequent microarray
analysis.

Microarray analysis

The microarray analysis was performed as previously
described™. Briefly, fluorescence-labeled RNA targets
were prepared from 5 pg of total RNA samples using a Mes-
sageAmp™ RNA kit (Ambion, Austin, TX) and Cy5 dye
(Amersham Pharmacia, Piscataway, NJ). Triplicate fluorescent
targets were hybridized to the Human Whole Genome OneAr-
ray™ (Phalanx Biotech Group, Hsinchu, Taiwan) and scanned
using an Axon 4000 scanner (Molecular Devices, Sunnyvale,
CA). The Cyb5 fluorescent intensity of each spot was analyzed
using the Genepix 4.1 software (Molecular Devices). The
signal intensity of each spot was corrected by subtracting the
background signals in the surrounding area. Control probes
were filtered out to measure the background-corrected sig-
nal intensity of each spot. We have submitted the original
microarray data to Gene Expression Omnibus (GEO), series
number GSE18243. Two samples and one series are included
(samples=mock, treatment; series=mock+treatment). The
sample numbers are GSM455880 (treatment) and GSM455881
(mock). The spots were normalized using the Limma pack-
age of the R program™!. The normalized data were tested
for differential expression using the Gene Expression Pat-
tern Analysis Suite v3.1™. The ‘GeneSetTest’ function in the
Limma package was used to test which biological pathways
were affected by AA in HK-2 cells. This function computes
a P-value to test the hypothesis that the selected genes in a
pathway tend to be differentially expressed. The score for
each pathway following the AA treatment was defined as fol-
lows: score=-log (2P), if P-value<<0.5; or score=log [2(1-P)], if
P-value>0.5. There were 352 pathways used in this analysis,
and they were extracted from ArrayTrack (http://www.fda.
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gov/nctr/science/centers/toxicoinformatics/ ArrayTrack/),
which included the KEGG pathways (http://www.genome.
jp/kegg/pathway.html) and PathArt pathways (Jubilant Bio-
sys). Furthermore, the interaction network for genes with fold
changes >2.0 and false discovery rates <0.05 was constructed
using BiblioSphere Pathway Edition software (Genomatix
Applications, http:/ /www.genomatix.de/index.html) based
on knowledgebase analyses™™. Finally, the Cytoscape soft-
ware was used to visualize the interaction network of AA-
regulated genes, including genes related to NF-«B*,

Quantitative reverse transcriptase-polymerase chain reaction
(QRT-PCR)

The expression levels of NF-xB-related genes were fur-
ther validated by qRT-PCR. RNA samples were reverse-
transcribed for 120 min at 37 °C with High Capacity cDNA
Reverse Transcription Kit according to the standard protocol
of the supplier (Applied Biosystems). Quantitative RT-PCR
was performed using 1 pL of cDNA and 2xSYBR Green PCR
Master Mix (Applied Biosystems, Foster City, CA). The reac-
tion conditions were as follows: 10 min at 95 °C followed by
40 cycles of 15 s at 95 °C and 1 min at 60 °C. Each assay was
run on an Applied Biosystems 7300 Real-time PCR system in
triplicate. Fold changes were calculated using the compara-
tive Cy method. The primer sets for selected genes are shown
in Table 1.

Table 1. Primer sequences of selected genes for qRT-PCR.

Gene Primer sequence
CCL20 Sense: 5-GCTCCTGGCTGCTTTGATGT-3’
Antisense: 5-GAATACGGTCTGTGTATCCAAGACA-3'
CD68 Sense: 5-TCTGCCCACCCAGAACCA-3'
Antisense: 5-CACAGGGCTGGGAACCATT-3’
CYP1A1 Sense: 5-ATGGGCAAGCGGAAGTGTAT-3’
Antisense: 5-CCAGTGGCACGCTGAATTC-3’
IGFBP3 Sense: 5-CAGCGCTACAAAGTTGACTACGA-3'

Antisense: 5-ATTTCTCTACGGCAGGGACCAT-3'
IL-8 Sense: 5-FCTTTCCACCCCAAATTTATCAAAG-3'
Antisense: 5-RAGAGCTCTCTTCCATCAGAAAGCT-3'

LTB Sense: 5-ACTTCTCTGGTGACCTTGTTGCT-3'
Antisense: 5'-AGCTTCTGAAACCCCAGTCCTT-3'

SAA2 Sense: 5-CCGATCAGGCTGCCAATAAA-3’
Antisense: 5-GCAGAGTGAAGAGGAAGCTCAGT-3’

TNFRSF9 Sense: 5-TGCGAGAGAGCCAGGACACT-3'

Antisense: 5-GAAACGGAGCGTGAGGAAGA-3'

Immunofluorescence and confocal microscopy

HK-2 cells were fixed with acetone for 30 min at 4 °C and
incubated with the p65 subunit of the NF-xB rabbit polyclonal
antibody (Abcam-ab7970) overnight at 4 °C. Alexa Fluor®
488-conjugated secondary goat anti-rabbit antibody was
added, and the reaction was incubated at room temperature
for 1 h. After the last step for the NF-xB single staining, cell
nuclei were labeled by propidium iodide for 15 min at room

temperature. The fluorescence imaging was conducted using
a laser scanning confocal microscope (TCS SP2 system, Leica)
equipped with an argon laser adjusted to 488 nm excitation
with a HeNel laser.

Transfection and luciferase assay

HK-2 cells were transiently transfected with 5 ng of NF-xB
expression plasmid or empty vector (pcDNA 3.1) using
the SuperFect® transfection reagent (Qiagen, Valencia, CA,
USA). Cells were cultured in 24-well plates overnight and
then treated with 10 pmol/L AA for 24 h. The cells were
then washed with ice-cold PBS, lysed with 350 pL Triton lysis
buffer (50 mmol/L Tris-HCl, 1% Triton X-100, 1 mmol/L
dithiothreitol, pH 7.8) and collected with a cell scraper. The
luciferase activity was measured as described previously™.
The relative luciferase activity was calculated by dividing the
relative luciferase units (RLU) of the experimental groups by
the RLU of untreated NF-«B-transfected cells.

Statistical analysis

Data are presented as the mean+SD. Student’s ¢-test was used
for comparisons between the control and AA-treated groups.
A value of P<0.05 was determined to be statistically signifi-
cant.

Results

Cell viability in AA-treated HK-2 cells

The cell viability (using the MTT assay) was measured after
exposing HK-2 cells to various concentrations of AA (10, 30,
or 90 pmol/L). AA exhibited cytotoxicity in a dose-dependent
manner. The relative survival rates of cells after treatment
with 10, 30, and 90 pmol/L AA were 81.9%+4.6%, 55.2%+3.7 %,
and 45.2%+1.9%, respectively. These results represent the
average of three independent experiments (Figure 1).

120
g 100 .
T 80
>
S 60 2 .
£ 40
©
e 20

0

0 10 30 90

AA (umol/L)

Figure 1. The cytotoxicity of various doses of AA in HK-2 cells. HK-2 cells
were treated with O, 10, 30, and 90 umol/L of AA. The cell viability was
measured by MTT assay. Values are mean+SD of three independent
experiments. °P<0.01 vs control group.

Cluster analysis of the gene expression profiles in AA-treated
HK-2 cells

An unsupervised analysis was used to predict significant dif-
ferences among the gene expression levels in HK-2 cells in
response to 10, 30, and 90 pmol/L of AA treatment. As shown

Acta Pharmacologica Sinica
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in Table 2, DNA repair, the response to the DNA damage
stimulus, the macromolecule metabolic process, and the car-
bohydrate metabolic process were shown to be significantly
regulated in cells in all AA treatment groups.

Pathway analysis of gene expression profiles in AA-treated HK-2
cells

The GeneSetTest function was used to investigate which bio-
logical pathways could be downregulated in HK-2 cells in
response to treatment with 10, 30, or 90 pmol/L of AA. In this
study, pathways with P values <0.001 (scores >2.7 or <-2.7) in
all AA treatment groups were considered differentially regu-
lated. The pathway analysis revealed that nine pathways were
dysregulated following all AA treatments (Table 3). A nega-
tive score was indicative of an AA-induced downregulation at
all doses. Most of the AA-regulated pathways were associated
with immunomodulatory functions, indicating that AA might
participate in the regulation of immune genes.

The gene interaction network regulated by AA treatment

To explore the pharmacological and molecular mechanisms of
AA, we had first chosen the subtoxic dose of AA (10 pmol/L)
to interpret the gene interaction network. Genes with fold

Table 2. Biological processes significantly regulated by AA in HK-2 cells.

changes >2.0 and false discovery rates <0.05 after the 10
pmol/L AA treatment were further selected to construct the
interaction network using the Pathway Edition software. The
connections between NF-xB and the 10pmol/L AA-regulated
genes were noted following the analysis using the Cytoscape
software. Nodes for regulated genes and NFKB1 were color-
coded according to their log, expression values (Figure 2). As
shown in Figure 2, most genes were connected with NF-«B,
suggesting that NF-xB played a central role in the network.
The NF-kB-connected genes with fold changes >2.0 and false
discovery rates <0.05 after the treatments of 10, 30, and 90
pmol/L AA are listed in Table 4. The upregulated genes were
AOC3, CYP1A1, CYP2E1, DHX9, LTB4R, RASSF1, SPIB, TCE3,
TRPV1, and VHL. The downregulated genes were CCL20,
CCND2, CD68, CD74, CDH1, CXCL2, EBI3, IGFBP3, IKIP, ILS,
LTB, MMP7, PPAP2A, SAA2, STAT1, TNFRSF9, and UCP2.

Validation of NF-kB-related gene expression changes by qRT-PCR
Eight NF-xB-regulated genes (downregulated: CCL20,
CD68, IGFBP3, IL8, TNFRSF9, LTB, and SAA2; upregulated:
CYP1A1) were chosen for qRT-PCR verification. The expres-
sion levels of NF-kB-related genes that were validated by qRT-
PCR showed correlations in the general trends for the microar

Biological processes Genes 10 ymol/L _P 30 ymol/L_P 90 umol/L_P
DNA repair 166 3.15%x10” 7.70x10° 1.75%x107
Response to DNA damage stimulus 122 5.40%x107 2.00x10* 2.20x10°
Macromolecule metabolic process 202 4.07x10° 3.00x10* 3.18x10°
Carbohydrate metabolic process 205 4.90x10° 4.00x10* 6.17x10°
DNA metabolic process 236 1.00x10* 3.70x10° 7.43x107
Apoptosis 295 4.00x10* 1.60x10° 1.19%x10°
Cell cycle 169 2.40%x10° 3.04x10? 8.30%x10°
Transcription 148 5.40x107° 3.80x10° 2.20x10°

The biological pathways affected by AA in HK-2 cells were examined by ‘GeneSetTest’ function in the Limma package. This function computes a P-value
to test the hypothesis that the selected genes in a pathway tend to be differentially expressed. “P” indicated P values.

Table 3. Estimates of various pathways regulated by different doses of AA.

Pathway 10 ymol/L_P 30 ymol/L_P 90 umol/L_P 10 ymol/L_s 30 umol/L_s 90 umol/L_s
Cytokine-cytokine receptor interaction <2.20x10%® <2.20x10% <2.20x10% <-15.66 <-15.66 <-15.66
TNF signaling pathway 2.00x107 5.70%x10° <2.20x10% -6.40 -3.94 <-15.66
Interleukin signaling pathway 4.05x10° 1.37x10* <2.20x10% -4.09 -3.56 <-15.66
Hematopoietic cell lineage 3.45x10° 3.10x10° 4.30x10° -4.16 5.21 -4.07
Cell adhesion molecules (CAMs) 3.75x10* 7.20x10° 4.40x10° -3.13 -4.84 -5.06
Insulin signaling pathway 3.13x10* 2.00%x10° 6.84x10° -3.20 -5.40 -3.86
IFN signaling pathway 5.44x10° 4.03x10* 2.80%x10° -3.96 -3.09 -5.25
Long-term depression 5.73x10* 3.24x10° 1.95x10° 2.94 -4.19 -4.41
IL-2 signaling pathway 3.04x10* 3.19x10° 3.64x10* -3.22 -4.20 -3.14

Pathways with P values <0.001 (scores >2.7 or <-2.7) calculated by “GeneSetTest” function in all AA treatments were considered differentially
regulated. Pathway analysis revealed that 9 pathways were regulated in all AA treatments. The minus sign of scores in each pathway meant that all AA
treatments downregulated every pathway. The results of this study were in triplicate. “P” indicated P values and “s” indicated score.
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Figure 2. Network analysis of expression profiles of 10 pmol/L AA in HK-2 cells. We constructed the interaction network by BiblioSphere Pathway
Edition software which was selected the genes with fold changes >2.0 and false discovery rates <0.05 after 10 umol/L AA treatment. Intensity of
nodes for regulated genes and NFKB1 are color-coded according to their log, expression values in gradient with red and green indicating the degree of
gene upregulation or downregulation, respectively. As shown, NF-kB played a central role in the network.

ray analysis (Table 5).

Effect of AA on NF-kB localization and activity in HK-2 cells

The cellular localization of NF-«xB was visualized by confocal
microscopy after staining with an antibody against NF-xB p65
(green) (Figure 3D-3F) and propidium iodide (nuclear DNA,
red) (Figure 3G-3I). The nuclear distribution of NF-xB in AA
(10 pmol/L and 30 pmol/L)-treated cells was less apparent
than in normal HK-2 cells. By contrast, the cytoplasmic dis-
tribution of NF-xB in AA (10 pmol/L and 30 pmol/L)-treated

cells was increased compared with the distribution in normal
HK-2 cells (Figure 3A-3F).

To further confirm that AA was able to affect the activity
of NF-kB, transgenic cells carrying the NF-xB luciferase gene
were used to estimate the NF-xB activity after AA treatment.
Because the cell viability of HK-2 cells after treatment with 10
pmol/L of AA was 81.9%%4.6%, whereas that after 30 pmol/L
of AA was 55.2%%3.7%, we chose the subtoxic dose of AA (10
pmol/L) to examine the effect of AA on the NF-xB activity by
a luciferase assay. The HK-2 cells transfected with empty vec-
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Table 4. Gene list of NF-kB connected significantly regulated genes in AA- treated HK-2 cells.

Symbol Description 10 umol/L AA 30 umol/L AA 90 pmol/L AA
FC+SD P value FC+SD P value FC+SD P value
AOC3 Amine oxidase, copper containing 33.8+0.53 1.54x10?  10.16+1.55 5.94x10° 10.25+1.66 4.46x10°
(vascular adhesion protein 1)
CCL20 Chemokine (C-C motif) ligand 20 -11.46+2.20 2.15%x10°  -11.4+1.04 4.31x10*  -17.4+4.26  5.29x10*
CCND2  Cyclin D2 -2.24+0.13 8.18x10°  -2.89+0.16 2.70x10° -5.71+0.84 1.35x10°
CD68 CD68 antigen -2.16+0.34 2.24x107 1.21+0.24 2.98x10™ 1.46+0.22  4.76x107

CD74 CD74 molecule, major histocompatibility complex, -2.18+0.50
class Il invariant chain

CDH1 Cadherin 1, type 1, E-cadherin (epithelial) -2.42+0.67
CXCL2 Chemokine (C-X-C motif) ligand 2 -2.71+0.47
CYP1A1 Cytochrome P450, family 1, subfamily A, 3.21+0.82
polypeptide 1
CYP2E1 Cytochrome P450, family 2, subfamily E, 2.15+0.33
polypeptide 1
DHX9 DEAH (Asp-Glu-Ala-His) box polypeptide 9 3.05+0.65
EBI3 Epstein-Barr virus induced gene 3 -2.37+0.22
IGFBP3  Insulin-like growth factor binding protein 3 -3.19+0.41
IKIP IKK interacting protein -1.39+0.04
IL8 Interleukin 8 -2.04+0.29
LTB Lymphotoxin beta (TNF superfamily, member 3) -5.15+1.69
LTB4R Leukotriene B4 receptor 2.21+0.55
MMP7 Matrix metallopeptidase 7 (matrilysin, uterine) -2.97+0.23
PPAP2A  Phosphatidic acid phosphatase type 2A -2.81+0.89

RASSF1 Ras association (RalGDS/AF-6) domain family 1 2.49+0.34
SAA2 Serum amyloid A2
SPIB Spi-B transcription factor (Spi-1/PU.1 related) 3.34+0.80
STAT1 Signal transducer and activator of transcription 1, -2.28+0.24

-2.08+0.34

91kDa

TCF3 transcription factor 3 (E2A immunoglobulin 2.01+0.14
enhancer binding factors E12/E47)

TNFRSF9 Tumor necrosis factor receptor superfamily, -2.45+0.37
member 9

TRPV1 Transient receptor potential cation channel, 7.62+1.46

subfamily V, member 1
UCP2 Uncoupling protein 2 (mitochondrial, proton carrier) -4.75+0.63
VHL Von Hippel-Lindau tumor suppressor 4.19+0.54

4.56x10°  -2.33%0.69  2.54x10° -2.37#0.57 1.54x10?

3.31x10% -3.97+0.72  6.01x10° -4.78+0.94 3.42x10°
1.30x102?  -3.07+0.50  4.42x10°  -2.74+0.20 1.99x10°
2.17x102 4.9+1.43  1.43x10%  4.85+1.24  4.53x10°

1.77x107 4.21+0.78 7.35x10° 4.3+0.68 2.02x10°

1.78x10?  2.45+0.66 3.27x10%?  4.59+0.92 1.49x10°
1.66x10%? -2.8£0.40  6.80x10° -1.77+0.31  1.73x10?
1.09x102? -3.36+0.92  7.05x10° -3.77+1.06 3.95x10°
4.49x10° -1.8+0.17  2.51x10% -5.240.06  1.94x10°
1.94x10? -1.35+0.23  7.96x10% -6.66+0.66 1.40x10°
1.88x102? -9.95+2.42 590x10° -5.07+1.12 4.87x10°
3.37x10? 2.74+0.64  5.75x10° 4.8+1.16  2.00x10°
4.19x10°  -2.93+0.35  2.70x10° -4.23+0.22 8.69x10*
4.39x10% -2.51+0.44  1.83x10? -3.21+0.61 1.05x102
1.35x102  4.24+0.84  1.19x102  4.81+1.38 2.51x102
2.25x10%  -4.48+0.77 3.66x10°  -7.18+0.86 1.86x10°
2.12x10%  6.82+1.67 6.33x10°  6.95+1.86 6.94x10°
1.88x10?  -3.34+0.63  6.61x10° -4.21+0.42 2.86x10°

8.79x10° 2.24+0.33 1.65x107 1.61+0.11  3.94x10°

9.97x10° -3.76+0.16  8.99x10* -6.05+0.58 6.01x10*

8.18x10° 10.86+1.96  1.53x10° 13.12+2.94 4.50x10°

1.35x10% -5.04+1.08  6.01x10° -2.91+0.51 6.07x10°
7.12x10° 2.49+0.62 3.96x10% 4.12+0.71 5.83x10°

#The statistical analysis was performed by t-statistics. Genes with P<0.05 are listed.

Table 5. Expression levels of selective NF-kB regulated genes by qRT-PCR

in AA-treated HK-2 cells.

Fold changes

Gene
10 pmol/L AA 30 pmol/L AA
CCL20 -9.09 -9.09
CD68 -1.45 1.01
CYP1A1 1.79 3.83
IGFBP3 -4.55 -3.57
IL8 -1.69 -2.17
LTB -4.17 -4.17
SAA2 -2.38 -3.23
TNFRSF9 -2.22 -2.08

The data represent the mean fold changes in triplicates.
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tor behaved like non-transfected cells. Both non-transfected
and empty vector-transfected control groups showed a sig-
nificantly much lower luciferase activity compared to cells
transfected with the NF-«B luciferase reporter gene (Figure
4). NF-xB transgenic HK-2 cells were treated with 10 pmol/L
AA, and the luciferase activity was analyzed. The results from
these analyses indicated that AA significantly inhibited the
luciferase activity in these cells compared with the untreated
cells (Figure 4). These data revealed that 10 pmol/L AA can
significantly suppress the NF-xB activity in HK-2 cells.

Discussion

Microarray analysis has become a popular and useful tool to
study the effects of agents on gene expression in cells, tissues,
and organs; however, only a few studies have applied DNA
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Figure 4. The inhibitory effect of 10 umol/L AA on NF-kB activity in HK-2
cells. HK-2 cells were transfected with NF-kB luciferase gene and were
subsequently incubated with 10 uymol/L AA for 24 h. Experiments were
done in triplicate and all results of luciferase assay expressed as relative
luciferase units (RLU). Relative luciferase activity was calculated by
dividing RLU of non-transfected cells, empty vector (pcDNA 3.1)-transfected
cells, and AA-treated NF-kB-transfected cells by the RLU of untreated NF-
kB-transfected cells. Error bars represent mean+SD of relative luciferase
activity. °P<0.01 vs untreated NF-kB-transfected cells.

microarray analysis to investigate the effects of AA. In this in
vitro study on the gene expression profiles of AA-treated (HK-
2) cells, the normal human proximal tubular cell line was used,
in contrast with the human colorectal cancer cell line (HCT
116) used by Simoes™. Our results showed that HK-2 cells
were more sensitive to AA-induced cytotoxicity than HCT
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AA 30 umol/L

20 ym

Figure 3. Cellular localization of the p65 subunit of
NF-kB before and after AA treatment in HK-2 cells.
NF-kB localization was visualized in panel D-F
(green) and Pl was used for nuclear staining (red)
(panel G-1) by immunofluorescence and confocal
microscopy. The nuclear distribution of NF-kB in
AA-treated cells was less apparent than that in

normal HK-2 cells (A-F).
20 ym

116 cells. The ICs, values of AA after 24 h treatment in HK-2
cells and HCT 116 cells were 30 pmol/L and 100 pmol/L,
respectively. Moreover, the effect of AA on gene expression
was more profound in HK-2 cells than in HCT 116 cells®™. A
previous report indicated no significant difference in TP53
expression in P53-WT HCT 116 cells after a 24 h exposure
to AA (100 pmol/L), whereas our study showed a marked
downregulation of TP53 gene expression (fold change -1.92
after qRT-PCR confirmation) in 10 pmol/L AA-treated HK-2
cells (data not shown). In an in vivo study exploring the gene
expression profiles of AA, rats were exposed to AA to dis-
tinguish the carcinogenic effects on target (kidney) and non-
target (liver) tissues™. The microarray analysis after the AA
treatment showed that there were more significantly altered
genes and biological processes in the kidney compared to the
liver. These data suggest that the analysis of gene expres-
sion profiles can be used to define the different responses of
the kidney and liver to AA. Another experiment using gene
expression profiling was conducted to study AA-induced
renal tumorigenesis in the short-term AA-treated Eker rats
(heterozygous for a mutation in the tuberous sclerosis 2 [Tsc2]
tumor suppresser gene) and wild-type rats™!. The results
indicated that the gene expression profiles of AA-treated Eker
and wild-type rats were Tsc2-independent.

Our finding revealed that AA exhibited cytotoxicity in a
dose-dependent manner. These results were similar to an ear-
lier study by Guo et al®” demonstrating that AAI, AAla, and
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AAII inhibited the growth of HK-2 cells in a concentration-
dependent and time-dependent manner. They also found
that AAI, AAla and AAII could affect the cell cycle and even
induce cell apoptosis. Moreover, by microarray analysis, we
noticed that genes involved in DNA repair, response to DNA
damage stimulus, apoptosis, and cell cycle were significantly
regulated by different concentrations of AA (Table 2). The
pathway analysis showed that most of the AA-regulated
pathways were associated with immunomodulatory func-
tions, indicating that AA might participate in the regulation
of immune genes. Furthermore, it has been noted that NF-«xB
is downregulated following AA exposure, and that it plays a
central role in the gene networks regulated by AA (Figure 2).
NF-xB is a nuclear transcription factor consisting of heterodi-
mers including Rel A (p65), Rel B, c-Rel, p50, and p52. NF-«B
activity can be induced by infection, pathogenic microorgan-
isms, carcinogens, necrotic cell products, and inflammatory
cytokines. When stimulated, activated NF-xB is translocated
from the cytoplasm to the nucleus, where it binds to specific
DNA sequences in the promoter regions of genes and initiates
the expression of genes that encode proteins to control stress
responses, cell adhesion, proliferation, and apoptosis™. After
NF-xB is activated, it may serve as a transcription factor, and
a small change in the gene expression of NF-kB may lead to
significant changes in the expression levels of NF-«xB-regulated
downstream genes. In our study, the mRNA expression
level of NF-xB in 10, 30, and 90 pmol/L AA-treated cells was
1.24+0.14, 1.04+0.24, and 1.20+0.23, respectively.

Constitutive NF-xB activity can induce the overexpression
of proinflammatory genes, which can lead to acute or chronic
inflammatory disease, such as rheumatoid arthritis, inflam-
matory bowel disease, and atherosclerosis®™. Similarly, the
upregulated expression of NF-xB has been found in pancreatic
cancer, hepatocellular carcinoma, and colorectal cancer™!,
Recent research strongly suggests a relationship between
chronic inflammation, NF-«B activation, and cancer® **,
Because NF-kB target genes promote tumor cell proliferation,
survival, migration and angiogenesis, the inhibition of NF-xB
was thought to be useful as an anticancer therapy in clinical
studies. However, the inhibition of NF-xB has been found
to promote squamous cell carcinomas in epidermal skin®> *,
Although plants of the genus Aristolochia have been used as
an anti-inflammatory (eg, for arthritis), analgesic, diuretic, and
anticancer agents in the past, it was interesting to note that
more recently, AA has been reported to be nephrotoxic and
carcinogenic. These different properties of AA are similar
to the dual effects of NF-xB. In our study, the results from
immunofluorescence confocal microscopy and a luciferase
reporter assay revealed that NF-xB activity in HK-2 cells was
inhibited by AA. The nuclear localization of NF-xB in AA (10
pmol/L and 30 pmol/L)-treated cells was less apparent than
in normal HK-2 cells. It was suggested that AA decreased the
nuclear staining of NF-xB by the inhibition of NF-«B translo-
cation from the cytoplasm to the nucleus. Concurrently, our
study showed that AA significantly inhibited NF-xB activity in
HK-2/NF-xB transgenic cells compared with the control cells.

Acta Pharmacologica Sinica

Among the list of genes significantly regulated by the 10,
30, and 90 pmol/L AA treatments, chemokine ligand 20
(CCL20) was the most markedly downregulated. CCL20 is a
macrophage inflammatory protein that plays a role in B-cell
adhesion to the inflamed endothelium®™. Interleukin 8 (IL-8)
was another downregulated gene identified in our study. The
gene expression of IL-8 can be induced by IL-1 and TNF and
simultaneously regulated by NF-kBP*. Insulin-like growth
factor binding protein 3 (IGFBP3) was also shown to be down-
regulated following AA treatment in this study. IGFBP-3 can
inhibit the proliferative function and anti-apoptotic functions
of insulin-like growth factor (IGF)*”. Recently, it has been
shown that the regulation of IGFBP-3 involves the phosphati-
dylinositol-3 kinase (PI3K) and NF-«B pathways®™ . Another
downregulated gene identified in this study was CD68, which
is a transmembrane glycoprotein highly expressed in human
monocytes and tissue macrophages. CD68 is also a member of
the scavenger receptor family and typically functions to clear
cellular debris, promote phagocytosis, and mediate the recruit-
ment and activation of macrophages. Based on immunohis-
tochemistry, CD68 is histiocytic (similar to the T-lymphocytic
marker CD3) and is associated with multicentric reticulohistio-
cytosis!*! el
ulitic neuropathies*!. Besides the genes mentioned above, the

, rheumatoid arthritis*?, Crohn’s disease!*”, and vasc-
gene expression of other NF-xB downregulated genes, includ-
ing SAA2, LTB, TNFRSF9, was confirmed by real-time qRT-
PCR. Most of these NF-xB downregulated genes are involved
the inflammatory response. In summary, the downregulation
of NF-kB regulated genes by AA may partly explain the use of
Chinese herbs of Aristolochiaceae to treat inflammatory diseases
such as arthritis in the past.

In conclusion, AA exhibited a dose-dependent cytotoxic
effect in HK-2 cells and induced alterations in gene expression
profiles related to DNA damage response, stress response,
and other pathways. In addition, we demonstrated that AA
treatment downregulated nine biological pathways, most of
which were associated with immunomodulatory functions
in HK-2 cells, and NF-xB plays a central role in the network
topology. The relationship between AA and NF-xB was fur-
ther confirmed by real-time qRT-PCR, confocal microscopy
in AA-treated HK-2 cells and the luciferase reporter assay in
HK-2/ NF-xB transgenic cells. Our study reveal that AA can
suppress NF-xB activity in human cells, and these results may
partly explain the toxicological and pharmacological effects of
the genus Aristolochia.
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Effect of lactoferrin- and transferrin-conjugated
polymersomes in brain targeting: in vitro and in vivo

evaluations

Hui-le GAO, Zhi-ging PANG, Li FAN, Kai-li HU, Bing-xian WU, Xin-guo JIANG™

Department of Pharmaceutics, School of Pharmacy, Fudan University, Shanghai 201203, China

Aim: To evaluate the effect of lactoferrin (Lf) and transferrin (Tf) in brain targeting.

Methods: Polymersomes (PSs), employed as vectors, were conjugated with Lf or Tf and were characterized by morphology, particle size,
zeta potential, and surface densities of the Lf or Tf molecules. In vitro uptake of Lf-PS and Tf-PS by bEnd.3 cells was investigated using
coumarin-6 as a fluorescent probe. In vivo tissue distribution and pharmacokinetics of *?°-Lf-PS and **°I-Tf-PS were also examined.
Results: The mean particle size of PS, Lf-PS, and Tf-PS was around 150 nm and the zeta potential of the PSs was about -20 mV. Less
than 0.12% of the coumarin was released from coumarin-6-loaded PS in 84 h indicating that coumarin-6 was an accurate probe for
the PSs’ behavior in vitro. It was shown that the uptake of Lf-PS and Tf-PS by bEnd.3 cells was time-, temperature-, and concentration-
dependent. Both Lf and Tf could increase the cell uptake of PSs at 37 °C, but the uptake of Tf-PS was significantly greater than that of
Lf-PS. In vivo tissue distribution and pharmacokinetics in mice revealed higher brain uptake and distribution of Tf-PS than Lf-PS, which
was in accordance with in vitro uptake results. The drug targeting index (DTI) of Tf-PS with regard to Lf-PS was 1.51.

Conclusion: Using a PS as the delivery vector and bEnd.3 cells as the model of the blood-brain barrier (BBB), Tf was more effective

than Lf in brain targeting.
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Introduction

The blood-brain barrier (BBB), the most formidable obstacle
in the treatment of brain diseases, protects the central nervous
system (CNS) from exogenous toxicants, but at the same time,
also excludes potential therapeutics™. In fact, almost all of the
large-molecule drugs and more than 98% of small-molecule
drugs cannot cross the BBBP. Realizing that so few drugs
cross the BBB, researchers have continuously committed to
developing various drug delivery and targeting strategies to
overcome this obstacle®?®. However, the efforts are still far
from sufficient.

As local invasive (direct injection/infusion) delivery has
been associated with many disadvantages!®, global nonin-
vasive strategies taking advantage of endogenous nutrient
transport systems present at the BBB can facilitate widespread
transport across the whole brain without disruption of the bar-
rier properties”. Among the various noninvasive approaches,
receptor-mediated systems seem to be one of the most promis-
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ing. Coupling vectors with specific receptors on the BBB to
loading vehicles combines the advantages of brain targeting,
high incorporation capacity, reduction of side effects, and cir-
cumvention of the multidrug efflux system!®.

Lactoferrin (Lf) and transferrin (Tf) belong to the transferrin
family. Tf is a single-chain glycoprotein containing about 700
amino acids whereas Lf contains about 690 amino acids" "\,
Though Tf and Lf are quite similar overall in sequence and
structure, and coordinate iron in the same manner, they dif-
fer in the structure of their inter-lobe linker, the salt bridge
between the helical linker, their pattern of disulfide bonding,
and their receptor binding propertiesl. Lf receptor (LfR) and
Tf receptor (TfR) have been demonstrated to exist on the BBB
in different species and to be involved in Lf and Tf transport
across the BBB in vitro and in vivo™ ™. There are interesting
reports that the expression of LfR in the brain is increased
under some disease conditions such as Parkinson’s disease
and Alzheimer’s disease!*® and that TfR is more highly
expressed on tumor cells than on ordinary cells™. These data
suggest Lf and Tf have prospective benefits in brain targeting.

Recently, Ji ef al compared the brain uptake of Lf with that of
Tf; the uptake of Lf was much higher than Tf, indicating that
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Lf might be more useful as a ligand for facilitating drug deliv-

201 However, there are several factors that

ery into the brain
can affect the brain targeting of drug delivery systems, such
as the binding affinity and capacity of targeting ligands, the
surface density of the ligands conjugated with each vector, the
characteristics of vectors, and blood elimination. The charac-
teristics of targeting ligands might change after they conjugate
with vectors, and the targeting effect of drug delivery systems
is not always coincident with that of targeting ligands. There-
fore, it has not been confirmed which ligand - Lf or Tf - has
better brain targeting ability after conjugation with vectors,
which is important for researchers to develop new effective
brain drug delivery systems.

To evaluate the effect of two targeting ligands, Tf and Lf,
in enhancing drug delivery into the brain, a vector could be
employed. Polymersomes (PSs), as a new class of synthetic
thin-shelled capsules based on block copolymer chemistry, are
self-assembled vesicles of amphiphilic block copolymers with
thicker and tougher membranes than lipids®®" !
with liposomes, PSs contain many advantages such as adjust-

. Compared

able amphiphile molecular weight (MW) and ratio, tunable
physical and chemical properties, and tunable in vivo behav-
ior™!. Pang et al confirmed that PSs could be employed as vec-
tors to develop a brain targeting drug delivery system'®.

The objective of this paper is to develop two brain deliv-
ery systems, Lf-conjugated PS (Lf-PS) and Tf-conjugated PS
(Tf-PS), and to compare the relative superiority of Lf and Tf in
brain drug targeting.

Materials and Methods

Materials and animals

Poly (butadiene-b-ethylene oxide) (PBD-PEO, 5000-2300) was
purchased from Polymer Source Inc, America. Poly (ethylene
glycol-b-lactic acid) (PEG-PLA, 3400:4000) and maleimide-
PEG-PLA (Mal-PEG-PLA, 3400:4000) was custom-synthesized
by Chengdu Organic Chemicals Co, Ltd, China. Holo-trans-
ferrin (human), lactoferrin (from bovine colostrum), 2-imino-
thiolane (Traut’s reagent) and coumarin-6 were purchased
from Sigma, America. Na'”I was purchased from Chengdu
Gaotong Isotope Corporation, China. Sepharose CL-4B was
purchased from Pharmacia, Sweden. Other agents (analyti-
cal pure) were all from Sinopharm Chemical Reagent Co, Ltd,
China.

KM mice (18-20 g, ¢) were obtained from Shanghai Slac
Laboratory Animal Co, Ltd and maintained at 22+2 °C on a
12-h light-dark cycle with access to food and water ad libitum.
The animals used for the experiment were treated according to
the protocols evaluated and approved by the ethical commit-
tee of Fudan University.

Preparation and characterization of PS, Lf-PS, and Tf-PS
Preparation of PSs

PSs were prepared using film rehydration as described by
Photos et al®, Briefly, 2 mL of copolymer solution in dichlo-
romethane (5 g/L, PBD-PEO:PEG-PLA:MAL-PEG-PLA=7:2:1)
was first thoroughly dried onto the walls of a 100-mL glass
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vial for at least 1 h on the rotary evaporator (R-200, Buchi, Ger-
many). A volume of 2 mL of 0.01 mol/L sodium phosphate
buffer (PBS), pH 7.4, was added to rehydrate the film for 30
min at 37 °C. The liquid was subjected to sonication (200 W)
for 200 s, followed by passing through a 0.22 pm microporous
membrane. Coumarin-6-loaded PSs were prepared with the
same procedure except that 0.1% (w/v) of coumarin-6 was
added to the dichloromethane solution before film formation
and the obtained PSs were subjected to a 1.5%x20 cm sepharose
CL-4B column and eluted with 0.01 mol/L PBS, pH 7.4, to
remove the unentrapped coumarin-6.

Preparation of Lf-PS and Tf-PS

Lf and Tf were thiolated by a reaction for 60 min with a 30:1
molar excess of 2-iminothiolane in 0.15 mol/L sodium borate
buffer, pH 8.0, supplemented with 0.1 mmol/L EDTA, as
described previously™!.
Hitrap™ Desalting column (Pharmacia, Sweden) and eluted
with 0.01 mol/L PBS, pH 7.4. The protein fractions were col-

lected and introduced thiol groups were determined spectro-
26]

The product was then applied to a

photometrically (\/nm=412) with Ellman’s reagent!

L{-PS and Tf-PS were prepared by incubating the purified
thiolated Lf or Tf with the PS at room temperature for 5 h. The
products were then subjected to a 1.5x20 cm sepharose CL-4B
column and eluted with 0.01 mol/L PBS, pH 7.4, to remove
the unconjugated proteins. The particles concentration was
determined by turbidimetry using a UV-2401 spectrophotom-
eter at 350 nm (Shimadzu, Japan).

PL-Lf-PS and "I-Tf-PS were prepared by incubating the Lf
or Tf with Na'”I (1 mg 74 MBq and 1 mg 92 MBgq, respectively)
at 35 °C for 5 min. The products were applied to a Hitrap
Desalting column and eluted with 0.01 mol/L PBS, pH 7.4.
The protein fractions were subjected to the above procedure to
prepare '*I-Lf-PS and "I-Tf-PS.

Morphology, particle size, and zeta potential

The mean diameter and zeta potential of the PS, Lf-PS, and
Tf-PS were determined by dynamic light scattering (DLS)
using a Zeta Potential /Particle Sizer NICOMP™380 ZLS
(Santa Barbara, CA). The morphological examination of PS
was carried out by transmission electron microscope (H-600,
Hitachi, Japan).

The number of Lf or Tf molecules conjugated with each Lf-PS or
T-PS

The calculation for the surface number of Lf or Tf molecules
per Lf-PS or Tf-PS was based on the relation between concen-
tration of Lf-PS or Tf-PS and intensity of radioactivity of Lf or
Tf* ), The procedure is as follows:

If A, is the intensity of radioactivity of BLLf or PI-Tf, my is
the weight of Lf or Tf; then the specific radioactivity (k1) can
be calculated by: k;=A;/m;;

If m, is the weight of '”I-Lf-PS or "®I-Tf-PS; D is the particle
diameter of '*I-Lf-PS or '*I-Tf-PS; then the number (N,) of *I-
Lf-PS or 'I-Tf-PS can be calculated by N;=6xm,*x10°/[rx(D’-
d’)x10*'xp], where p=1.06 g/cm’, d=8 nm®;



If A, is the intensity of radioactivity of I21_L£-PS or '*I-Tf-PS;
M is molecular weight of Lf or Tf; then the number of "I-Lf
or PI-Tf conjugated with PS can be calculated by: N,=A,xk;/
Mx6.02x10%;

Then, the number of Lf or Tf per '“I-Lf-PS or "®I-Tf-PS can
be calculated by: n=N,/N;.

In vitro release of coumarin-6 from PS

In vitro release experiments of coumarin-6 from the PS were
performed at 37 °C in 0.01 mol/L PBS (pH 4 and pH 7.4) to
evaluate if the fluorescent probe remained associated with the
particles during an 84-h incubation period. pH 4 and pH 7.4
represented the pH in the endo-lysosomal compartment and
physiologic pH, respectively. Coumarin-6-loaded PSs were
incubated at a particle concentration of 7 mg/L with shaking
at 100 r/min under a predetermined sink condition. Periodic
samples were lyophilized, then reconstituted by 1 mL metha-
nol, and used for HPLC analysis of coumarin-6 after centrifu-
galization at 10000xg for 10 min.

In vitro uptake of coumarin-6-labeled PS, Lf-PS, and Tf-PS by
bEnd.3 cells

Cell culture

bEnd.3 cells, the immortalized mouse brain endothelial cell
line, were maintained in 10-cm tissue culture dishes in Dulbec-
co’s Modified Eagle’s Medium supplemented with 10% fetal
bovine serum (FBS), penicillin (100 kU/L) and streptomycin
(100 mg/L).

Fluorescent microscopy of PS, Lf-PS, and Tf-PS uptake by bEnd.3
cells

bEnd.3 cells were seeded at a density of 10* cells/cm? on a
polylysine-coated glass cover slip. On the second day, after
preincubation with HBSS for 15 min, the cells were incu-
bated with coumarin-6-loaded PS, Lf-PS, and Tf-PS suspen-
sions (300 mg/L in HBSS, pH 7.4) for 0.5, 1, and 2 h at 37 °C,
respectively® >
washed three times with PBS and fixed by 4% paraformalde-

. At the end of the experiment, the cells were

hyde for 20 min. Then, they were washed three times with
PBS, mounted in Dako fluorescent mounting medium and
observed under a fluorescent microscope (Olympus, Japan).

Quantitative analysis of coumarin-6-labeled PS, Lf-PS, and Tf-PS
uptake

bEnd.3 cells were seeded at a density of 10* cells/cm” onto
24-well plates. On the second day, after preincubation with
HBSS for 15 min, the medium was replaced with the suspen-
sion of PS, Lf-PS, or Tf-PS (10-600 mg/L) and incubated for
lThat4°Cand1hat37°C. Ina separate experiment, to study
the effects of incubation time on particle uptake, the medium
was replaced with 1 ml 100 mg/L suspension of PS, Lf-PS,
or Tf-PS in HBSS per well and the plate was incubated for
15 min, 30 min, 1 h, and 2 h at 37 °C. At the end of the incu-
bation period, the cells were washed with ice-cold PBS five
times. Subsequently, the cells were solubilized in 400 puL 1%
Triton X-100 and 20 pL cell lysate from each well was used to
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determine the total cell protein content using the BCA protein
assay (Shanghai Shenergy Biocolor Bioscience and Technology
Co, Ltd, China). A volume of 200 pL of the cell lysates were
lyophilized and used for HPLC analysis of coumarin-6 after
extraction by 700 pL methanol. The uptake of PS, Lf-PS, and
Tf-PS by bEnd.3 cells was calculated from the standard curve
and expressed as the amount of PS, Lf-PS and Tf-PS (mg)
taken up per gram of cell protein.

Pharmacokinetics and tissue distribution of **°-Lf-PS and **°|-Tf-
PS
A total of 145 mice were randomly divided into two groups,
receiving '"®I-Lf-PS or "I-Tf-PS. The animals were injected
in the tail vein at a dose of 20 mg/kg "I-Lf-PS or '*I-Tf-PS.
At 0.083,0.25,0.5,1, 2, 4, 6, 8, 12, 16, 24, and 48 h following iv
injection, the blood samples were collected and the mice were
sacrificed. The brain, heart, liver, spleen, lung, and kidney tis-
sues were harvested, followed by a quick washing with cold
saline and then subjected to weighing and detection by radio-
immune y detector (SN-695, Hesuo Rihuan, China).
Concentration data were dose-normalized and plotted as
drug concentration-time curves in the blood and brain. The
Cinax and £, values were read directly from the concentration-
time profile and the area under the concentration-time curve
(AUC) was calculated by the trapezoidal rule. The statisti-
cal differences between Lf-PS and Tf-PS were assessed using
a paired Student’s t-test and a P value of less than 0.05 was
accepted as significant.

Results
Preparation and characterization of PS, Lf-PS, and Tf-PS
The mean particle size of PSs was around 150 nm and the
average zeta potential was around -20 mV, which is regarded
as favorable for brain transport. After Lf or Tf conjugation, the
particle size and zeta potential changed slightly. The mean
particle size of Lf-PS and Tf-PS changed from 166.4 nm and
141.0 nm to 167.6 nm and 146.1 nm, respectively, while the
average zeta potential of Lf-PS and Tf-PS changed from -24.25
mV to -22.08 mV and -20.45 mV, respectively. TEM photo-
graphs showed PSs were generally spherical and of regular
size (Figure 1).

The average number of Lf or Tf molecules conjugated with

Figure 1. Transmission electron micrograph of PS negatively stained with
uranyl acetate solution. The bar is 50 nm.
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PSs was 45.5 and 50.4 per particle, respectively. Therefore, the
material ratio was slightly changed in the experiment there-
after to make sure the average molecular number of Lf and Tf
were as close to each other as possible.

The particle size and zeta potential of particles did not
change much after conjugation with Lf or Tf, and the amount
of protein conjugated with particles was extremely little com-
pared with the amount of particles and it would not affect
the permeability of the membrane of particles. Thus, the
in vitro release experiments of coumarin-6 from the PSs can
represent that from Lf-PS and Tf-PS. Coumarin-6 has high
fluorescence efficiency, liposolubility and detection sensibil-
ity, and coumarin-6 has a detection limit as low as 4 ng/L
by HPLC. Many researchers have used it as a fluorescence
probe of nano drug delivery systems in quality and quantity
analysis® ). Although the release speed at pH 4.0 was quicker
than that at pH 7.4, the cumulative released percentage of both
was smaller than 0.12% (Figure 2), which is similar to other
studies®™ *¥1. This suggested that most of the incorporated
coumarin-6 remained in the particles and indicated that the
fluorescence signal detected in the cell or tissue samples was
attributed mainly to the coumarin-6 encapsulated into the par-
ticles.

0.12
0.10
0.08
0.06

0.04

0.02

Cumulative released percentage (%)

0 20 40 60 80 100
Time (h)
Figure 2. In vitro release of 6-coumarin from PS in 0.01 mol/L PBS (pH 7.4

and 4.0).

Uptake of coumarin-6-loaded PS, Lf-PS, and Tf-PS by bEnd.3 cells
The uptake of PS, L{-PS, and Tf-PS by bEnd.3 cells was depen-
dent on the incubation time within 2 h (Figure 3B). At each
timepoint, the uptake amount of Lf-PS and Tf-PS was higher
than that of PS, about 1.56 and 1.86 times higher than that of
PS at 2 h, respectively; and the uptake amount of Tf-PS was
1.19 times as much as that of Lf-PS. The uptake amount of
all PS, Lf-PS and Tf-PS under 37 °C was much higher than
that under 4 °C, suggesting that the uptake of all particles
was temperature-dependent (Figure 3A). The uptake of PS,
Lf-PS, and Tf-PS was also concentration-dependent. At 37 °C,
the uptake increased with an increase in the concentration,
showing almost first-order kinetics (Figure 3A). The uptake
of Lf-PS and Tf-PS was 2.19- and 3.33-fold greater than that of
PS at 600 mg/L, respectively; and the uptake of Tf-PS was 1.52
times greater than that of Lf-PS at 600 mg/L. Under 4 °C, the
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Figure 3. BCECs uptake (A) 10-600 mg/L PS, Lf-PS, and Tf-PS at 37 °C
and 4 °C incubation for 1 h, respectively; (B) 100 mg/L PS, Lf-PS, and
Tf-PS at 37 °C incubation for different time. n=3. Mean+SD. °P<0.05,
°P<0.01 vs PS. °P<0.05 vs Lf-PS.

uptake of PS, Lf-PS, and Tf-PS quickly reached saturation at a
concentration of 100 mg/L, showing no significant difference
between the three kinds of PSs.

Fluorescent microscopy photographs of bEnd.3 cells
exposed to PS, L{-PS, and Tf-PS at the same concentration (300
mg/L) demonstrated that the increase of fluorescent intensity
in the cells correlated with an increase in the time of incuba-
tion (Figure 4). There was an obvious accumulation of dye of
L{-PS and Tf-PS in the cells compared with that of PS for 30,
60, and 120 min at 37 °C. Our in vitro release results confirmed
the relative inertia of the coumarin-6 in the particles. Thus, we
concluded coumarin-6 detected in the cells reflected the par-
ticles.

Tissue distribution of **®I-Lf-PS and **°|-Tf-PS

To evaluate the brain uptake and tissue distribution of the
L{-PS and Tf-PS, '*1 was labeled on Lf and Tf, and the blood
and other tissues’ concentrations of the particles were detected
with a radioactive method. Both L{-PS and Tf-PS exhibited
similar concentration-time profiles (Figure 5A). However, the
blood AUC,, of Tf-PS was much higher than that of Lf-PS,
about 1.84-fold greater (Table 1). The elimination rate con-
stant (B) of Lf-PS was 3.12-fold greater than that of Tf-PS, and
the distribution rate constant (a) of Lf-PS was 2.11-fold greater



Table 1. Pharmacokinetic parameters of Lf-PS and Tf-PS in whole blood
and brain following iv injection of *?°I-Lf-PS or **°I-Tf-PS in mice.

PK Blood Brain
parameters Lf-PS Tf-PS Lf-PS Tf-PS
o (h?) 0.107 0.0508 - -
ti/2q° (h) 6.49 13.6 - -
B (h™) 2.43 0.780 0.0216 0.0223
tl/ng (h) 0.285 0.888 32.1 31.1
tmax () 0 0 0.25 0.5
Crnax (Mg/L
55.68+5.32 49.86+5.80 43.44+6.88 80.04+7.02°
or ng/g)
AUC,_,(mg/Lh
219.5+25.6 403.8+49.17° 458.6+89.5 1277+143°
or ng/gh)

a: « and ty,,, denotes distribution rate constant and distribution half
life respectively; b: B and t,;,,; denotes elimination rate constant and
elimination half life respectively; C. and AUC,_, are Mean+SD; °P<0.01 vs
Lf-PS.

than that of Tf-PS (Table 1).

The brain uptake of Tf-PS was higher than that of Lf-PS at
every timepoint (Figure 5B). The AUC, of brain concentra-
tion of Tf-PS was about 2.79-fold greater than that of Lf-PS
(Table 1). However, in other tissues, this was not the case.
The AUC, in heart, kidney, and lung of Tf-PS were signifi-
cantly higher than that of L{-PS (Figure 5C); the AUC,_, in
spleen tissue had no significant difference with that in brain
tissue; but the liver AUC,, of Lf-PS was 1.34 times greater
than that of Tf-PS, indicating that the Lf-PS was more easily
phagocytized by macrophages than Tf-PS, which could make
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Figure 4. Cell uptake of polymer-
somes by bEND.3 cells. 300 mg/L PS
at 37 °C for 30 min (A), 60 min (D),
120 min (G) ; 300 mg/L Lf-PS for 30
min (B), 60 min (E), 120 min (H) and
300 mg/L of Tf-PS for 30 min (C), 60
min (F), 120 min (1), respectively, bar
50 pm.

the blood AUC,, lower.
To determine the difference between Lf-PS and Tf-PS in

brain targeting, the drug targeting index (DTI) was calculated:
DTI=(AUCrsn/ AUCsis00)re/ (AUChain/ AUCho0i)r 75
The closer a compound’s DTl is to 1, the less targeting effect
it has®Y. The brain DTI of Tf-PS with regard to Lf-PS was 1.51,
which indicated that Tf-PS was more effective than Lf-PS in
brain targeting.

Discussion and conclusion

bEnd.3 cells are an immortalized mouse brain endothelial cell
line exhibiting endothelial properties. The cells express von
Willebrand factor, vascular endothelial growth factor recep-
tors and can internalize acetylated low-density lipoprotein®™.
They are an attractive candidate as a model of the BBB due to
their rapid growth, maintenance of blood-brain barrier charac-
teristics over repeated passages, formation of functional barri-
ers and amenability to numerous molecular interventions® .,
Thus, bEnd.3 cells were chosen as an easy BBB model to study
the brain delivery properties of Lf-PS and Tf-PS in vitro.

The time-, temperature-, and concentration-dependent
uptake of the particles suggested a process of active endocy-
tosis. The enhanced uptake of Lf-PS and Tf-PS compared to
PS by bEnd.3 cells might be caused by an additional endo-
cytosis mechanism involving Lf and Tf, and this has been
demonstrated by several researchers® '’ The results also
showed that Tf was more effective than Lf in facilitating cell
uptake of PSs, which might have several reasons including
the following: (1) The dissociation constant of Tf and TfR was
approximately 1 nmol/L but the dissociation constant of Lf
with LfR was 7 nmol/L and 5 pmol/L (LfR has two Lf bind-
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Figure 5. (A) The average PS’s concentration-time curve in whole blood
followed by iv injection of Lf-PS or Tf-PS in mice. n=6. MeanSD. (B) The
Lf-PS and Tf-PS concentration in brain at different time; (C) The Lf-PS and
Tf-PS AUC,_, in different tissues. °P<0.05, °P<0.01 vs Lf-PS.

ing sites)!"”*!, which means the affinity of Tf with TfR is much

higher than that of Lf with LfR bEnd.3; (2) bEnd.3 cells may
exhibit a greater amount of TfR than LfR; and (3) the conju-
gated PSs down-regulated the affinity of Lf with LfR more
than that of Tf with TfR. The last two hypotheses should be
identified by further experiments.

TfR and LfR have been demonstrated to exist on the BBB
in different species and to be involved in Tf and Lf transport
across the BBB in vitro and in vivo!"" "' ™ In the standard
protocol, perfusion is performed before tissues are harvested,
and in most of our past experiments, perfusion was per-
formed. In this study, considering the aim was to compare the
relative effect of Tf and Lf, and the blood effect may be neu-
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tralized, the perfusion was omitted. Several studies published
recently have also omitted perfusion®. Our results showed
that the difference of particles” AUC,, of brain was partly
affected by the blood elimination, which meant that Lf-PS was
more easily identified and eliminated by cells of the mononu-
clear phagocytic system (MPS). The concentration of circulat-
ing Tf is about 25 pmol/LP", whereas the plasma concentra-
tion of endogenous Lf is approximately 16 nmol/L?": 1000-
fold lower than Tf. The added Lf and Tf (conjugated with PSs)
in the blood were about 14 nmol/L at the peak. Therefore,
the added Lf greatly changed the circulating amount of Lf,
whereas that of Tf only changed a little, which may have
caused the MPS to more easily eliminate the Lf-PS, but the
definite mechanism was unclear. Tf-PS was still better than
Lf-PS in brain targeting, which was coincident with the results
of bEnd.3 cells uptake in vitro. However, the ligands’ conjuga-
tion with PSs increased not only the brain uptake but also the
liver and spleen uptake of drug delivery systems, which might
cause increased toxicities to these organs, a general obstacle
that the nanoparticle systems have faced. Considering the
BBB prevents almost 100% of large molecule drugs and about
98% of small molecule drugs from entering the brain, research-
ers mainly focused on increasing the brain drug concentration
while ignoring other tissues” drug concentrations. Nowadays,
researchers have gradually realized that increasing the site-
specific distribution to the brain and decreasing the distribu-
tion to other tissues have become the key point in the treat-
ment of brain diseases. Unfortunately, researchers have only
been able to increase the distribution of nanoparticle systems
to the brain while hardly decreasing the distribution to other
tissues, which is the main obstacle researchers are unceasingly
devoted to overcoming in brain drug delivery systems.

The brain targeting property of drug delivery systems is
largely affected by the targeting ligands, so it is very impor-
tant to choose the right targeting ligand in research design.
Recently, most of the brain targeting moieties are either the
related ligands of known receptors, or carriers on the BBB or
the cationic proteins, which can bind with the anionic BBB,
such as transferrin receptor monoclonal antibody OX26, insu-
lin, and cationic albumin® ¥ *!. However, these targeting
ligands generally present problems such as low specificity
and not ideal brain targeting properties. Several researchers
have tried to select peptides or nucleic acids as targeting moi-
eties, which may contain much better characteristics, through
several methods including phage display”” and systematic
evolution of ligands by exponential enrichment”. These have
shown their efficacy in a development perspective, which may
largely increase the brain targeting effect of drug delivery sys-
tems.
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Structural studies of B-type Aurora kinase inhibi-
tors using computational methods
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Aim: To characterize the structural features of quinazoline-based Aurora B inhibitors that influence its inhibitor activity.
Methods: Two geometrical methods, Method 1 and Method 2, were used to develop the 3D-QSAR models. The most active ligand was
used as the template for the alignment of all the ligands in Method 1, and a conformer of the cocrystal ligand was used as the tem-

plate for the alignment of all the ligands in Method 2.

Results: The models suggest that highly active ligands can be designed by varying the R1 substituent at position 7 of the quinazoline
ring with positively charged, bulky, hydrophobic groups, while bulky and hydrophobic groups around the thiazole ring are desirable for

higher activity.

Conclusion: This study emphasizes that the bioactive conformer is rather different from the minima. The steric, electrostatic, and

hydrophobic field effects contribute to its inhibitory activity.

Keywords: 3D-QSAR; drug design; COMFA; CoMSIA; Aurora B; kinase
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Introduction

The Aurora proteins are a small family of serine/threonine
kinases that are expressed during mitosis and are involved in
chromosome segregation and cytokinesis. Humans express
three Aurora kinase paralogs, Aurora A, B, and C, the biolo-
gies of which have been reviewed extensively". All Aurora
kinases contain a variable N-terminal domain, followed by
a conserved catalytic domain and a short C-terminal exten-
sion. Despite significant sequence homology, the localization
and functions of these kinases are largely distinct from one
another. Aurora A localizes on centrosomes from the early S
phase and is involved in centrosome maturation and separa-
tion, bi-polar spindle assembly, and mitotic entry and exit.
Aurora B kinase belongs to the chromosome passenger protein
family. The expression and activity of Aurora B are cell cycle
regulated, and Aurora B is only expressed during mitosis.
Aurora B first associates with centromeres, then relocalizes to
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the midzone of the central spindle, and finally concentrates
at the midbody between the dividing cells'*. At least three
more proteins, INCEP (inner centrosome protein), survivin
and borealin, participate in a multiprotein complex with
Aurora B®. The inhibition of Aurora B by RNA interference
demonstrated that it is required for cytokinesis”!, where its
important function is the regulation of the kinesin-like pro-
tein pavarotti, which is essential for the establishment of the
central spindle during anaphase. Aurora A and B are overex-
pressed in a variety of solid tumors, including those from the

colon®, breast? ", prostate!”, pancreas, thyroid™", head,
Pl In addition, it has been found recently that
Aurora A and B are aberrantly expressed in hematological
malignancies including acute myelogenous leukemia (AML),
chronic myelogenous leukemia (CML), and acute lympho-
blastic leukemia (ALL)"®. The contribution of Aurora B to
carcinogenesis has been studied less than that of Aurora A.
Aurora B is located in a chromosomal region that is not typi-
cally amplified in human malignancies. However, the over-
expression of Aurora kinase B has been shown in a variety of

and neck!

human cancers, including glioblastoma multiforme!”, malig-
nant mesothelioma®, and hematological malignancies!®.

High levels of Aurora B are associated with adverse clinical



outcomes in patients with endometrial carcinoma™. The
forced expression of Aurora B in Chinese hamster embryo
cells results in chromosomal instability and increased tumor
invasiveness in association with the constitutive expression
of phosphorylated (p)-histone H3 on Ser10””, suggesting that
Aurora B can act as an oncogene. The development of Aurora
kinase inhibitors evidence linking Aurora kinases to malig-
nancies has raised the possibility of targeting these kinases for
cancer therapy.

Many Aurora inhibitors in various stages of development
have been reported”). Among them, MK-0457/VX-680,
MLN8054, ZM447439, PHA-739358, AZD1152, and AT9283
are in clinical development. These compounds are of different
scaffolds with various specificities to the subtypes of Aurora
kinases. VX-680 is a potent inhibitor of all three Aurora
kinases with K; values of 0.6, 1.8, and 4.6 nmol/L for the A, B,
and C isoforms, respectively™, and is undergoing clinical tri-
als for solid tumors and hematological malignancies. PHA-
739358, a pyrazole derivative, is a non-selective agent with
1Cs, values of 13, 79 and 61 nmol/L for Aurora A, B, and C,
respectively™. AZD1152 and ZM447439 are both quinazoline
derivatives in clinical stages. AZD1152 selectively inhibits
Aurora B rather than A or C and resulted from the optimiza-
tion of a series of 5-acetanilide-3-aminopyrazole (3-pyrazole)-

1

substituted quinazolines™. Recently, a new class of 1-aceta-

nilide-4-aminopyrazole-substituted quinazoline has been
reported as selective Aurora B inhibitors™!. These findings
suggest the possibility of designing more potent quinazoline-
based Aurora B inhibitors. The three-dimensional (3D) quan-
titative structure-activity relationship (3D-QSAR) techniques,
such as the comparative molecular field analysis (CoMFA)
and comparative molecular similarity analysis (CoMSIA)?>**),
are routinely used in modern drug design to understand the
drug-receptor interaction. It has been shown in the literature
that these computational techniques can strongly support and
aid in the design of novel, more potent inhibitors by reveal-
ing the mechanics of the drug-receptor interactions™". To
explore the further possibilities of novel drugs, we have devel-
oped predictive 3D-QSAR models using quinazoline-based

Aurora B inhibitors®* 3,

Materials and methods

The basic structure of the quinazolines is shown in Figure
1. A series of 48 quinazoline derivatives with their inhibi-
tory activities was retrieved from the literature®™ *?. We have
considered only the ICs, value for the cell-based assay (not an
enzyme-based assay), which is the inhibition of histone H3 in
SW620 cells.
and a marker of Aurora B kinase inhibition in vivo. The 1Cs,

Histone H3 is a cellular substrate of Aurora B

values in the micro-molar (umol/L) range were converted into
the molar (M) range and then into pICs, values using the rela-
tionship plCsy=-loglCs, values. The pICs, values were used as
the dependent variables in the statistical modeling. The data-
set of Aurora B kinase inhibitors was divided into training (37
compounds) and test (11 compounds) sets considering the fact
that the test set molecules must present a range of biological
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activity and the typical chemical structures similar to those of
the training set as reported in Table 1. The test set compounds
are marked by asterisks in Table 1. Molecular modeling and
all calculations were performed using SYBYL 7.3" running on
Linux cluster. The molecules were aligned using two different
geometric methods.

Molecular Alignment

In the 3D-QSAR model development, molecular alignment is a
key step, and usually the molecules are aligned with a suitable
conformational template that is supposed to be bioactive so
that the inhibitors have comparable conformations and similar
orientations in space™. In this study, two different geometri-
cal methods, Method 1 and Method 2, were used.

A R,
N 27—
0 NH—Z “NH /) Ny R
s~ NHN ZT e
R? \ = 6=
N
N/ o}
B Hn e
R>

NN
IN/)

Figure 1. Basic structures of quinazolines.

Ric g

Method 1

The most active molecule (compound 40) was drawn and opti-
mized using Tripos Force Field (TFF)® with a convergence
criterion of 0.005 kcal/mol/ A and 10000 iterations. The ran-
dom search-based minimum energy conformer of the most
active compound (compound 40) was obtained and used as
the template. This template was modified for further ligands,
and all of the molecules were optimized using the TFF level
with a convergence criterion of 0.005 kcal/mol and 10000
iterations. These minimized structures were aligned over the
template using the common substructure method (Figure 2)
and subsequently used for the COMFA /CoMSIA.

Method 2

A recently reported crystal structure for a similar ligand
(PDB=2c6e) was obtained from the public domain. The ligand
position within the active site is displayed in Figure 3. The
docked ligand was extracted and used as template to align
all of the ligands. The ligands were all minimized within the
receptor site using TFF, but the whole protein active site was
fixed during the minimization. All of the minimized struc-
tures were aligned over the template using a common sub-
structure method and directly used for CoMFA and CoMSIA.
The aligned structures of Method 2 are displayed in Figure 4.

3D-QSAR
The 3D-QSAR models were developed using the Comparative

Acta Pharmacologica Sinica



®

www.nature.com/aps

Neaz MM et al

246

Table 1. The quinazolines derivatives (structures A and B) and their observed (cell line ICs,) activities from Ref®* 3],

No Structure R1 R2 R3 ICso (umol/L) plCso (Mmol/L)  Reference
1%(6) A N OMe H 1.2 5.92 [24]
HO
2(7) A N OMe 2-F 0.47 6.33 [24]
HO
3(8) A N OMe 3F 0.68 6.17 [24]
HO.
4%(9) A N OMe 4F 2.6 5.59 [24]
HO.
5(10) A N OMe 2,3-di-F 0.54 6.27 [24]
HO
6%(11) A N OMe 3,5-di-F 0.37 6.43 [24]
HO
7*(12) A N OMe 3l 1.2 5.92 [24]
HO.
8(16) A N OMe 3-0Me 55 5.26 [24]
HO.
9*(17) A N OMe 3-CF3 18 5.74 [24]
HO
10(18) A HO OMe 2,3-di-F 0.042 7.38 [24]
O
HO
11(19) A OMe 2,3-di-F 0.045 7.35 [24]
N/\]
PR
12(20) A NT T OMe 2,3-di-F 0.071 715 [24]
HO/\/N\)
13%(21) A /Oﬂ/\l OMe 2,3-di-F 0.078 711 [24]
HO -
14(22) A N OMe 2,3-di-F 0.13 6.89 [24]
HO_
15(23) A : OMe 3F 0.33 6.48 [24]
O™
16(24) A HO\/\N/\] OMe 3F 0.63 6.20 [24]
H
17(25) A Ho\/\pll/\] OMe 3F 0.12 6.92 [24]
18(26) A HO -~ OMe 3F 0.27 6.57 [24]
19(27) A HO\/\N/\] H 3F 0.29 6.54 [24]
20(28) A HO\/\N/\] H 2,3-di-F 0.045 7.35 [24]
21+%(29) A HO -~ H 2,3-di-F 0.018 7.74 [24]
22(31)) A HO A~ H 2,3-di-F 0.007 8.15 [24]
23(32) A HOL -~ H 2,3-di-F 0.002 8.7 [24]
HO_
24(33) A : H 2,3-di-F 0.005 8.30 [24]
O
25(34) A HO -~ H 3F 0.017 7.77 [24]
(Continued)
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No Structure R1 R2 R3 ICso (Umol/L) pICso (Mmol/L)  Reference
26(35) A HO A~ H 3F 0.007 8.15 [24]
27*(36) A HO\: H 3F 0.024 7.62 [24]
Oy
N
28(15) B ﬁn/\] OMe I/\>7 11 5.96 [32]
N NN
29(16) B @ OMe [ )Q—\_\ 1.9 5.72 [32]
30(26) B N OMe _@ 0.6 6.22 (32]
PR
S o
31(28) B N OMe F 0.2 6.70 [32]
- ay
N °
[/ks
~ N
32(24) B N OMe N 1 6.00 [32]
o Mg NH
[ o}
as
33(31) B N OMe N 2.3 5.64 [32]
o/ P N

[
0)
34*(32) B OMe @ 0.4 6.40 [32]
(\

35(61) B o N7 OMe /"“L/\}—o 0.2 6.70 [32]
S
et
F
PO N
36(62) B o N7l OMe Q—S 0.4 6.40 132]
e
F
N N
37%(66) B Ho N OMe /H:S\>—H\N Y 2.8 5.55 [32]
[
bF
38(67) B N> OMe N7 o 0.8 6.10 [32]

HO )L/S>_I-}N—/S//

OH NN
39(44) B OMe /]I\ 0.004 8.40 [32]
b A

(Continued)
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No Structure R1 R2 R3 ICs0 (MMoI/L) plCso (Mmol/L)  Reference
40(45) B OH OMe NI A 0.001 9.00 [32]
b/\] )\S NH F
o
s
41(51) B OH OMe N 1 6.00 [32]
b/\] )\S NH
o /
as
NN
42(52) B OH OMe )'\ 0.6 6.22 [32]
~ S NH
N
\
43(40) B OMe OMe N 0.01 8.00 [32]
|
o
F
44(42) B HO\/\N/\] OMe N| N\ 0.08 7.10 [32]
H Mg NH
o]
F
45(43) B HO~ N OMe m 0.02 7.70 (32]
/ S p NH
s
46(47) B (\N/\] OMe NI A 0.002 8.70 [32]
/N\) )\s NH
o]
o
47%(46) B \/Ol/\] OMe NI N\ 0.005 8.30 [32]
HO )\S NH
o
s
48(48) B P OMe N| N 0.019 7.72 [32]
e s
HO o
F

The structures A and B correspond to Figure 1 and the test set compounds were indicated by asterisk (*) the cell line ICs, values collected from literature. ()

serial number of compounds in literature.

Molecular Field Analysis (CoMFA) and Comparative Molecu-
lar Similarity Indices Analyses (CoMSIA) techniques.

CoMFA

The steric and electrostatic potential fields for the CoOMFA
were calculated at each lattice intersection of a regularly
spaced grid of 2.0 A. The lattice was defined automatically
and extended up to four units past the Van der Waals volume
of all molecules in the X, Y, and Z directions. The Van der
Waals potential and columbic terms, which represent the steric

Acta Pharmacologica Sinica

and electrostatic fields, respectively, were calculated using TFF
and a distance-dependent dielectric constant. An sp’ carbon
atom with a Van der Waals radius of 1.52 A and a charge of
+1.0 served as the probe atom to calculate the steric and elec-
trostatic fields. The steric and electrostatic contributions were
truncated at £30 kcal/mol; the electrostatic contributions were
ignored at the lattice intersections with the maximum steric
interactions. The CoMFA steric and electrostatic fields gener-
ated and scaled by the CoOMFA standard option are given in
SYBYL™.



Figure 4. The molecular alignment by geometrical Method 2.

CoMSIA
The reported CoMSIA method is based on molecular similar-
ity indices”™ with the same lattice box used for the COMFA.
Molecular similarity expressed in terms of five different prop-
erties (steric, electrostatic, hydrophobic, H-bond donors and
H-bond acceptors) was calculated using a C* probe atom with
aradius of 1.0 A placed at a regular grid spacing of 2.0 A. The
CoMSIA similarity indices (Ar) for molecule j with atoms i at
grid point g are calculated by

AT () =Y Dpro e 0 € i (1)
where k represents the following physicochemical properties:
steric, electrostatic, hydrophobic, H-bond donor, and H-bond
acceptor. A Gaussian type distance dependence was used
between grid point g and each atom i of the molecule. The
default value (0.3) was used as the attenuation factor (a). The

www.chinaphar.com
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steric indices are related to the third power of the atomic radii,
the electrostatic descriptors are derived from the atomic partial
charges, the hydrophobic fields are derived from atom-based
parameters™), and the H-bond donor and acceptor indices
are obtained by a rule based method based on experimental

results?.

Partial Least Square (PLS) analysis and validation of the QSAR
models

To derive the 3D-QSAR models, the CoMFA and CoMSIA
descriptors were used as independent variables and the pICs,
values as the dependent variable. The PLS method™ *! was
used to linearly correlate the COMFA and CoMSIA descrip-
tors to the activity. The CoMFA cutoff value was set to
30 kcal/mol for both the steric and the electrostatic fields, and
all of the fields were scaled by the default options in SYBYL.
The cross-validation analysis was performed using the leave
one out (LOO) method”” *" in which one compound was
removed from the dataset and its activity was predicted using
the model derived from the rest of the dataset. The cross-
validated correlation coefficient (4°) that resulted in an opti-
mum number of components and the lowest standard error of
prediction was considered for further analysis and calculated
using

;(yp/‘ud'ynhsurzwd) 2

qzz 1T- 4 ( 2)
;(y observed”. ymmm) 2

PRESS:Z/:(}/ pmlirfnd_yahsmwd)2 (3)

where, Voreds Yactuay AN Yimean are the predicted, actual and mean
values of the target property (pICs), respectively, and PRESS
is the sum of the predictive sum of squares. The non-cross-
validated PLS analyses were performed with a column filter
value of 2.0 to reduce the analysis time with a small effect on
the 4° values. To have robustness and statistical confidence of
the derived models, a bootstrapping analysis was used for 100
runs. To assess the predictive power of the derived 3D-QSAR
models, the activity of the test set of eleven molecules was
predicted. The predictive ability of the models is expressed
by the predictive r* value, which is analogous to the cross-
validated 7 (4°) and is calculated using

o= SD—ZSDEESS @)
where SD is the sum of the squared deviations between the
biological activities of the test set and the mean activities of the
training molecules and PRESS is the sum of the squared devia-
tion between the predicted and observed activity of the test set
molecules and is calculated using equation 4.

Results

The 3D-QSAR analyses were performed by two different geo-
metric methods using ligand-based and receptor-guided tech-
niques.

A comparison of the two geometric methods
The structures of conformers A (green) and B (red) of the most
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active ligand (compound 40) are shown in Figure 5. Structure
A was obtained from a minimum energy conformer of the
most active compound, while structure B was drawn from
a modification of the crystallized ligand (gray) and further
minimized within the active site. It is clear (Figure 5) that the
receptor guided conformer (red) is closer to residues 211-223,
and the key interaction with residue 161 is more significant
for compound 40. For this interaction, the distance between
the carbonyl carbon and the hydrogen of Lys was reported as
1.78 A for the co-crystallized ligand, while this distance for the
most active ligand (compound 40) was 1.2 A. The minimum
energy conformer (green) has a distance of 3.5 A. The molecu-
lar field analyses and this comparison of different conformers
emphasize that the bioactive conformer is not the minimum
energy conformer.

Comparative molecular fields analyses (CoMFA)

A Gasteiger Huckel charge was used for the aforementioned
different geometrical methods. Six models (CoMFA; to
CoMFAy) were developed. CoMFA, to CoMFA; were based
on minimum energy geometries with steric, electrostatic, and
both fields combined, respectively. The statistical summary of
these three models is presented in Table 2. Model 3 (CoMFA;)
was better than the other two models because it was based
on both fields having high LOO values of 4°=0.54 and r°=0.86.
The electrostatic contribution was dominant in the interaction.
The model was successfully validated for internal predictivity
with 1%,,=0.90 and the test-set predictivity of 11 compounds
with 7} egicive=0.74.

CoMFA, to CoMFA4 were based on the co-crystal geometry
with steric, electrostatic, and both fields combined, respec-
tively. The result of both geometries was good; the co-crystal
geometry-based model was statistically significant (Table 2).
The best-fit model (CoMFA) was based on the X-ray geometry
and both fields jointly have LOO values of 4°=0.56 and r°=0.96.
Even though this model involved both steric and electrostatic
interactions, the electrostatic contribution was dominant in
the interaction. The model was successfully validated for the
internal predictivity with ,:=0.97 and for the test set predic-
tivity of 11 compounds with rzpredicm,e=0.76. The g* value of

Table 2. The regression summary of different COMFA models.

model CoMFA; was better than that of model CoMFA,, but
the other values indicated the significance of model CoMFA,.
This model is more realistic because it is based on the co-crys-
tallized binding mode in which all molecules have nearly the
same conformation as in the co-crystal structure, and all have
a key contact hydrogen bonding between residue 161 and the
carbonyl carbon. All molecules acquired the same binding site
and an almost equal interaction with the hinge region. The
predicted activities by the COMFA are summarized in Table 3.
The trend of the observed and predicted activities using model
CoMFAy is displayed in Figure 6.

CoMFA maps

The 3D-CoMFA contour maps using the best-fit model
CoMFA; are displayed in Figures 7 and 8 with both kinds of
field effects on compound 40. The green contours indicate the
area in which steric bulk substations might beneficially affect
the activity and the yellow region is favorable for small groups
(Figure 7). The blue contour indicates the region where a posi-
tive group is required for high activity, while the red zone
indicates the region favorable for negative groups (Figure 8).
The green contour was evident around the pyrrolidine ring,
which is directed toward residues 211 to 223, and around the
thiazole ring, which is directed toward 207-209 and 161-162,
indicating that a bulkier group around these regions will be
favorable for higher activity. Particularly, the contact with
residue 161 was described as a key interaction for activity.
A small yellow contour was evident just near the methoxy
group, indicating that a small group would be favorable for
higher activity. Blue contours appear around the methoxy
and pyrrolidine rings, as well as around the thiazole ring (Fig-
ure 8), which indicated that except for the methoxy region,
a positive group with steric bulk would be desirable at this
position, which is in support of previous findings"'. A small
positive group would be helpful around the methoxy substitu-
ent. There is a red contour in the far region of the thiazole ring
indicating that a negative group would have a good effect on
the activity, which is also clear from the data of the most active
compound (compound 40), which has halogens at the same
place that are probably key to its higher activity.

No  Model Field G N SEE r F s o SD
Ligand based

1 CoMFA; S 0.455 6 0.210 0.961 123.989 - - -

2 CoMFA, E 0.206 1 0.637 0.585 49.413 - - -

3 CoMFA; 0.49S/0.51E 0.54 3 0.387 0.856 65.203 0.898 0.74 0.033
Receptor guided

4 CoMFA, S 0.44 7 0.21 0.96 104 - - -

5 CoMFAg E 0.55 2 0.56 0.68 35.83 - - -

6 CoMFAg 0.45S/0.55E 0.56 5 0.22 0.96 135.791 0.969 0.76 0.01

S=steric field, E=electrostatic field, N=No of components, g°=cross-validated r?, r’=non cross-validated, F=Fischer’s F value for test of significance,
SEE=standard error of estimate, r*,,=coefficient of determination after 100 bootstrapping runs, SD=standard deviation.
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No pICso PAcomras Resid PAcousiazs Resid
2 6.33 6.36 -0.03 6.16 0.17
3 6.17 5.73 0.44 5.88 0.29
5 6.27 6.5 -0.23 6.43 -0.16
8 5.26 5.28 -0.02 5.27 -0.01
10 7.38 743 -0.05 7.28 0.1
11 7.35 7.49 -0.14 7.49 -0.14
12 7.15 7.22 -0.07 7.14 0.01
14 6.89 6.96 -0.07 6.99 0.1
15 6.48 6.57 -0.09 6.72 -0.24
16 6.2 6.32 -0.12 6.27 -0.07
17 6.92 6.67 0.25 6.68 0.24
18 6.57 6.51 0.06 6.62 -0.05
19 6.54 6.62 -0.08 6.78 -0.24
20 7.35 7.32 0.03 7.26 0.09
22 8.15 8.45 -0.3 8.29 -0.14
23 8.7 8.55 0.15 8.54 0.16
24 8.3 8.27 0.03 8.31 -0.01
25 777 78 -0.03 7.84 -0.07
26 8.15 7.79 0.36 7.91 0.24
28 5.96 5.78 0.18 5.8 0.16
29 5.72 5.46 0.26 5.67 0.05
30 6.22 6.3 -0.08 6.42 -0.2
31 6.7 6.61 0.09 6.63 0.07
32 6 6 0 6.13 -0.13
33 5.64 5.61 0.03 5.63 0.01
35 6.7 7.01 -0.31 6.67 0.03
36 6.4 6.67 -0.27 6.37 0.03
38 6.1 6.08 0.02 6.03 0.07
39 8.4 8.2 0.2 8.3 0.1
40 9 8.72 0.28 9.04 -0.04
41 6 6.52 -0.52 6.21 -0.21
42 6.22 6.32 -0.1 6.19 0.03
43 8 7.7 0.3 7.85 0.15
44 71 7.07 0.03 711 -0.01
45 7.7 7.47 0.23 7.58 0.12
46 8.7 8.92 -0.22 8.8 0.1
48 7.72 7.75 -0.03 .77 -0.05
Test set
1 5.92 5.61 0.31 5.62 0.3
4 5.59 5.47 0.12 5.8 -0.21
6 6.43 5.92 0.51 6.06 0.37
7 5.92 5.6 0.32 5.91 0.01
9 5.74 591 -0.17 6.21 -0.47
13 711 6.97 0.14 6.91 0.2
21 7.74 7.25 0.49 7.22 0.52
27 7.62 7.45 0.17 7.74 -0.12
34 6.4 5.95 0.45 6.06 0.34
37 5.55 6.05 -0.5 6.01 -0.46
47 8.3 8.9 -0.6 8.64 -0.34

PAcura=predicted activity by CoMFA model, PA,usa=predicted activity by

CoMSIA model. Resid=difference of observed and predicted activities.

Figure 5. The structures of docked mode A and B in green and red color
respectively.
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5 1 1 1 J
5 6 7 8 9
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Figure 6. The trend of observed and predicted activities for the training
and test set using COMFA based model.

Figure 7. CoMFA steric map based on SE model.

Figure 8. CoMFA electrostatic map based on SE model.
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Comparative molecular similarity indices analyses (CoMSIA)
The CoMSIA was conducted in a similar manner to the
CoMFA. CoMSIA, to CoMSIA, were based on the steric,
electrostatic, hydrophobic, hydrogen bond donor, and hydro-
gen bond acceptor field effects in different combinations. The
field combinations and the statistical summary are reported
in Table 4. The model (CoMSIAy) based on the steric, electro-
static, and hydrophobic effects provided good results, with
LOO values of 4*=0.75 and 7*=0.98. For this model, the cor-
relation coefficient for the internal predictivity was 7%4=0.98
and the correlation coefficient for the test set predictivity of 11
compounds was szredictive=0~73~

Similarly, the models CoMSIA;; to CoMSIA;, are based
on the X-ray geometries and combinations of different field
effects. The best-fit model (CoMSIA,;) was based on the X-ray

Table 4. The regression summary of different COMSIA models.

geometry and the steric, electrostatic and hydrophobic fields
effects, which provided LOO square of cross-validated cor-
relation coefficients of 4°=0.77 and r*=0.98. The model was
tested for the internal predictivity (r%,,=0.98) and test set pre-
dictivity of 11 compounds (rzp,edicﬁve=0.77). The statistical value
of model CoMSIA s was better than that of model CoMSIA,,
which indicated the significance of model CoOMFA,s. The pre-
dicted activities by model CoMSIA,; are summarized in Table
3. The trend of the observed and predicted activities using
model CoMSIA,; is displayed in Figure 9.

CoMSIA maps

Like the CoMFA, the CoMSIA contour maps were also devel-
oped using the best-fit model CoMSIA,;, which was based
on steric, electrostatic, and hydrophobic interactions. Each

No  Models Field q° n SEE r F s P ored SD
Ligand based
1  CoMSIA; S 0.46 6 0.21 0.96 123.99 - - -
2  CoMSIA, E 0.62 6 0.22 0.96 110.78 - - -
3  CoMSIA; H 0.69 7 0.199 0.967 119.713 - - -
4 CoMSIA, D 0.44 3 0.55 0.71 26.71 - - -
5 CoMSIAs A 0.47 7 0.40 0.86 26.66 - - -
6  CoMSIAg 0.38S/0.62E 0.67 6 0.19 0.97 146.85 - - -
7  CoMSIA; 0.33S/0.67H 0.66 7 0.18 0.97 139.64 - - -
8 CoMSIAg 0.47S/0.53D 0.46 5 0.38 0.87 40.084 - - -
9 CoMSIA, 0.21S/0.39E/0.40H 0.755 6 0.151 0.98 244.652 0.983 0.725 0.009
10  CoMSIA,, 0.29S/0.45E/0.26D 0.68 7 0.174 0.974 158.272 - - -
11 CoMSIAy; 0.23S/0.40E/0.34A 0.685 7 0.21 0.963 107.267 - - -
12 CoMSIA,, 0.24S/0.48H/0.28D 0.64 7 0.17 0.97 151.21 - - -
13  CoMSIA; 0.16S/0.32E/0.33H/0.19D 0.738 6 0.162 0.977 211.882 - - -
14 CoMSIA,, 0.16S/0.29E/0.30H/0.25A 0.74 7 0.167 0.976 170.532 - - -
15 CoMSIA;5 0.20S/0.33E/0.18D/0.29A 0.71 8 0.18 0.97 126.36 - - -
16 CoMSIA 0.14S/0.25E/0.26H0.14D/0.21A 0.74 7 0.16 0.98 189.50 - - -
Receptor guided
17  CoMSIA; S 0.37 5 0.403 0.853 35.892 - - -
18 CoMSIAg E 0.65 5 0.25 0.94 98.27 - - -
19 CoMSIA, H 0.705 7 0.176 0.974 154.393 - - -
20 CoMSIA,, D 0.43 3 0.56 0.7 25.14 - - -
21  CoMSIA,, A 0.49 7 0.39 0.87 27.81 - - -
22 CoMSIA,, 0.37S/0.63E 0.68 6 0.18 0.97 165.27 - - -
23  CoMSIA,; 0.33S/0.67H 0.662 7 0.172 0.975 161.687 - - -
24 CoMSIA,, 0.47S/0.53D 0.44 5 0.39 0.86 34.44 - - -
25 CoMSIA,s 0.20S/0.42E/0.38H 0.77 6 0.15 0.98 248.454 0.98 0.77 0.007
26  CoMSIA, 0.28S/0.48E/0.24D 0.68 8 0.14 0.98 190.35 - - -
27  CoMSIA,, 0.25S/0.41E/0.34A 0.71 8 0.17 0.98 141.16 - - -
28 CoMSIA, 0.24S/0.5H/0.26D 0.642 7 0.172 0.975 161.121 - - -
29  CoMSIA, 0.17S/0.34E/0.32H/0.17D 0.749 6 0.161 0.977 215.729 - - -
30 CoMSIA;, 0.15S/0.3E/0.28H/0.27A 0.752 6 0.175 0.973 181.309 - - -
31 CoMSIA;, 0.2S/0.34E/0.17D/0.29A 0.71 8 0.17 0.97 137.15 - - -
32 CoMSIA;, 0.14S/0.26E/0.25H/0.12D/0.23A 0.757 7 0.165 0.977 176.332 - - -

S=steric field, E=electrostatic field, H=hydrophobic field, D=hydrogen bond donor field, A=hydrogen bond acceptor field, n=No of components, g*=cross-
validated r?, r’=non cross-validated, F=Fischer’s F value for test of significance, SEE=standard error of estimate, r*,.=coefficient of determination after

100 bootstrapping runs, SD=standard deviation.
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9 R220.9802 to the CoMFA electrostatic map. These contours indicate a
851 suitable site for positive and negative substituents. The CoM-
8 | SIA map with the hydrophobic field effect is displayed in Fig-
75k ure 12. The white contour favorable for hydrophobic groups
% 7 L was evident around the pyrrolidine and near the thiazole ring.
£ &5l The small yellow contour favorable for the hydrophilic group
6 L o Training set appeared at a certain distance from the thiazole ring. A com-
sl - I;S;:f(tmining set) parison indicated that there is a dominance of the hydropho-
5 . . . . bic and bulky groups around the same region (Figures 10 and
5 6 7 8 9 12).

pICso

Figure 9. The trend of observed and predicted activities for the training
and test using CoMSIA based model.

interaction is individually displayed (Figures 10-12) with com-
pound 40. The green contours indicate the area in which steric
bulky substations might beneficially affect the activity and the
yellow region is favorable for small groups (Figure 10). The
map is quite similar to the CoMFA steric map because the
green contour appears around the pyrrolidine ring and other

green contours appear around the thiazole ring, which indi-
cates that a bulkier group will be favorable for higher activity.
The blue contour indicates the region where a positive group
is required for high activity, while the red zone indicates the
region favorable for negative groups (Figure 11). Blue and red

Figure 12. CoMSIA hydrophobic map based on SEH model.

Discussion

In earlier publications, a number of quinazoline-based series
have been described as Aurora kinase inhibitors> * ***4,
Particularly, the p-benzamidoanilinoquinazoline series was
shown to inhibit Aurora A and Aurora B equipotently. The
investigation of the SAR around the anilino ring linking the
key hinge (quinazoline) and the lipophilic pocket (benzamide)
binding groups showed that this ring could be replaced with a
number of heterocyclic systems to give improvements in both
the potency and the physicochemical properties”. The linker
group also has an important role for the cellular activity. For
example, the ether and thiomethyl groups in compound 35
and 36 gave poor cellular potency compared to the acetanilide
series. Other linkers like the reverse amide and sulfonamide
in compounds 37 and 38 also are responsible for their lower
cellular activity. Comparing all the linkers, it is clear that
acetanilide shows the potent cellular activity that is present
in the most active compound 40. Furthermore, it was found
that Aurora A is able to accommodate highly polar functional
groups within the side chain at the quinazoline C-7 position.
Compounds with elaborated C-7 side chains show good cel-
lular activity and benefit from much better solubility and free
drug levels. The quinazoline C-7 side chain might result in a
further enhancement of the cellular potency™. In the thiazole
series, the length of the aliphatic spacer, between the oxygen
atom on the C-7 position of the quinazoline ring and the basic
nitrogen atom within the side chain of the R1 substituent, gov-
erns the ability of the polar group to solvate!*”. Both cyclic and
Figure 11. CoMSIA electrostatic map based on SEH model. noncyclic amide chains are tolerated by the Aurora kinases.

contours appeared around the thiazole ring, which is similar

Figure 10. CoMSIA steric map based on SEH model.
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Among the five and six membered ring compounds, the pro-
linol side chains have greater cellular activity. The preference
for five membered rings can be helpful to support the findings
of the 3D-CoMFA model, which suggest a bulkier substitu-
ent in this position. The structure-activity relationships of the
pyridino- and pyrimidinoquinazoline compounds have been
described recently and include one of the first crystal struc-
tures with a small inhibitor bound to the Aurora kinase!. It
was helpful in rationalizing the observed high potency and
high specificity for the Aurora kinases. Both the CoMFA
and the CoMSIA models suggested that small and lipophilic
groups were particularly favorable in the terminal lipophilic
binding pocket. Fluoro groups at the ortho and meta positions
were found to be particularly favorable for better activity. The
2,3-difluoro and 3-fluoro acetanilide groups generally give
rise to better cellular potency compared to larger and more
polar functional groups. These findings can be observed from
the comparison of compounds 5 and 3 with compound 8 in
the pyrazole series. The comparison of compound 47 with
the mentioned compounds provides evidence for the binding
conformation for both (pyrazole and thiazole) series. These
studies suggest that a further hydrogen bond donor in the
pyrazole ring (compared to the thiazole ring) may allow addi-
tional binding to the protein backbone. The improved physi-
cal properties, together with reasonable enzymatic and cellular
activities, made the pyrazole series an attractive proposition
for further medicinal chemistry aimed at optimizing the cellu-
lar potency, while at the same time maintaining the drug-like
properties.

A number of crystal structures of Aurora A in different
conformations with ATP analogues have been published">*,
A crystal structure of Aurora A complexed with a small mol-
ecule inhibitor from the pyrimidinoquinazoline series adopts
an inactive conformation with the displacement of the DFG
motif (DFG-out)®”. In the crystal structure (Figure 5), the dis-
tance between the carbonyl oxygen (black skeleton) and the
hydrogen of the amino group was 1.8 A. While using molecu-
lar docking, the best active compound acquired the same site
as the X-ray structure and apparently the noted distance was
1.2 A, which facilitates the interaction and results in a more
potent inhibitor. Similar binding interactions may exist with
the acetanilide chain; however, the interposed methylene and
the inversion of the amide may lead to a different binding
mode within the hydrophobic pocket that could translate into
higher cellular potency.

Compound 40 binds in the ATP-binding site. The quinazo-
line ring of compound 40 fit into the hinge region (Figure
13A), and the N-atom formed a hydrogen bond with the main
chain of Ala212. In addition, the quinazoline ring also formed
hydrophobic interactions with the surrounding residues,
including Leu138, Val146, Alal59, and Leu262. In particular,
Leu262 made extensive interactions with the quinazoline ring.
The prolinol moiety extended into the solvent-exposed region
of the binding site. The amide carbonyl near the thiazole
shows a hydrogen bond to the conserved Lys161. The termi-
nal aromatic ring fits into a hydrophobic pocket of the kinase
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and is mainly surrounded by hydrophobic residues, Trp276,
Leul63, Leul77, and Leu207. The pyrazole ring and amino
nitrogen near the quinazoline of compound 8 form hydro-
gen bonds (Figure 13B) with the hinge residues (Glu210 and
Ala212, respectively). The O-atom of 3-methoxy acetamide
shows a hydrogen-bonding interaction. This may cause inhib-
itor 8 not to occupy the terminal lipophilic binding pocket
fully, which is important for cellular potency.

The Thr217/Glulé6l difference has been proposed recently
to explain the selectivity of indirubin-based inhibitors for
Aurora B A docking study was performed to observe
the ligand-receptor interaction regarding the selectivity for
Aurora B. The docking data showed that compound 40 could
fit into the catalytic cleft of Aurora B (PDB ID 2VGP) and bind
strongly to the residues surrounding the cleft (Figure 14A).
The elaborate docking indicates that compound 40 occupies
the ATP binding pocket of the active center of Aurora B with
multiple interactions with the residues around the pocket:
the quinazolino nitrogen and amino hydrogen are hydrogen
bonded to Alal73 and the amide hydrogen to Prol74. At the
same time, the hydroxyl of prolinol binds to Glu177 with a
hydrogen bond, occupying the entry site to the catalytic cleft
in Aurora B (Figure 14B). This binding mode is similar to the
recently reported®™ Aurora B inhibitor. This interaction can
be explained by considering the property of the glutamate
residue. Glutamate is an acidic residue with a longer and
more flexible side chain and is located near the catalytic edge
of the catalytic pocket, in a subsite referred to as the ribose
binding region. It is a hydrophilic part of the binding site,
where interactions between the receptor and the sugar moiety
of the natural substrate are formed, as demonstrated in crystal
structures such as adenosine complexed with cAMP-depen-
dent kinase (1IFMO) or ATP complexed with CDK2 (1HCK).
Moreover, crystallographic studies revealed that the direct
or water mediated interaction of the inhibitor with residues
located in the ribose-binding site enhances the ligand affinity.
The superimposition of Aurora A (PDB ID 2C6E) and B (PDB
ID 2VGP) shows a clear difference between the active site
residues (Figure 15). One of the Aurora B residue equivalents
(Lys 122) to Aurora A (Lys 161) lacks a hydrogen bond inter-
action because of its different orientation. Also, the position of
the nonconserved residue Glul77 explains the distinct inter-
action responsible for the selectivity. The Glul77 residue is
closer to the hydroxyl of prolinol to make the hydrogen bond
interaction. This type of important interaction revealed from
the docking study can be a useful guideline for future selective
inhibitor design.

Modification of the R1 substituent at the C7 position of the
quinazoline inhibitors is known to profoundly influence their
activity and selectivity™ !,
solvent channel, explaining why a wide range of strongly

The R1 substituent accesses the

polar groups is tolerated, provided that a suitable linear spacer
is included between the solubilizing group and the quinazo-
line. Variation of the R1 substituent at the quinazoline C7 side
chain allowed the fine-tuning of the overall properties of the
compounds. From the above discussion, it can be said that
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Figure 13. (A) The docking mode of compound 40 (atom type, stick mod-
el) to the active site of Aurora A (PDB ID 2C6E). (B) The docking mode of
compound 8 (atom type, stick model) to the active site.

variation of the R1 substituent at the quinazoline C7 position
along with an optimized linker and terminal aromatic sub-
stituent may help to design more potent and selective Aurora
B inhibitors. Beside these findings, a progressive scrambling
technique was employed to determine the possibility of a
chance correlation in the QSAR model. The ¢SDEP values are
almost at a minimum and the Q? values are at a maximum
(Tables 5 and 6). The values for the slope in the 2, 3, and 4
component models are acceptable, while a value greater than
1.2 is indicative of a bad model. Thus, we used the CoMFA
and CoMSIA models having the least number of components
for a stable QSAR model.

Conclusion

The overall study implies that steric and hydrophobic effects,
along with a positive electrostatic interaction, play crucial
roles in the inhibitory activity of quinazoline derivatives. The
activity is quite sensitive to the conformation, and the contact
between the carbonyl oxygen and the Lys hydrogen is impor-
tant to the activity. The importance of steric bulk with elec-
tronic interaction is evidenced by the statistics. The ligand-

Figure 14. (A) The docking mode of compound 40 (atom type, stick mod-
el) to the active site of Aurora B (PDB ID 2VGP). (B) Hydrogen bonds (yellow
dotted line) between compound 40 and residues (atom type) around the
active site shown in stick model.

Figure 15. Docked pose of compound 40 (stick model in atom type) in
Aurora A (PDB ID 2C6E) and B (PDB ID 2VGP) is superimposed. Compound
40 in active site of Aurora A is not shown for comparison of residues in ac-
tive site of B (orange) with that of A (white). Hydrogen bond (yellow dotted
line) forming residues (atom type) in Aurora B are shown in ball model.
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Table 5. COMFA model scrambling stability test.

Component Q? cSDEP dg”
dr?yy
1 0.099 0.938 0.416
2 0.363 0.800 0.465
3 0.417 0.776 0.643
4 0.441 0.77 0.806
5 0.448 0.779 1.013
6 0.433 0.803 1.296
7 0.432 0.817 1.482
8 0.422 0.841 1.341
Table 6. CoMSIA model scrambling stability test.
Component Q? cSDEP cig;y
1 0.106 0.934 0.454
2 0.329 0.821 0.663
3 0.459 0.748 0.68
4 0.504 0.726 0.713
5 0.526 0.721 0.996
6 0.562 0.705 1.08
7 0.739 0.739 1.273
8 0.55 0.743 1.304

based 3D QSAR model has proven significant, but a more
definitive conclusion requires consideration of the receptor
site. The receptor-guided CoMFA model has a high value of
LOO, ¢°=0.56, 1*=0.96 and 7*,cgicive=0.76; similarly, the COMSIA
model has a high value of LOO, ¢°=0.77, 1’=0.98 and p,cqic.
we=0.77, suggesting that a highly active ligand can be designed
by variations of the R1 substituent at position 7 of the qui-
nazoline ring with positively charged, bulky and hydrophobic
groups, while around the thiazole ring, bulky and hydropho-
bic groups are desirable for higher activity. Also, the forma-
tion of a hydrogen bond with Glul77 can be useful for selec-
tivity.
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Cytotoxicity and reversal of multidrug resistance
by tryptanthrin-derived indoloquinazolines
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Aim: To evaluate the effects and elucidate the mechanisms of a series of indoloquinazolines as novel anticancer agents.

Methods: Condensation of the substituted isatoic anhydride with the substituted isatin was performed to prepare compounds 1-4, fol-
lowed by adding malononitrile to prepare compounds 5-7. Cytotoxicity was measured by MTT assays. Apoptosis induction was evalu-
ated using DNA fragmentation, cell cycle assay, caspase 3/7 activity and Western blot.

Results: Compounds 3, 4, and 5 display cytotoxicity against MCF-7, HeLa, SKOV3, and A498 cancer cells. DNA ladders appear in cells
treated with compounds 3, 4, and 5. Within those, compound 4 exhibits the greatest activity in regards to sub-G, accumulations in the
cell cycle and the activation of caspase-3/7. Furthermore, Fas and Fas ligand levels are elevated by compound 4, implying that the
apoptosis is in part mediated through the signals. On the other hand, compounds 1 and 7 display chemosensitizing activity since cyto-
toxicity of doxorubicine and etoposide is enhanced in combination with compound 1 and 7, respectively, in MCF-7/adr (doxorubicin-
resistant) and MCF-7/vp (etoposide-resistant).

Conclusion: The cytotoxicity of indoloquinazolines is structure-dependent rather than cell type-dependent due to the similar degree of
cytotoxicity induced by the individual compounds in all four cell lines. Further modification of the tryptanthrin skeleton is important to
develop novel anticancer agents bearing either cytotoxicity against MCF-7 cells or drug resistance reversal in MCF-7/adr and MCF-7/
vp.

Keywords: apoptosis, cytotoxicity, drug resistance, MCF-7, tryptanthrin
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Introduction cate a number of central mediators of apoptosism. The cell

In the last decade, basic cancer research has produced remark-
able advances in our understanding of cancer biology and
cancer genetics. Among the most important advances is that
apoptosis and the genes that regulate it have a profound effect
on the malignant phenotype. For example, it is now clear that
some oncogenic mutations interrupt apoptosis, leading to
tumor initiation, progression or metastasis. Finally, it is now
well documented that most cytotoxic anticancer agents induce
apoptosis, raising the possibility in apoptotic programs.
Apoptosis is a form of programmed cell death that plays a
fundamental role in many normal biological processes as well
as several disease states. Apoptosis can be induced by various
stimuli that all produce the same end result: systematic and
deliberate cell death™. Recent developments strongly impli-
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Received 2009-06-04 Accepted 2009-12-22

surface molecule Fas (APO-1/CD95) transduces the intracellu-
lar apoptotic death signaling upon stimulation by Fas ligand®.
Fas plays a dominant role in various physiological cell death
and disease states, leading to the caspase 8-dependent activa-
tion of effector caspases, such as caspase 3! *. Among cas-
pases, an essential role of caspase 3 in Fas-mediated apoptosis
has been reported®. Caspase 3 exists in the cytoplasm of
intact cells as a proenzyme form and is activated by prote-
olysis induced by the stimulation of Fas”. Caspase 3 is the
essential factor in Fas-initiated death signaling, since it directly
induces the activation of DNA fragmentation factor®.
Multidrug resistance (MDR) is recognized as the most com-
mon cause of failure of cancer chemotherapy. MDR is an
overall phenomenon resulting from cross-resistance to a vari-
ety of structurally and functionally unrelated natural products
such as anthracyclines, Vinca alkaloids, epipodophyllotoxins
and taxanes. Chemotherapeutic agents such as doxorubicin
can select for mutations leading to increased expression of
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P-glycoprotein and the phenotype of MDR in tissue culture
models”. Development of adjuvant agents to overcome mul-
tidrug resistance (MDR) becomes a new trend in cancer che-
motherapy.

Indigo plants have been a familiar and important source of
dye for Asians since ancient times. Honda et al first isolated
an indoloquinazoline, tryptanthrin, from Indigo plant Strobi-
lanthes cusia. Tryptanthrin with chemical name indolo[2,1-b]
quinazolin-6,12-dione was reported to carry anti-microbial
activity against a variety of microorganisms including bacte-
ria, yeasts, dermatophytes and phytopathogens® ™. Recently,
tryptanthrin has been paid much attention as an aryl hydro-
carbon receptor agonist’?, anti-inflammatory agent™, inducer
of caspase-3/Fas mediated apoptosis'"!, cytostatic agent!"”!
and drug resistance reversal agent™. In this study, a series
of tryptanthrin derivatives were synthesized and designated
as compounds 1-7. Anticancer and chemosensitizing activi-
Results showed that
compounds 3, 4, and 5 exhibited cytotoxicity at micromolar
or lower concentrations. DNA fragmentation and cell cycle
progression were determined by treating with compounds 3
4, and 5. Changes in Fas/Fas ligand and casepase-3/7 activi-
ties reveal the anticancer mechanisms involving Fas-mediated
apoptosis pathway. On the other hand, compounds 1 and 7
which are not (or mild) cytotoxic are capable of sensitizing
drug-resistant MCF-7 cells.

ties were examined in MCEF-7 cells.

Materials and methods

Chemicals

Synthesis of 6,12-dihydro-6,12-dioxoindolo-[2,1-b]qinazoline
(tryptanthrin) and its analogues were as described with modi-

fications!™> 17!,

As outlined in Scheme 1, compounds 1-4 were
prepared by condensation of the substituted isatoic anhydride
with the substituted isatin in N-methylmorpholine, N,N’-
diisopropyl carbodiimide and pyridine. The solution of N,N’-
diisopropyl carbodiimide in anhydrous pyridine was added
with N-methylmorpholine to increase solubility. The resulting
solution was added with the substituted isatoic anhydride and
substituted isatin, then subjected to reflux at 120-130 °C for
6 h. Compounds 5-7 containing dicyanomethylene substitu-
ent were made as showed in Scheme 2 by treating substituted
tryptanthrin with malononitrile in DMSO or NaH/THEF,
and then stirring for 5 h. The structures of tryptanthrin and
its analogues were determined by 'H and C NMR spectra
(Bruker AX-400, AX-300 spectrometer, Billerica, MA). The
substituents of the tryptanthrin skeleton were systematically
modified as in Schemes 1 and 2 (Figure 1), and tabulated in
Table 1.

Cell lines and cell culture

MCEF-7/wt, MCF-7/adr and MCF-7/vp cell lines were pro-
vided by Dr Chih-hsin YANG (National Taiwan University
Hospital, Taiwan, China). HeLa, A498, and SKOV3 cell lines
were purchased from ATCC (http://www.atcc.org). Cells
were maintained in DMEM medium with 10% fetal calf serum
and 100 ng/mL penicillin and streptomycin (Invitrogen, Carls-
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Scheme 1: Preparation of tryptanthrins. (Compounds 1-4)
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Scheme 2: Preparation of 6,12-dihydro-6-(dicyanomethylene)-12-oxoindolo
[2,1-b] quinazoline derivatives. (Compounds 5-7)
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Figure 1. The synthetic strategy depicted in Schemes 1 and 2 to synthe-
size the tryptanthrin derivatives.

bad, CA) at 37 °C in 5% CO,. MCF-7/adr and MCF-7/vp cells
were grown in the presence of 0.1 pmol/L of doxorubicin or
etoposide that was removed from the medium 1 week before
each assay.

Cell survivability assay

To detect growth inhibition by the series of compounds, cells
were seeded onto 96-well plates at a density of 5x10°/well
before compound treatment. Cytotoxicity of the series of
compounds in a variety of cell lines was determined using the
MTT assay after incubation of cells with these compounds at
various concentrations for 3 d. ICs, (the concentration of 50%
inhibition of cell growth) was determined by interpolation of
the dose-response curves.

DNA fragmentation

MCEF-7/wt cells were plated at 4x10° cells/well onto each of
6-well plates. After overnight growth, cells were treated with
tryptanthrins for various time periods. DNA was extracted by
a Wizard® Genomic DNA Purification Kit (Promega, Madison,
WI) and then dissolved in TE buffer. The purified DNA was
quantified and equally loaded onto a 2% agarose gel for elec-
trophoresis. The resulting bands were stained with ethidium
bromide and visualized under UV light.

Cell cycle analysis

Cells were treated with various concentrations of tryptanthrin
derivatives for 1 d, and then harvested by 0.25% trypsin and
washed with PBS. Cells (2x10%) were fixed in 70% ice-cold
EtOH/PBS for 20 min on ice, and then washed with PBS and
incubated in PI solution (69 mmol/L PIL, 388 mmol/L sodium
citrate, 100 pg/mL RNase A). Then the cells were analyzed
immediately using a FACS Caliber (Beckton Dickinson, USA).

Caspase 3/7 assay

Caspase 3/7 activity was measured using the Caspase-glo
3/7 assay kit (Promega, Madison, WI). After treatment with
tryptanthrins at different time points, the cells were incubated
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with Caspase-glo reagent for 1 h in the dark, and the lumines-
cence was measured using a luminometer (Berthold Technolo-
gies, Bad Wildbad, Germany). Equal amount of cells were
analyzed by counting a parallel set of cells and determining
the total cell number for each sample.

Western blot analysis

The MCF-7 cells were treated with 10 mol/L tryptanthrins for
various time periods. At the end of each treatment, the cells
were trypsinized from the subconfluent monolayers, and their
proteins were extracted using CelLytic™ M Cell Lysis Reagent
(Sigma-Aldrich, St Louis, MO). The protein concentration of
each sample was determined using a Bio-rad protein assay kit
(Bio-Rad Laboratories, Hercules, CA). Total cellular proteins
(80 pg/lane) were electrophoresized on 10% SDS-polyacryl-
amide gels and transferred to a PVDF membrane (GE Health-
care, Little Chalfont, Buckinghamshire, UK). Proteins were
labeled with primary antibody: anti-Fas B-10 and anti-Fas
Ligand (Santa Cruz, Santa Cruz, CA). Immunoreactive bands
were detected by anti-mouse HRP or anti-rabbit peroxidase-
conjugated secondary antibody (Chemicon, Temecula, CA).
Proteins were visualized via enhanced chemiluminescence
(ECL detection kit, GE Healthcare, Buckinghamshire, UK).

Statistical analysis

Data are presented as mean+SD for the indicated number of
separate experiments. Comparisons between groups were
analyzed via Student’s t-tests. Probability values of P<0.05 are
considered statistically significant.

Results

Effect of tryptanthrin derivatives on inhibition of proliferation in
several cancer cell lines

Tryptanthrin-derived indoloquinazolines were synthesized by
condensation. Compounds 1-4 were prepared via Scheme 1
and compounds 5-7 containing dicyanomethylene substituent
were made via Scheme 2. Growth inhibition of the series of
compounds at 1 pmol/L was measured in MCF-7, HeLa, A498,
and SKOV3 cells (Table 1). Compounds 3-5 demonstrate
higher than 40% inhibition of proliferation in four cell lines.
The ICsy of compounds 3-5 is lower than 1x10°mol/L in four
cell lines among which A498 and MCF-7 are more sensitive to
the compounds. Compound 4 is the most potent tryptanthrin
derivative presenting cytotoxic activity. The ICs, is 3.10x107
mol/L in A498 and 3.9x107 mol/L in MCF-7, respectively
(Table 2).

Apoptotic biomarkers in MCF-7 cells treated with compounds
3-5

DNA fragmentation is a characteristic feature of apoptosis.
Fragmented DNA, subjected to electrophoresis on an agarose
gel, is in a manner of ladders, suggesting the formation of
nucleosomes in apoptosis progress. When MCF-7 cells were
treated with compound 4 at 10°mol/L for 6 h, DNA ladders
appeared. The intensity of the ladders significantly increased
after the cells were longer exposed to compound 4 up to 9 h

Table 1. Structures and anticancer activities of tryptanthrin derivatives.

Com-
pound R, R, X Rs R, Y

Growth inhibition (%)
MCF-7 Hela A498 SKOV3

1 H H C H H O 26 24 17 8
2 OMe OMe C H H O 0 12 -8 6
3 H H C I H O 40 48 68 47
4 H H N H H O 77 46 78 50
5 H H C H H A° 41 49 45 46
6 OMe OMe C H H A 17 3 5 8
7 Cl H C H H A 5 10 10 17
Doxo- 95 95 84 86

rubicin

@ Growth inhibition was calculated as the ratio of cell viability of the
treated cells over the untreated cells. Data are representative of
three independent experiments. The compounds tested were at the
concentration of 1 ymol/L.

b e "

A

A

NC CN

Table 2. The ICg, of compounds 3-5 (umol/L).

Cell line Doxorubicin 3 4 5

MCF-7 0.14+0.03 1.50+0.28 0.39+0.31 1.40+0.12
HelLa 0.59+0.02 1.86+0.21 2.34+0.36 1.26+0.17
SKOV3 0.33£0.03 1.20+0.29 2.00+£0.39 8.51+0.23
A498 0.58+0.04 0.65+0.04 0.31+0.02 1.48+0.13

Cell viability was determined using the MTT assay. Data are presented as
meanzSD of triplicate determinations.

(Figure 2A). A delayed appearance (up to 40-44 h) of the
DNA ladders was shown in cells treated compounds 3 or 5.

Cell cycle analysis of MCF-7 cells was performed after 24 h
of incubation with compounds 3, 4, or 5 at 10°mol/L. As
compared to the untreated cells, compounds 3 and 5 did not
induce considerable cell cycle arrest, while an important sub-
G; peak appeared in cells treated with compound 4 at 10°
mol/L for 24 h (Figure 2B).

Activity of caspase-3/7 which is essential for apoptosis was
determined in MCF-7 cells treated with compounds 3, 4, and
5. After exposure to compound 4 at 10° mol/L for 36 h, cas-
pase-3/7 activity was elevated about five folds, compared to
the control (Figure 2C). Only a slight increase in caspase-3/7
activity was observed in cells with compound 3 or 5.

Changes in Fas and Fas ligand levels in MCF-7 cells treated with
compound 4
To verify if compound 4-induced apoptosis was mediated

Acta Pharmacologica Sinica
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Figure 2. Apoptotic biomarkers induced by compounds 3, 4, and 5 in
MCEF-7 cells. (A) DNA fragmentation in MCF-7 cells treated with com-
pounds 3, 4, and 5. DNA extracts from the cells treated with the com-
pounds for various time periods as indicated were electrophoresed on
a 2% agarose gel and stained with ethidium bromide. (B) The cell cycle
analysis of MCF-7 cells with compounds 3, 4, and 5. DNA contents of
MCF-7 cells were analyzed by flow cytometry. (C) Caspase 3/7 activity
assays. MCF-7 cells were exposed to 10® mol/L compound 3 (e), 4 (o),
or 5 (V) for 0-36 h and subjected to casepase 3/7 assay. Assays were
performed in triplicates for each treatment.

through Fas/Fas ligand pathway, Fas and Fas ligand pro-
teins were determined in MCF-7 cells treated with compound

Acta Pharmacologica Sinica

4. Immunoblots against anti-Fas B-10 and anti-Fas Ligand
showed that Fas level was raised within 2 h after cells treated
with compound 4 and followed by an increase in Fas ligand
level in cells after 4 h exposure to compound 4. The promptly
elevated Fas did not sustain since a drop of Fas levels was
detected in cells with 4-8 h exposure to compound 4 (Figure
3).
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Figure 3. Fas and Fas ligand levels increased by compound 4. MCF-7
cells were treated with 10° mol/L 4 for different periods of time. Proteins
from whole-cell extracts were electrophoresed and Western blots were
performed as described in Methods. o-tubulin was used as the loading
controls. Data are representative of three independent experiments.

Effect of tryptanthrin and its derivatives in drug-resistant MCF-7
cells

Instead of compouds 3-5 bearing cytotoxicity through activa-
tion of apoptosis process, the rest tryptanthrin derivatives,
compounds 1, 2, 6, and 7, were not as potent as to inhibit cell
proliferation. The ICs, of compound 1 was 8.23 pmol/L and
compounds 2, 6, and 7 existed greater than 10 pmol/L of ICs,
in MCEF-7 cells, compared to doxorubicin of which the ICs5, was
0.14 pmol/L in MCF-7 cells. In terms of non-cytotoxic agents,
compounds 1, 2, 6, and 7 did not or slightly show growth inhi-
bition in neither MCF-7 nor MCF-7/adr cells (Table 3). How-
ever, in combination with doxorubicin, compounds 1 and 7 at
10 mol/L enhanced growth inhibition activity of doxorubicin
in MCF-7/adr cells from 19% to 63% and 53 %, respectively.

Table 3. MTT assays of tryptanthrin derivatives in MCF-7 and MCF-7/adr
cells.

Growth inhibition

1Cs0 (Wmol/L)
Compounds Compounds+Dox

Com- MCF-7 MCF-7/ MCF-7  MCF-7/ MCF-7 MCF-7/
pound adr adr adr

1 8.23+0.37 5.63+0.53 26% 18% 95% 63%

2 >100 >100 0% 0% 99% 25%

6 >10 >10 17% 1% 97% 12%

7 >100 >100 5% 0% 92% 53%
Dox 0.14+0.03  9.13+0.51 95% 19%

10® mol/L tryptanthrin derivatives and 10° mol/L doxorubicin were
used for growth inhibition assays. Data are from three independent
experiments.



Etoposide which is also a cytotoxic agent is capable of
inducing drug resistance in MCF-7 cells, named MCF-7/vp.
MCEF-7/vp cells were still viable when the cells were treated
with compound 1, 7, or etoposide, while the cells turned out
to be sensitive to the combination of either compound 1 plus
etoposide or compound 7 plus etoposide at concentrations
of 1 pmol/L of each (Figure 4). Compound 7 raised a higher
chemosensitizing activity than compound 1 in MCF-7/vp
cells. On the contrary, MCF-7/adr cells are more susceptible
to compound 1 for enhancing cytotoxicity of doxorubicin.
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Figure 4. Effect of compounds 1 and 7 on sensitizing drug-resistant cells
to doxorubicin or etoposide. Cells were treated with 10® mol/L doxoru-
bicin (D), 10° mol/L etoposide (E), 10° mol/L verapamil (V), 10° mol/L
compound 1 (1) or 7 (7), either alone or in combination as indicated for 5 d.
The percentage of cell viability of MCF-7 (o), MCF-7/adr (m), and MCF-7/vp
(+) was determined by the MTT assay. Data are presented as mean+SD
of triplicate determinations.

Similar to compounds 1 and 7, a known MDR revers-
ing agent verapamil at 10° mol/L did not exist cytotoxicity
though, it enhanced cytotoxicity of doxorubincin and etopo-
side in MCF-7/adr and MCF-7/vp, respectively, with various
degrees.

Disscussion

Tryptanthrin and its derivatives have been reported to exhibit
anticancer effects" '), In this study, we synthesized a series of
tryptanthrin-derived indoloquinazolines, designated as com-
pounds 1-7 and screened for anticancer activity. Compouds
1-4 were prepared by condensation as shown in Scheme 1 and
compounds 5-7 containing dicyanomethylene substituents
were made via Scheme 2. Among those, either compound 3
bearing an iodine substituent at Ry or compound 4 with nitro-
gen containing A ring demonstrated effective growth inhibi-
tion activity. The oxygen or dicyanomethylene substitution at
Y was indifferent to the cytotoxicity in four cell lines. In fact,
the malononitrile derivatives, including compounds 5-7 with
dicyanomethylene substitution at Y, exhibited various degree
of cytotoxicity. Methoxy group at R; and R, or chlorine at
R; did not influence the growth inhibition activity. Accord-
ing to structure-activity relationship analysis, modification
of tryptanthrin skeleton with substituents in A ring or D ring
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enhances the cytotoxicity, except the dimethoxy substitution in
A ring. Nitrogen-containing A ring seems to be important to
increase cytotoxicity. The cytotoxicity is structure-dependent
rather than cell line-dependent because a compound presents
similar degree of cytotoxicity in all four cell lines. Tryptan-
thrin derivatives exhibited double-stranded DNA binding
activity™, which may in part account for structure-dependent
cytotoxicity.

Although the tryptanthrin derivatives are not as potent as
doxorubicin to kill the cancer cells, compounds 3-5 exhibit
growth inhibition (40%-77%) activity in MCF-7, HeLa, A498,
and SKOV3 cells. The apoptotic biomarkers, including DNA
fragmentation, elevated sub-G; accumulation and an increase
in caspase 3/7 activity, appear in the cells treated with com-
pounds 3-5 with various intensities. Among them, compound
4 is of most importance. Mechanisms other than apoptosis
may be involved in cell growth inhibition by compounds 3
and 5. The MCEF-7 cell line which has been described to be
Fas-sensitivel” undergoes apoptosis through Fas/Fas ligand
activation. The Fas/Fas ligand system is a key signaling trans-
duction pathway of apoptosis in cells and tissues. Engage-
ment of Fas by a Fas-ligand lead to the formation of a protein
complex known as death-inducing signaling complex and
permit acute execution of apoptosis by caspase-8 activation!"”).
Reimer et al® reported that the selection process leading to
highly aggressive breast tumor variants might be enhanced
by Fas ligand-mediated tumor fratricide, eventually a possible
target for novel therapeutic strategies. Our results show the
consistent elevation of Fas ligand levels by treating compound
4 in different time periods (4 and 8 h), in spite of the various
levels of Fas with time. Elevation of Fas ligand levels may be
important to engage Fas and activate the Fas/Fas ligand-medi-
ated apoptosis afterwards. Results may suggest that com-
pound 4 resents cytotoxicity in part through Fas/Fas ligand
pathway. It is possible of crosstalk between extrinsic pathway
and intrinsic pathway through mitochondria. It would be
worth examining if tryptanthrin derivatives induce mitochon-
dria-related signals such as cytochrome c, caspase 9, etc. To
differentiate activity of caspase 8 from caspase 9 enables us to
confirm which pathway induced by compound 4. It would be
interesting to check this issue in the future experiments.

Resistance to chemotherapy has been remaining a major
cause of treatment failure in cancer patients. Development of
adjuvant agents to circumvent MDR becomes a new trend in
cancer chemotherapy. Many attempts, such as inhibition of
MDR-related genes, to overcome MDR have been proposed”"..
Inhibition of MDR1 gene function, either by blocking P-gp
function or inhibiting MDR1 gene expression, has been one
of the most extensive studies™ *!
1 and 7 in combination with cytotoxic agents such as doxo-
rubicin and etoposide enhance cytotoxicity of the cytotoxic
agents against drug-resistant MCF-7 cells. It suggests that
compounds 1 and 7 can sensitize drug-resistant cells to the
cytotoxic agents, which may contribute to reverse multidrug
resistance. It is still unclear the mechanisms involved in MDR
reversal. As compound 1 largely sensitizes MCF-7/adr rather

. In this report, compounds
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than MCF-7/vp, it is speculated that compound 1 may act on
MDR1 gene or its function. Nevertheless, compound 7 sensi-
tizes both MCF-7/adr and MCEF-7/vp, implying either MDR1-
related or MRP-related pathway is affected by compound 7.

In summary, tryptanthrin-derived indoloquinazolines syn-
thesized in this study undergo multiple ways to display their
anticancer activity via inducing cytotoxicity against MCF-7
cells by compounds 3-5 or evoking resistance reversal activ-
ity by compounds 1 and 7 in MCF-7/adr and MCF-7/vp cells.
Further modification of the tryptanthrin skeleton, based on the
structure-activity relationships sketched in this study, becomes
important to develop novel anticancer agents bearing either
cytotoxicity or resistance reversal activity.
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