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Erasing fear memories — key receptor and essential
timeframe discovered
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t is clinically important to suppress
Ior inhibit traumatic memories, which
are formed after fearful experiences. In
animal models, fear memory is formed
by repetitive presentation of a tone
paired with an electrical foot-shock™. Tt
is well known that an extinction proto-
col, in which the tone is repeatedly pre-
sented without the foot-shock, gradually
decreases the pre-acquired fear response
to the tone. However, this fear extinc-
tion protocol is not sufficient to erase
the fear memory; fear responses may
recover spontaneously or relapse under
some conditions. If the fear memory is
retrieved or reactivated by a single pre-
sentation of the tone without the shock
1 h before the extinction session, the fear
responses are permanently removed
by this retrieval-extinction protocol.
This suggests that a critical brain state
is caused by the retrieval procedure, in
which the fear memory becomes labile
and can be destroyed by the subse-
quent extinction procedure. Clem and
Huganir® have found a critical receptor
for the permanent erasure of fear memo-
ries by this retrieval-extinction protocol.
They focused on the Ca**-permeable
type of a-amino-3-hydroxyl-5-methyl-
4-isoxazole-propionate receptor (Ca*-
permeable-AMPAR) located in the lat-
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eral amygdala, an essential region of the
brain for learning. They suggested that
removal of Ca**-permeable-AMPARs,
the content of which in the synapses is
elevated for a few days after fear condi-
tioning, is responsible for the permanent
erasure of the fear memory by that pro-
tocol.

First, they demonstrated an enhance-
ment of Ca**-permeable-AMPAR medi-
ated excitatory postsynaptic currents in
fear-conditioned animals, suggesting
an incorporation of Ca**-permeable-
AMPARSs or a change of subunit compo-
sition of AMPAR to the Ca*-permeable
type. This increase of Ca**-permeable-
AMPARs peaked at 24 h after condition-
ing and disappeared by d 7, whereas
the total amount of AMPARSs remained
increased even after 7 d. These results
suggest the presence of an important
time window, during which AMPARs
transiently change their subunit com-
position to the Ca**-permeable type.
Increased Ca**-permeable-AMPARs at
24 h after fear conditioning was also
supported by an enhancement of long-
term depression (LTD), which is caused
by selective removal of Ca*-permeable-
AMPARs that become abundant at that
time.

Next, they examined the effects of
memory retrieval on Ca**-permeable-
AMPARs measured after extinction.
They found that reactivation of the fear
memory before the extinction session
significantly decreased AMPA-mediated

current, indicating that memory reacti-
vation followed by extinction attenuates
the potentiated transmission caused by
fear conditioning. Electrophysiologi-
cal and pharmacological examinations
suggested that this reversal change
of synaptic transmission is due to the
selective removal of Ca®*-permeable-
AMPARSs, which are enriched 24 h after
conditioning. Consistent with this,
LTD induction was greatly reduced
in the animals receiving the retrieval-
extinction protocol, compared with
those receiving extinction alone. This is
because memory retrieval prior to the
extinction removes the Ca**-permeable-
AMPARs from the synapses, and so fur-
ther reduction in synaptic transmission
would not be observed. In addition,
memory reactivation is not effective
when carried out 7 d after the condition-
ing, when the Ca**-permeable-AMPARs
return to the basal level, supporting the
idea that successful erasure of the fear
memory requires an abundance of Ca™'-
permeable-AMPARs at the time of the
retrieval-extinction treatment.

Finally, they investigated the molecu-
lar mechanisms underlying the elevation
of Ca**-permeable-AMPAR content after
fear conditioning, which is a prerequisite
for removal of Ca**-permeable-AMPARs
by the retrieval-extinction protocol. It
was reported that phosphorylation of the
serine 845 (S845) residue of glutamate
receptor 1 (GluR1) by protein kinase A
(PKA) is required for stable expression
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of Ca**-permeable-AMPARs!*. Using
mutant mice with an alanine substitu-
tion mutation of S845 (S845A), they
showed that phosphorylation of Ca**-
permeable-AMPARs by PKA is criti-
cal for the increase of Ca**-permeable-
AMPAR current and the enhancement
of LTD 24 h after fear conditioning.
These results suggest the importance
of phosphorylation of 5845 for the syn-
aptic incorporation of Ca**-permeable-
AMPARs. In parallel with the deficits
in the post-conditioning dynamics of
Ca’’-permeable-AMPARs, memory
erasure by the retrieval-extinction pro-
tocol was impaired in these mutant
mice. Because phosphorylation of Ca*-
permeable-AMPARSs by PKA is blocked
throughout the brain in these mutant
mice, there is a possibility that the lack
of the erasure effect might be due to
impairments in other regions outside
the lateral amygdala. Combined with
other data, however, it is suggested that

the transient up-and-down change in
the amount of Ca**-permeable-AMPARs
in the lateral amygdala synapses has a
crucial role in permanent erasure of the
fear memory and that phosphorylation
of Ca*"-permeable-AMPARs by PKA is
involved in their up-regulation. Inter-
estingly, S845A mutant mice showed a
significant post-conditioning synaptic
potentiation in the lateral amygdala and
learned as successfully as the wildtype
mice. These results indicate that phos-
phorylation of 5845 and its resulting
Ca’*-permeable-AMPAR dynamics are
specifically related to the memory era-
sure processes triggered by the retrieval-
extinction protocol.

In addition to molecular strategies for
treatment of traumatic memories, these
data also provide important informa-
tion on the right timing of the treatment:
there is a critical or effective period for
the memory erasure. Because Ca”'-
permeable-AMPARs reach a maximum
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level 24 h after fear conditioning and
then gradually decline within a few
days, the treatment will only be effec-
tive within this time window. Further
attempts to artificially induce Ca®'-
permeable-AMPAR accumulation might
remove the time limit and make the
treatment successful beyond this narrow
timeframe.
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The role of BDNF in depression on the basis of its
location in the neural circuitry
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Depression is one of the most prevalent and life-threatening forms of mental ilinesses and the neural circuitry underlying depression
remains incompletely understood. Most attention in the field has focused on hippocampal and frontal cortical regions for their roles in
depression and antidepressant action. While these regions no doubt play important roles in the mental iliness, there is compelling evi-
dence that other brain regions are also involved. Brain-derived neurotrophic factor (BDNF) is broadly expressed in the developing and
adult mammalian brain and has been implicated in development, neural regeneration, synaptic transmission, synaptic plasticity and
neurogenesis. Recently BDNF has been shown to play an important role in the pathophysiology of depression, however there are con-
troversial reports about the effects of BDNF on depression. Here, we present an overview of the current knowledge concerning BDNF
actions and associated intracellular signaling in hippocampus, prefrontal cortex, nucleus accumbens (NAc) and amygdala as their rela-

tion to depression.
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Introduction

Depression is a clinically and biologically heterogeneous dis-
ease, with 10%-30% of women and 7%-15% of men likely to
suffer from depression in their life-time!"!. The symptoms of
depression are the loss of interest or pleasure in virtually all
activities (anhedonia) and a long-lasting depressed mood,
feelings of guilt, anxiety, and recurrent thoughts of death and
suicide™. The genetic contribution to the manifestation of
depression has been estimated as 40%-50%". However, com-
binations of multiple genetic factors may be involved in the
development of depression, because a defect in a single gene
usually fails to induce the expression of multifaceted symp-
toms of depression!!l. Also, various non-genetic factors such as
stress, affective trauma, viral infection, and neurodevelopmen-
tal abnormalities increase the complexity of the pathogenesis
of the disease. Thus, extensive studies have led to a variety of
hypotheses for the molecular mechanism of depression, but
a definite pathogenic mechanism has yet to be defined. The
objective of this review is to investigate the contribution of
brain-derived neurotrophic factor (BDNF) and its intracellular
signaling in different brain regions to depression and antide-
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pressant treatments.

Neurobiology of depression
As a basic understanding of depression the monoamine
hypothesis was formulated in the mid 1960s based on the
antidepressant efficacy of the monoamine reuptake inhibitors,
monoamine oxidase inhibitors and the depressogenic effects
of reserpine as a monoamine depleter. This hypothesis
suggests a deficiency or imbalances in the monoamine neu-
rotransmitters, such as serotonin (5-HT), dopamine and nor-
epinephrine (NE), as the cause of depression. Among thera-
peutic agents, antidepressants including tricyclics, monoamine
oxidase inhibitors and selective serotonin reuptake inhibitors
(SSRIs) exert their therapeutic action through their ability to
increase the synaptic content of monoamine neurotransmit-
ters. However, antidepressants exert their therapeutic action
only after chronic treatment, indicating that enhanced 5-HT or
NE neurotransmission per se is not responsible for the clinical
actions of these drugs. Second, antidepressants are effective in
less than 50% of patients'”, which suggests that additional bio-
logical substrates could provide potential therapeutic targets.
Based on clinical and animal studies it has been suggested
that depression are associated with neuronal atrophy and neu-
ronal cell loss, especially in the hippocampus and cerebral cor-
tex/). Therefore the neurotrophic factors are recognized as an
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important new lead in the quest for a deeper understanding
of depression and the mechanisms of antidepressants effect!"l,
The neurotrophic hypothesis of depression states that a defi-
ciency in neurotrophic support may contribute to hippocam-
pal pathology during the development of depression, and the
reversal of this deficiency by antidepressant treatments may
contribute to the resolution of depressive symptoms. Of vari-
ous neurotrophins, most studies have focused on BDNF, one
of the most prevalent neurotrophic factors in adult brain.

BDNF and depression

Studies in humans have shown decreased plasma levels of
BDNF in bipolar disorder, manic and depressed patients!” '*.
Many preclinical and clinical studies provide direct evidence
suggesting that modulation in expression of BDNF could be
involved in behavioral phenomenon associated with depres-
sion. Recently, a variant in the human BDNF gene, which
leads to a valine to methionine change in the pro-domain
of the BDNF protein (position 66), was found to decrease
activity-dependent secretion of BDNF!""'? and be associated
with increased susceptibility to neuropsychiatric disorders
including depression, anxiety-related dysfunction and bipolar

[13-17]

disorder People with the Met allele have been found to

have a relatively small hippocampus and poor hippocampus-

dependent memory function!®!

. In our previous work, we
have generated a BDNF knock-in mouse containing the BDNF
Val66Met polymorphism, which provided a valuable tool to
assess the in vivo consequence of BDNF"*' polymorphism!.
We found that BDNF"*/M* mice showed increased anxiety-
related behaviors, which could not be reversed by fluoxetine
treatment”. Furthermore, we found BDNFY*/™ mice had
decreased ventromedial prefrontal cortex volume and dis-
played aversive memory extinction deficit™. These studies
suggest that the BDNF Val66Met polymorphism might be
at risk to develop smaller prefrontal cortex and hippocam-
pus and thus lead to susceptibility to mood disorders, which
strengthens the hypothesis that BDNF plays an important role
in depression.

The role of BDNF in depression has also been supported by
the hypothesis that BDNF mediates the action of antidepres-
sant. The most widely accepted hypothesis assuming that
antidepressants restore the compromised neurotransmission
in mainly noradrenergic and serotoninergic system has domi-
nated our thinking of antidepressant action. Indeed, speaking
of depression, a key question has always been why therapeu-
tic responses with antidepressants could only be achieved
after at least 2-3 weeks of treatment, whereas antidepressants
alter synaptic monoamine levels within hours. Since the
monoaminergic hypothesis cannot fully explain this delay of
antidepressant effect, it has been suggested that this delay is
required in order to produce neuroadaptive mechanisms that
may enhance neuronal plasticity and resilience®™ *. Along
this line of reasoning, several studies have shown that BDNF
may mediate the therapeutic action of antidepressants™™>,
There is a plethora of evidence documenting that antidepres-
sant treatments, including SSRIs and electroconvulsive shock
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(ECS) increase the expression of BDNF and tropomyosin
receptor kinase B (TrkB) in the hippocampus in animal mod-
els. These effects are dependent on chronic administration
of antidepressant therapy, consistent with the time course of
antidepressant treatments® %), This suggests that the regula-
tions of BDNF and TrkB are involved in the pathology and
development of depression and antidepressant treatments.

However, although BDNF exerts antidepressant-like effects
in hippocampus, its actions might be different or even oppo-
site, in different brain regions. The best example is the ven-
tral tegmental area-nucleus accumbens (NAc) dopaminergic
reward circuit, in which chronic stress increases BDNF expres-
sion®. Local BDNF infusion into NAc exerts a prodepression-
like effect in the forced swim test, and blockade of BDNF func-
tion in NAc exerts an antidepressant-like effect™, Thus the
differential role of BDNF in depression might be attributed to
its location in the depression neural circuits. In the following
parts of the review, we would like to summarize the local con-
tribution of BDNF/TrkB signaling to depression on the basis
of its location in the neural circuitry.

Neural circuitry of depression

Disturbances in the detection of, response to, and interpre-
tation of emotion are common in depression. The affective
fronto-limbic circuitry including the prefrontal cortices, the
cingulate cortex, several limbic structures including the hip-
pocampus, amygdala, lower brainstem structures and the
basal ganglia are highly involved in mediating these stages of
emotion processing, and evidence indicates that these regions
show structural and functional alterations in depression®.

A greater understanding of the neural circuitry underlying
normal mood and abnormalities in mood has been identified
as one of the critical needs in the field of depression research.
The hippocampus and frontal cortex are implicated in learn-
ing and memory, attention and impulse control, which sug-
gests they may mediate cognitive aspects of depression, such
as memory impairments and feelings of hopelessness, guilt,
doom, and suicidality™ *".,
NAc) and amygdala, and related brain areas, are important in

The striatum (particularly the

emotional memory, and could as a result mediate the anhe-
donia, anxiety, and reduced motivation that predominated in

many patients®"!

. Hypothalamic abnormalities likely contrib-
ute to altered appetite and autonomic symptoms. Thalamic
and brainstem dysregulation contribute to altered sleep and

B2 Of course, these various brain areas cannot

arousal states
be thought of as distinct, they operate in a series of highly
interacting parallel circuits, which perhaps begins to formulate
a neural circuitry involved in depression.

Brain imaging studies of depressed patients indicate a sig-
nificant reduction in hippocampal volume compared with
healthy subjects™ .

studies consistently show that the ventral prefrontal cortex is

Magnetic resonance imaging (MRI)

reduced in size in adult patients with major depressive disor-
der (MDD) compared with healthy controls. Postmortem data
support this finding, and suggest that fewer glia cells may
contribute to the overall reduced size of the region™. To the



striatum, MRI and postmortem studies showed volumetric
reductions in the caudate and the ventral region of the stria-
tum in individuals with depression®!, but other studies have

found no differences®.

In the amygdale, findings are not
entirely consistent across studies. It has been reported that
amygdala volumes were increased in patients during first epi-
sode with MDD, but patients with recurring MDD had smaller
amygdala®. Other study reported that adult patients with
MDD have increased amygdala volume than healthy compari-

son subjects™

. Thus, inconsistencies in the data may relate to
stage of the disorder. In summary, the anatomical data sug-
gest that adult MDD is associated with reduced hippocampus,
ventral prefrontal cortex volume and altered amygdala vol-

ume in comparison with healthy controls.

BDNF signaling in hippocampus involved in depression

The hippocampus, a key structure for the encoding of emotion-
ally relevant data into memory, interacts with the amygdala to
provide input regarding the context in which stimuli occur®’,
In addition, the hippocampus plays an inhibitory role in the
regulation of the amygdala and hypothalamic- pituitary-
adrenal (HPA) axis activity, which is the major mediator of

systemic stress responses[“].

Evaluation of the mean changes
of hippocampal volumes shows that the hippocampus is about
4%-5% smaller in patients with MDD than in healthy con-
trols?. Using in situ DNA end-labeling demonstrated slightly
increased rate of apoptosis in the dentate gyrus, CAl and CA3

%1 In another

areas of the hippocampus in depressed patients
postmortem study, Stockmeier et al found that hippocampal
sections from depressed patients shrank more than sections
from control subjects after histologic processing!*..
suggests that both apoptosis and atrophy may occur in depres-

sion. BDNF clearly has a role in survival of neurons during

Hence, it

hippocampal development, and this may relate to its putative
role in depression. Decreased levels of BDNF may contrib-
ute to the atrophy of hippocampus that has been observed in
depressed patients. Moreover, consistent data suggest that
serum BDNF levels are reduced in depressed patients and are
negatively correlated with depression severity while antide-
pressant treatment restores the basal level of serum BDNF“> *],
Decreased BDNF mRNA and protein levels, TrkB and cyclic
adenosine monophosphate (cAMP) response element bind-
ing protein (CREB) have been found in postmortem brains of
suicide victims"”!. Consistently, suicidal behavior has been

associated with lower plasma BDNF level“!,

In postmortem
hippocampal sections, BDNF expression has been observed to
be increased in dentate gyrus and subgranular regions in sub-
jects treated with antidepressants prior to death as compared
with non-treated subjects*”).

Postmortem studies have a number of limitations in assess-
ing depression-related molecular or cell turnover. Particu-
larly, it is difficult to rule out the effects of antidepressant
medication and other drugs or factors that are not known
to investigators. Therefore, animal models were applied to
investigate clear depression-induced hippocampal changes.

Stress is widely used as a model for mood disorders in experi-
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mental animals. A summary of studies demonstrate that
many different types of acute (single stress) and chronic (7
to 21 d) stress paradigms decrease the expression of BDNF in
the hippocampus. In chronically stressed tree shrews, an ani-
mal model with high validity for depression, demonstrated
reduced hippocampal volume and cell proliferation, and these
alterations were prevented by tianeptine treatment®. Immo-
bilization stress significant decreases BDNFmMRNA expression
in the major subfields of the hippocampus, with the greatest
effects observed in the dentate gyrus granule cell layer. Subse-
quent work found that other types of stress, including unpre-
dictable, footshock, swim stress, and maternal deprivation,
also decreased the expression of BDNF in the hippocampus®"*?,
Genetic studies support the role of BDNF Val66Met polymor-

[13, 14] FMet/Met

phism in depression In our previous study, BDN

mice have smaller hippocampal volumes and increased anx-

[19]

iety-related behaviors Moreover, music treatment could

decrease anxiety state in BDNF*/M* mice by increasing BDNF
levels in the hippocampus and prefrontal cortex®.

In contrast to the actions of stress, different classes of anti-
depressants significantly increased the expression of BDNF
in the major subfields of the hippocampus, including the
granule cell layer and the CA1 and CA3 pyramidal cell lay-
ers®. Chronic pretreatment with antidepressants blocks the
stress-induced decrease in BDNF mRNA expression in the
hippocampus!™.

regulate the BDNF gene through differential recruitment of
[56]

Distinct classes of antidepressants appear to
individual BDNF promoters™™. In addition, they appear to be
capable of reversing the epigenetic shut down of the BDNF III
and IV promoters caused by stress. Indeed, overexpression of
histone deacetylases, which would derepress the epigenetic
control of the BDNF promoters, is shown to upregulate hip-
pocampal BDNF expression and exert antidepressant-like
effects in animal models™. Furthermore, truncated TrkB over-
expressing mice, which show reduced BDNF signaling, are
resistant to the effects of antidepressants in the forced swim

¥, Several lines of evidence suggest that

model of depression
increased BDNF signaling is associated with antidepressant-
like behaviors in rodent depression models. Specifically,
Siuciak and colleagues were the first to report that short-term
(6-7 d), microinfusion of BDNF into the dentate gyrus of hip-
pocampus produces antidepressant-like effect in forced swim
test (FST) and learned helpless (LH)™. Furthermore, a single
intracerebroventricular injection of BDNF (10 pg) produces
similar changes in the modified rat FST®”. Compared with the
classical antidepressants, the effects of BDNF on these behav-

iors are long lasting® .

Unfortunately, relatively high doses
of BDNF need to be administered to achieve these behavioral
responses. Taken together, these reports clearly implicate
BDNEF in both the pathogenesis of depression and as a target/
mediator of antidepressant action.

Several studies have suggested that normal BDNF signaling
is both necessary and sufficient for antidepressant drug action.
Antidepressant-induced tyrosine phosphorylation of TrkB
does not induce activity of the extracellular signal-regulated
kinase pathway, but does activate phospholipase-Cy signaling
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and lead to the phosphorylation of CREB, a major transcrip-
tion factor directing gene expression of plasticity-related mol-

], In the hippocampus, increased activity of the BDNF-

ecules
CREB cascade results in antidepressive responses. Chronic,
but not acute, administration of several different types of
antidepressants, including SSRIs, a NE-selective reuptake
inhibitor, a monoamine oxidase inhibitor, an atypical antide-
pressant, ECS, and lithium, increase the levels of CREB mRNA
and immunoreactivity in hippocampus™.. In situ hybridiza-
tion and immunohistochemical analysis demonstrate that the
expression of CREB is increased in the major cell layers of
hippocampus (ie, CA3 and CA1 pyramidal and dentate gyrus
granule cell layers). In contrast, chronic administration of
nonantidepressant psychotropic drugs (ie, morphine, cocaine,
and haloperidol) does not influence the expression of CREB
in hippocampus, demonstrating the pharmacologic specific-
ity of this effect for antidepressants. This does not imply that
the cAMP system and CREB are not involved in the actions of
these drugs. In fact, chronic opiate or psychostimulant treat-
ments are reported to regulate CREB in striatum and locus
This demonstrates that CREB is regulated in a
region-specific manner depending on the neurotransmitter

coeruleus!®.

systems influenced by these psychotropic drug treatments.
Hippocampal overexpression of BDNF or CREB is capable
of mimicking both the structural consequences of sustained
antidepressant treatment as well as exerting antidepressant-
like behavioral effects®” *l. Indeed, activation of the cAMP-
CREB cascade results in increased neurogenesis of dentate
granule cell progenitors, and increased dendritic length and

branching[65].

It is possible that CREB, a transcriptional activa-
tor of BDNF, recruits this neurotrophin to mediate its effects
on structural plasticity. BDNF, in addition to being a target
of CREB, can itself recruit this particular transcription fac-
tor by activating the mitogen-activated protein (MAP) kinase
cascade'®!, thus setting up a potential positive feed-back loop.
Taken together, elevated BDNF-CREB, through their protec-
tive influences on vulnerable hippocampal neurons and their
ability to directly promote structural reorganization, could
result in repair of this region known to be damaged in depres-
sion. In addition, BDNF can alter neurotransmitter release
and itself elicit an activation of postsynaptic neurons, and may
thus have potential protective functional consequences on
hippocampal circuitry known to be dysfunctional in depres-
sion'), A direct consequence of enhanced hippocampal func-
tion would be a restoration of the inhibitory control exerted
on the stress response pathway of the HPA axis. In addition,
the well-established role of BDNF and CREB in hippocampal-
dependent learning and memory may play a critical role in
ameliorating the cognitive symptoms associated with depres-

167,681 Therefore, reduced BDNF levels result in neuronal

sion
atrophy and cell death in the hippocampus whereas enhanced
BDNF levels are associated with neurogenesis, cell survival
and dendritic arborization. Thus, changes in hippocampal
BDNF levels and the resulting downstream signaling path-
ways may play an essential role in regulating depression

related behaviors.
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BDNF signaling in prefrontal cortex involved in
depression

Several lines of evidence suggest that the prefrontal cortex
(PEC) is involved in the neuropathology of depression and the
response to stress. Perhaps the most widely accepted divi-
sion of PFC, based on anatomical connectivity and functional
specialization, is the dorsolateral and ventromedial sectors!®’).
The ventromedial prefrontal cortex (vmPFC) includes the ven-
tral portion of the medial prefrontal cortex and medial portion
of the orbital surface. Targets of vmPFC projections include
the hypothalamus and periaqueductal gray, which mediate
the visceral autonomic activity associated with emotion, and
the ventral striatum, which signals reward and motivational
value. In addition, vmPFC has dense reciprocal connections
with the amygdala, which is involved in threat detection and
fear conditioning™. By contrast, the dorsolateral prefron-
tal cortex (DLPFC), which includes portions of the middle
and superior frontal gyri on the lateral surface of the frontal
lobes, receives input from specific sensory cortices, and has
dense interconnections with premotor areas, the frontal eye
fields, and lateral parietal cortex”.
connectivity in these two regions of PFC suggest disparate

The distinct patterns of

functionality. Indeed, DLPFC has primarily been associated
with “cognitive” or “executive” functions, whereas vmPFC is
largely ascribed “emotional” or “affective” functions.

Volumetric changes in the PFC in depression are similar
to those described in the human hippocampus. The earliest
functional imaging studies of depression compared the rest-
ing state brain activity (eg blood flow or glucose metabolism)
of depressed patients with that of non-depressed comparison
subjects. Results from these studies associate depression
with abnormally high levels of vmPFC activity”"), but abnor-
mally low levels of DLPFC activity in resting brain activity”.
Recent, a type of functional imaging study compares task-
related brain activations (blood flow) of depressed patients to
that of non-depressed comparison subjects. Data from these
studies demonstrate that depressed patients exhibit greater
task-related activation in DLPFC during tests of working
memory and cognitive control when performance is matched
to non-depressed subjects”™. In light of the resting state data
indicating DLPFC hypoactivity in depression, these results
suggest dysfunction (or at least inefficiency) in the DLPFC of
depressed patients. In sum, the functional imaging studies
converge to suggest that depression is associated with seem-
ingly opposite activity profiles in vmPFC and DLPFC. The
vmPFC is hyperactive at rest, whereas the DLPFC is hypoac-
tive at rest. These imaging data hint that an imbalance in
vmPFC/DLPFEC activity may contribute to depression. How-
ever, functional imaging data alone cannot adjudicate whether
the abnormal activity profiles observed in vimPFC and DLPFC
are a cause or consequence of the disorder.

In humans, postmortem studies have shown that both BDNF
and TrkB levels are significantly decreased in the prefrontal
cortex and hippocampus of suicide patients compared with
controls and antidepressant therapy restores brain BDNF
levels to the normal range™. In addition, there were signifi-
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cant decreases in the phosphorylation of TrkA and TrkB in
both PFC and hippocampus of suicide subjects, whereas the
phosphorylation of TrkC was decreased only in hippocam-
pus without any change in PFC". Stress is used as a model
to study alterations of molecules and brain structure because
mood disorders are often precipitated or exacerbated by acute
or chronic stressful life events”. Repeated stress causes
dendritic shortening in medial prefrontal cortex, as well as in
hippocampus””.  As with in the hippocampus, stress decrease
BDNF levels in the PFC. Prenatally stressed rats had signifi-
cantly less BDNF protein than nonstressed rats in PFC by
Western blotting analysis”®. Furthermore, Roth showed that
infant maltreatment results in methylation of BDNF DNA
through the lifespan to adulthood that dovetails reduced
BDNF gene expression in the adult PFC in rat””),

Many different antidepressants produce a modest increase
in BDNF mRNA levels in PFC after a few days of treatment.
BDNF mRNA and protein levels, as well as TrkB mRNA
levels, were increased significantly in post-natal day 13 rats
in hippocampus and PFC after escitalopram treatment as
compared to control, but desipramine failed to increase either
BDNF or TrkB, which suggests that SSRIs are able to posi-
tively modulate BDNF and TrkB expression, whereas desip-
ramine is not able to. The failure of desipramine to positively
modulate BDNF and TrkB expression in postnatal day 13 rats
is consistent with the lack of efficacy of desipramine in chil-
dren and adolescents™. The BDNF gene consists of four 5’
noncoding exons (I-IV) each with a separate promotor and
one 3' exon (exon-V) encoding the mature BDNF protein. The
exon-III and IV BDNF promoters are regulated as immediate
early genes. Previous work showed that BDNF-LTP is associ-
ated with rapid upregulation of exon-III specific and exon-V
(total) BDNF mRNA. In PFC exon-III and exon-V BDNF
mRNA levels were significantly elevated about 3- and 2-fold,
respectively, after chronic but not acute fluoxetine treatment.
In hippocampus, chronic fluoxetine administration led to
a 2.5-fold increase in exon-III expression, but no significant
change in exon-V expression. These studies demonstrate that
chronic administration of fluoxetine leads to brain region spe-
cific upregulation of BDNF in the adult brain, which suggests
that chronically administered antidepressants could promote
BDNF-induced gene expression and synaptic plasticity in mul-
tiple brain regions.

Animals work shows that stress decreases phosphorylated
CREB and antidepressants treatment increases the expression
of phosphorylated CREB specifically in the hippocampus and
prefrontal cortex!™,
chronic forced swim stress decreased the expression of phos-

Experimental studies demonstrated that

phorylated-extracellular signal-regulated kinase 2 (p-ERK2),
ERK1 and ERK2 in the hippocampus and prefrontal cortex
in rats; fluoxetine reversed the stress-induced disruption of
the p-ERK2, which is indicated by the increased level of the
p-ERK2 in the hippocampus and prefrontal cortex in stress-
fluoxetine group compared to stress group, but exhibited no
effect on the stress-induced decrease of the ERK1 and ERK2.
It thus appears that the major effect of fluoxetine is to acti-

vate the ERK and CREB to increase the levels of p-ERK2 and
p-CREB, but not to increase the ERK and CREB expression®.

BDNF signaling in nucleus accumbens involved in
depression

The NAc is a target of the mesolimbic dopamine system, which
receives dopamine input from dopaminergic neurons in the
ventral tegmental area (VTA) of the midbrain. Furthermore,
the ventral striatum also has been noted to have extensive
connections with the amygdala and the orbital, subgenual, and
ventrolateral PFC™®,
play critical roles in reward. Virtually all drugs of abuse

The NAc, and its dopaminergic inputs,

increase dopaminergic transmission in the NAc, which partly
mediates their rewarding effects’®. On the other hand, the
VTA neurons also innervate several other limbic structures,
including the amygdala and limbic regions of neocortex. The
relationship of VTA-NAc pathway to mood disorders requires
further study, but it seems plausible that disturbances in this
pathway would be related to abnormalities in hedonic tone
and motivation”, which are central features of mania and
depression. This is supported by the finding of decreased
striatal response to happy stimuli associated with level of
anhedonia in depressed subjects as well as the observation of
increased striatal activity in mania®.

However, increasing BDNF levels in the NAc or VTA path-
way produces depression-like phenotype and animals with a
selective knockout of BDNF in the VTA are protected from the
depressive effects produced by the social defeat stress™. At
the same time, intra-VTA infusion of BDNF exerts a depres-
sion-like effect in the forced swim test, while blockade of
BDNF action in the NAc, by use of viral-mediated overexpres-
sion of a dominant negative mutant of TrkB, causes an antide-
pressant-like effect in the same test®!. These data suggest that
BDNF plays opposite roles in the VTA-NAc circuit compared
with in the hippocampal-prefrontal circuit.

While dysfunction of the VTA-NAc circuit is thought to
be associated with depression, antidepressants have been
postulated to reverse this dysfunction. In stark contrast to
the effects of CREB-BDNF in the hippocampus, activation of
the CREB-BDNF cascade in the VTA-NAc pathway results in
pro-depressive like behavior'®l. Increased CREB activity in
the NAc results in a phenotype characteristic of depression,
including reduced reward experience or “anhedonia” and
increased immobility in the forced swim test, symbolizing
behavioral “despair”®). The effects of BDNF are thought to be
mediated via up-regulating CREB expression, through activa-
tion of the MAPK/ERK pathway'®. Thus BDNF, upstream
of CREB, would recruit specific target genes with promoter
CRE elements, and then affect the functioning of the VTA-
NAc circuitry, resulting in a depression-like phenotype. CREB
is known to positively modulate levels of dynorphin within
the NAC®, and this upregulation of the endogenous opioid
dynorphin could mediate the pro-depressive effects of CREB.
Although at present it is unknown if CREB induction in the
NAc results in enhanced dynorphin release within the VTA,
it has been hypothesized that such a change in the context of
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the VTA-NAc pathway could result in dysphoria and lack of
pleasure seeking™®. This raises the possibility that enhanced
BDNEF-CREB in the NAc may, through a regulation of opioid
signalling, result in an anhedonic state thus contributing to the
pro-depressive effects, whereas an abrogation of BDNF-CREB
signalling in this region could have beneficial consequences on
behavior and exert an antidepressant-like effect. The opposite
behavioral response for infusion BDNF to hippocampus ver-
sus NAc suggests that depression and antidepressant effects
are related to the functional consequences of different down-
stream regulation in different neuronal networks.

BDNF signaling in amygdala involved in depression

Recent years, the amygdala has emerged as the key forebrain
structure mediating inborn and acquired emotional responses,
as well as processing, interpreting, and integrating various
aspects of biologically and/or emotionally important
information™. The amygdala is a complex structure that is
comprised of many subnuclei. Two such units that have been
particularly implicated in the control of emotional processes
are the central nucleus (CeA) and the basolateral amygdala
(BLA). A prevailing view is that the BLA is responsible for
emotional learning; receiving sensory information and acts as
a site of conditioned and unconditioned stimulus associations
and uses this learned information to control the activity of the
CeA. In turn, the CeA acts as a ‘controller of the brainstem’,
by using its widespread projections to the hypothalamus,
midbrain reticular formation and brainstem to orchestrate
behavioral, autonomic, and neuroendocrine responses.
Different regions within the amygdala are specialized,
on the basis of connections with cortical, hippocampal,
thalamic, hypothalamic, and other subcortical structures, to
detect objects salient to the prevailing emotional state, and
to modulate an appropriate response” *. Dysfunction in
amygdala plasticity can be related theoretically to depression
and bipolar disorder (BD). Neuroimaging studies of
the amygdala in patients with BD are characterized by an
interesting age-related dichotomy of findings. In adults, the
predominant pattern is one of increased amygdala volume
while in children and adolescents the reverse applies, which
suggest that amygdala size may vary in relation to illness
duration® *!l
largely limited to the adult population and are indicative

. Resting state functional analyses have been

of increased baseline amygdala activity which correlates
positively with severity of depression!™.

The link between stress and depression has long been
observed, particularly at the clinical level, where chronic expo-
sure to stressful life events has been associated with the devel-
opment of depressive symptoms. Stress also causes structure
changes in amygdala. Both acute and chronic stress increases
spine synapse formation in amygdala® but chronic stress

B71 Moreover, chronic stress for

decreases it in hippocampus
21 days or longer impairs hippocampal-dependent cogni-
tive function and enhances amygdala-dependent unlearned
fear and fear conditioning®®, which are consistent with the

opposite effects of stress on hippocampal and amygdala struc-
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ture and suggest that the effect of chronic stress on dendritic
remodeling is regionally specific.

BDNF mRNA increased in the amygdala 1 h after the final
exposure to intermittent water immersion stress. Consistent
with this, repeated intermittent social stress increased BDNF
mRNA in the BLA and CeA but not in the medial amygdala
(MeA) 2 h after termination of social stress. However,
repeated restraint or acute social stress exposure reduced
amygdala BDNF mRNA 24 h later™ 'l This suggests that
stress-induced changes in BDNF are transient in the amygdala.
BDNFEF-overexpressing transgenic mice showed increased BLA
spine density and increase anxiety-like behavior in open field
test and elevated-plus maze test’”!. Furthermore, previous
studies have reported that chronic stress-induced anxiety is
accompanied by increases in dendritic area and spine density
in the BLA""'® This increase in the BLA spine density may
be a reason for the increased amygdala size and functional
output.

The amygdala has been the focus of a great deal of work in
the anxiety, post-traumatic stress disorder (PTSD), and drug
addiction fields, but has received relatively little attention in
depression. It would be interesting to use behavioral tests
that focus on the amygdala, as well as direct manipulations of
specific proteins in the amygdala (eg, CREB and BDNF, among
many others), to explore the role played by these circuits in
depression and antidepressant action.

Conclusions and future directions
In summary, the data herein reviews the role of BDNF in
critical neural networks underlying depression/stress and
antidepressant treatment (Table 1). The main studies suggest
four points: First, depression or stress could reduce BDNF
levels in the hippocampus and PFC; Second, depression or
stress induces dentritic atrophy in the hippocampus and PFC,
while leads to increased spine density in the BLA; Third,
successful antidepressant treatments increase BDNF levels
in the hippocampus and PFC and inhibit depression-like
behavior; Fourth, BDNF levels increase in the BLA and NAc
produce anxiety-like or depression-like phenotype. Thus the
diverse roles of BDNF in depression depend on its location
in the neural circuitry, namely, in the hippocampus and PFC
BDNF inhibits depressive symptoms and whereas in the
NAc and amygdala facilitates depression-like or anxiety-like
symptoms.

Regardless of the role of BDNF in the etiology of depression

Table 1. Regulation of BDNF by depression/stress, and antidepressant
treatment in different brain regions.

Brain regions Depression/Stress Antidepressant

Hippocampus BDNF| BDNF1
PFC BDNF| BDNF1
NAc BDNF1 BDNF|
Amygdala (BLA) BDNF1 _

Symbols: |, decrease; 1, increase; inconsistent.
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and in the mechanism of action of current antidepressants,

advances in understanding how specific molecular mecha-

nisms within the hippocampus, PFC, NAc, amygdala, and

other brain regions regulate mood will provide novel avenues.
A major need of future research is to better define the detailed
circuitry of the numerous and diverse molecular pathways in
these brain regions.
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Pulmonary remodeling is characterized by the permanent and progressive loss of the normal alveolar architecture, especially the

loss of alveolar epithelial and endothelial cells, persistent proliferation of activated fibroblasts, or myofibroblasts, and alteration of
extracellular matrix. Hepatocyte growth factor (HGF) is a pleiotropic factor, which induces cellular motility, survival, proliferation, and
morphogenesis, depending upon the cell type. In the adult, HGF has been demonstrated to play a critical role in tissue repair, including
in the lung. Administration of HGF protein or ectopic expression of HGF has been demonstrated in animal models of pulmonary fibrosis
to induce normal tissue repair and to prevent fibrotic remodeling. HGF-induced inhibition of fibrotic remodeling may occur via multiple
direct and indirect mechanisms including the induction of cell survival and proliferation of pulmonary epithelial and endothelial cells,

and the reduction of myofibroblast accumulation.
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Pathophysiology of pulmonary fibrosis
Pulmonary fibrosis is a disease characterized by the replace-
ment of the lung tissue with scar tissue, resulting in the per-
manent loss of the normal alveolar architecture. The disease
is usually progressive, and death is often the direct result of
either respiratory insufficiency or right heart failure due to
pulmonary hypertension. Pulmonary fibrosis can be directly
induced by a variety of insults to lung tissue including expo-
sure to drugs, organic or inorganic particles, bacterial or viral
infection, or clinical irradiation for the treatment of cancer™ ?.
The condition may also occur idiopathically™. Treatments for
pulmonary fibrosis consist of anti-inflammatory and immu-
nomodulatory agents, cytotoxic agents (eg, methotrexate,
cyclophosphamide), antioxidants (eg, N-acetylcycteine), anti-
fibrotic agents (eg, pirfenidone, colchicine), interferon-gamma
1B, and/or lung transplantation™*. The pulmonary fibrosis
patient’s response to treatment often depends on the etiology
of the disease. However, currently available treatments are
largely ineffective in halting the progression of the disease.
The progression of pulmonary fibrosis is believed to involve
a failed or dysregulated injury response, which may be accom-
panied by inflammation®. An emerging view of lung remod-
eling suggests that the disease may develop as the result of
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repeated stimuli, with early cycles of injury to alveolar epi-
thelial and endothelial cells, followed by inflammation and
attempted repair, ultimately leading to aberrant wound heal-

ing and fibrosis™ °.

Cellular alterations in pulmonary fibrosis

In pulmonary remodeling, the loss of the normal pulmonary
architecture is characterized by: 1) the loss of alveolar epi-
thelial and endothelial cells; 2) the persistent proliferation of
activated fibroblasts, or myofibroblasts; and 3) the extensive
alteration of the extracellular matrix (Figure 1). Two primary
animal models have been developed for the study of experi-
mentally-induced pulmonary fibrosis: thoracic irradiation and
the profibrotic chemotherapy drug bleomycin. Both of these
agents induce pulmonary fibrosis in humans with similar
pathophysiology.

Studies of lung fibrosis have demonstrated the presence of
extensive and apparently progressive epithelial cell apoptosis,
especially in regions adjacent to fibrotic foci”"". Endothelial
cell apoptosis has been less studied but has also been identi-
fied as a prominent event in fibrotic human lung tissuel”. In
rodent models of experimental lung fibrosis, extensive apop-
tosis occurs, similarly to that observed in human lung fibrosis
patients!"" 2],
microvascular and pulmonary artery endothelial cell injury
and apoptosis™ ">,

Pro-apoptotic factors are upregulated in fibrotic lung tissue.

Rodent models have also demonstrated lung
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Figure 1. Schematic diagram depicting the development of lung fibrosis
following irreparable damage to lung cells. A number of pro-survival
factors including HGF, KGF and Cox-2 normally promote survival of
epithelial and endothelial cells, fibroblasts quiescence and normal
regulation of extracellular matrix (ECM) which altogether results in
homeostasis in the lung. Injuries such as bleomycin, radiation, and pro-
fibrotic factors may cause epithelial and endothelial apoptosis as well as
fibroblast activation and myofibroblast proliferation - events observed in
the development of lung fibrosis.

Lung fibrosis patient samples have increased levels of trans-
forming growth factor 1 (TGF-p1) and angiotensin II (Ang
)" that induce apoptosis and/or growth arrest in epithe-
lial and endothelial cells". Tumor necrosis factor-a (TNF-
a), a ligand for the death receptors, as well as death receptors
themselves, are increased in the lung tissue of patients with
IPF™?!, Data indicate many of the same factors identified in
human lung fibrosis are also increased in animal models of
the disease™. The imbalance of homeostatic factors created
by increased production of pro-apoptotic factors is further
exacerbated by a decrease in the production of factors that sus-
tain epithelial and endothelial cell survival, including hepa-
tocyte growth factor (HGF) and keratinocyte growth factor
(KGF)P"*, The inhibition of cellular apoptosis by a caspase
inhibitor or by blocking Ang II signaling significantly miti-
gated fibrotic remodeling in mice treated with bleomycin®> !,
Specific inhibition of endothelial cell death was also demon-
strated to prevent TGF-pP1-induced fibrosis in a rat model of
lung fibrosis™.

Activated fibroblasts, or myofibroblasts, a central topic
in pulmonary fibrosis research, are thought to be a primary
causative cell type in the progression of the disease™ ™. Lung
tissue from IPF patients contain increased levels in specific fac-
tors that support fibroblasts and/or mesenchymal cell growth
including TGF-f1, basic fibroblast growth factor (bFGF), plate-
let-derived growth factor (PDGF), TNFa, interleukins-1p and
-8, and insulin-like growth factor">™7 2 4041 At the same
time, IPF lung tissue has reduced levels of factors that sup-
press fibroblast growth, such as cyclooxygenase-2 (COX-2) and
its downstream product prostaglandin E, (PGE,)* *!. Myofi-
broblasts, either from patient sample, or from animal models
of pulmonary fibrosis, have pathophysiological characteristics
consistent with their key role in affecting alterations associated
with fibrotic remodeling”. 1) They exhibit rapid proliferation
and secrete autocrine factors including bFGF, PDGF, and TGF-
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B1“8#1 2) They display significant resistance to apoptosis,
including that mediated by Fas®®. 3) They are contractile
and express a-smooth muscle actin, and these cells are highly

motile

. And finally, 4) they significantly alter the extra-
cellular milieu of the lung by secreting extracellular matrix
proteins, including collagen types I and III, and by producing
reactive oxygen species that contribute to the oxidative state of
the lung in fibrosis and to the cross-linking of the extracellular

matrix>,

Unlike normal fibroblasts that provide a support-
ive environment to the resident epithelial and endothelial tis-
sues of the lung, myofibroblasts create a toxic environment for
other lung cells. Myofibroblasts are a primary source of many
pro-apoptotic factors that induce epithelial and endothelial
cell death in lung fibrosis. Data from in vitro experiments
using myofibroblasts cultured from fibrotic tissue indicate that
these cells induce growth arrest and apoptosis in primary lung
epithelial and endothelial cells®™ *",

Multiple cellular origins of myofibroblasts have been
identified in pulmonary fibrosis. Originally, it was thought
that resident lung fibroblasts provided the sole source for
this pathological cell type. Myofibroblasts can be derived
from fibroblasts through the process of transdifferentiation,
believed to be driven by sustained over-expression of TGF-p1
in fibrotic tissue!* **
alveolar type II pneumocytes through epithelial-mesenchymal

. Myofibroblasts can also derive from

transformation (EMT)®*’); this process, like transdifferentia-
tion, is also induced by TGF-B1?. A third potential source
of myofibroblasts are the mesenchymal stem cells from adult
bone marrow, which can be recruited to the injured lung'® "
Circulating fibrocytes are increased in IPF patients compared

to healthy control Subjects[“f 65]

, and studies tracking bone mar-
row-derived fibroblasts suggest that fibrocytes may migrate
to the lung and contribute to remodeling!® ** ! The inhibi-
tion of factors that induce myofibroblast transdifferentiation
and EMT processes, such as TGF-B1 and Ang II, significantly
attenuates the development of pulmonary fibrosis in ani-

mal models!! 26 36 67-69]

. Likewise, the inhibition of fibrocyte
extravasation to the lungs, for instance by inhibiting CXCL12
signaling, was shown to reduce collagen deposition and fibro-

sis in mouse models® 7.

Hepatocyte growth factor in normal and fibrotic tissue
repair

HGEF is a paracrine factor produced by cells of mesenchymal
origin (eg, fibroblasts and macrophages), while the HGF recep-
tor, Met, is expressed by epithelial and endothelial cells”".
HGEF is a heterodimeric protein comprised of a 55-60 kDa a
chain and a 32-34 kDa {3 chain linked by a single disulfide
bond”. The Met receptor is a tyrosine kinase receptor with
a single transmembrane spanning region and a conserved
tyrosine kinase domain. Met is translated as a single poly-
peptide chain which is proteolytically cleaved to form a ~145
kDa f heavy chain and a ~35 kDa a light chain linked by a
single disulfide bond”"l. The exclusion of Met expression
from fibroblasts provides specificity for HGF-induced survival
and proliferative activities on epithelial and endothelial cell
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types. Met contains a number of critical tyrosine residues
that are phosphorylated in response to HGF binding (Figure
2) A juxtamembrane tyrosine (Y1001) is involved in down-
regulation of Met following activation”. Two tyrosines in
the kinase domain (Y1234 and Y1235) are required for kinase
activity of the receptor”. Two other critical tyrosines (Y1349
and Y1356) are found in the carboxy terminal domain of Met,

[74]

in the “multifunctional docking region”"™. These latter phos-

phorylation sites are required for the association with multiple
[75]

adaptor proteins and signaling molecules

AKL % pi3y Grb2 —» S0S
«— Gab1( Y1349 |v1356< Gab2
PI3K PI3K ;
l Raf/ras/ERK MAPK
STAT3
Akt direct or indirect
activation

Figure 2. HGF/c-Met signal transduction. Two tyrosine phosphorylation
sites (Y1349/Y1356) in the multi-functional docking domain interact with
multiple adaptor proteins and signal transduction enzymes. STAT3 has
been shown to bind directly to c-Met in some cell types, but the site has
not been defined.

Signal transduction by HGF leads to a variety of biological

responses including migration, proliferation and morphogene-
sis, especially branching tubulogenesis in specific cell types”".
HGF is required for normal embryogenesis and develop-

78l However, in the adult a

[79]

ment!”® 77, including for the lung

primary function of HGF is tissue repair'”. HGF promotes

normal tissue regeneration and prevents fibrotic remodeling

[80-84]

in the lung, heart, kidney, and liver . HGF is expressed

locally in response to injury in a number of tissues, including

82, 83, 85-88]

the lung, kidney, and liver HGEF is also produced in

the lung in response to distal injuries, suggesting an endocrine
function for tissue repair'™.

The role of HGF in lung tissue repair has been well estab-
lished® ™! Studies indicate that HGF is elevated in the lung

following injury. HGF mRNA levels are elevated in damaged

[82,91]

lung tissue®™ ™, and HGF protein levels are increased in bron-

choalveolar fluid extracted from injured lungsm]. The time

course of HGF induction following lung injury correlates with

proliferation of the alveolar epithelial cells®* **!

[94

and lung vas-

cular endothelial cells®. Administration of HGF neutralizing

antibodies resulted in reduced DNA synthesis in alveolar

epithelial cells after ischemia-reperfusion lung injury in rats'*”.
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Although HGEF is increased in response to tissue injury, an
inverse correlation has been identified for HGF expression
during the development and/or progression of fibrosis in

several tissues including the lung®"* ¥

. Lung tissue from
patients with pulmonary fibrosis has reduced expression of
factors that sustain epithelial and endothelial cell growth and
survival, including HGF'. Lung fibroblasts isolated from
IPF patients have decreased HGF expression and activation

B9 In cell culture

relative to fibroblasts from control patients
and animal models, suppression of HGF synthesis occurs in
response to treatment with the pro-fibrotic factors TGF-f3 and
Ang 11[987101].

Studies in animal models have provided strong evidence
that HGF-induced lung repair prevents the induction of
fibrotic remodeling. In vivo studies have shown that HGF
potently mitigates the effects of acute and chronic lung inju-
ries caused by oxidative stress and inflammation. Admin-
istration of HGF protein or adenoviral expression of HGF
prevents fibrotic remodeling in several animal models of lung
fibrosis!®" 107104,

non-viral plasmids, also prevents fibrotic lung remodeling.

Transient in vivo expression of HGF, using

Using albumin-derived particles to transfect lung endothelial
cells, in vivo transient transfection of HGF increased repair and
prevented collagen deposition and remodeling in mice!* '*l,
Because HGEF is secreted, it was reasoned that “nondiseased-
organ-targeting gene transfer” could also be used to produce
HGEF protein, which would then reach the lung through the

107]

circulatory sys’cemI . Electrotransfer of an HGF-encoding

plasmid into muscle tissue was also demonstrated to suppress

bleomycin-induced fibrotic remodeling in mice””).

Impor-
tantly, studies show that HGF has protective activity when
given either simultaneously with or 7 d after administration of
a pro-fibrotic treatment, suggesting that HGF is effective dur-
ing both the initiation phase and the progressive phase of the
disease!"".

Because human patients are usually diagnosed only during
the progressive phase of pulmonary fibrosis, the identification
of factors effective during this phase of the disease is critical
for development of treatments and cures.

HGF signaling to induce epithelial and endothelial
survival and growth

Regeneration of normal epithelium and endothelium is critical
to healthy repair following tissue injury. Thus, normal tissue
repair requires factors, such as HGF, that specifically support
growth in epithelial and endothelial cells, but not in myofibro-
blasts, may be required for antifibrotic tissue repair® '®. HGF
is mitogenic, motogenic, and induces survival in pulmonary
[71, 1097114]. HGF
also releases lung epithelial and capillary endothelial cells

endothelial and alveolar type II epithelial cells

from growth arrest induced by the profibrotic factor TGF-
[31[115].

HGF blocks apoptosis in lung epithelial and endothelial
cells. The cell survival activities by HGF have been attrib-
uted to the activation of a number of anti-apoptotic signaling

pathways!"'> "I although the specific anti-apoptotic mecha-
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[118, 120]

. Three
predominant pathways implicated in survival by HGF are
ERK/MAPK, PI3K/Akt, and signal transducer and activator
of transcription 3 (STAT3) (Figure 2)"*'. Although much of
the research on HGF signaling for proliferation and survival

nisms of HGF appear to differ among cell types

has been performed on cancer cell types, some studies have
investigated the mechanisms for HGF-induced survival and
proliferation in primary lung cells.

In murine lung endothelial cells subjected to hypoxic
stress followed by reoxygenation, a procedure that activates
the extrinsic apoptotic pathway through the death induc-
ing signaling complex (DISC) and caspase-8. HGF confers
protection against extrinsic apoptosis through PI3K/Akt-
dependent up-regulation of the caspase-8 inhibitor FLICE-
like inhibiting protein (FLIP) and through down-regulation
of DISC formation™. This report additionally showed that
HGEF inhibited Bax translocation into the mitochondria, also in

an Akt-dependent manner*

. An investigation of the effects
of HGF on H,O,- and TNF-a-induced apoptosis in pulmonary
epithelial cells demonstrated that survival of epithelial cells by
HGEF involved the activation of nuclear factor-kappa B (NF-xB)
18 The mechanism by which HGF activates NF-kB in these
cells is unknown.

Both cell culture and in vivo studies provide evidence that
HGEF regulates gene expression of the anti-apoptotic members
of the Bcl-2 protein family. Studies of hypoxia-reoxygenation
injury to endothelial cells demonstrate that HGF exerts Akt-
dependent anti-apoptotic activity by enhancement of the
expression of anti-apoptotic protein Bcl-x, ', Investigation
of HGF treatment prevented cellular apoptosis and increased
Bcl-x;, expression in mice following ischaemic reperfusion
injury to the lung"*!.

HGF may also block fibrotic remodeling through indirect
mechanisms, including the regulation of pro-fibrotic factors.
As stated above, Ang II is a potent inducer of epithelial and
endothelial cell apoptosis in lung fibrosis, and studies sug-
gest that de novo generation of Ang II is required for FAS- and
TNF-a induced apoptosis of alveolar epithelial cells in cell
culture™ ' The enzyme angiotensin converting enzyme
(ACE) is required for the proteolytic activation of Ang II from
its inactive precursor angiotensin I (Ang I), and bleomycin-
induced fibrosis can be blocked in vivo using an ACE inhibitor
or an Ang II receptor antagonist’™. Our laboratory demon-
strated that HGF reduces ACE expression in lung endothelial

cell culture!®!

. The down-regulation of ACE might provide a
potential indirect mechanism for HGF reduction of lung cell

apoptosis through Ang II suppression.

HGF inhibition of myofibroblast accumulation

Rodent models for lung fibrosis indicate that HGF treatment
restricts myofibroblast recruitment. Three potential mecha-
nisms for this effect of HGF are: 1) the induction of quiescence
in lung fibroblasts and inhibition of transdifferentiation; 2)
the inhibition of EMT of lung epithelial cells; and 3) induction
of apoptosis in myofibroblasts. Direct inhibition of fibroblast
transdifferentiation by HGF has not been demonstrated, but

regulation of myofibroblast development may occur through
indirect mechanismy(s).

HGF reduces fibroblast activation to the myofibroblast
phenotype. HGF may affect fibroblast activation indirectly
through the regulation of lung endothelial cell expression of
cyclooxygenase 2 (COX-2), a potent activator of prostaglan-
din E, (PGE,) synthesis"* '®!. PGE, is secreted by pulmonary
endothelial cells, induces fibroblast quiescence and is a potent
inhibitor TGF-B1-induced fibroblast transdifferentiation®” >\,
Our laboratory has shown that HGF regulates COX-2 expres-
sion in primary lung epithelial cells through Akt- and beta
catenin-dependent up-regulation of COX-2 mRNA". This
suggests a possible mechanism for HGF-mediated COX-2 inhi-
bition of fibroblast transdifferentiation.

EMT is an important process during development and
organogenesis, and HGF has been demonstrated to induce
EMT under specific cellular conditions™” !, However, EMT
associated with fibrotic remodeling is negatively modulated
by HGF" .. Rat alveolar epithelial cells that were treated with
TGEF-B to induce EMT, HGF inhibits the expression of myofi-
broblast markers such as a-SMA, collagen type I, and fibronec-
tin™*. The inhibitory activity of HGF on EMT requires upreg-
ulation of Smad7 expression and its export from the nucleus
to the cytoplasm. The export of Smad-7 to cytoplasmic com-
partment results in the inhibition of signal transduction by the
TGF-B receptor™. HGF may also indirectly affect EMT pro-
cesses. Endothelial nitric oxide attenuates EMT"*), Increased
nitric oxide results in the retention of epithelial morphology
while inhibition of NOS leads to increased a-SMA expression
and fibroblast-like morphology in TGF-P1-treated alveolar epi-
thelial cells™. HGF stimulates activity of endothelial nitric
oxide synthase (eNOS) via a PI3K/ Akt-dependent pathway in
endothelial cells!** ',

Finally, it has been shown recently that HGF affects the via-
bility of myofibroblasts through direct mechanisms. Although
normal fibroblasts lack the HGF receptor Met, myofibroblasts
taken from the fibrotic lungs of experimental animals have
been shown to express Met"™\. In the Met-expressing myofi-
broblasts, HGF was shown to induce apoptosis in a caspase-

dependent manner™*!

. This apoptotic activity of HGF is asso-
ciated with increased degradation of the extracellular matrix.
Treatment of myofibroblasts with HGF increases in the activi-
ties of predominant enzymes involved in fibronectin degrada-
tion and a decrease in a fibronectin central cell binding domain
which is involved in FAK phosphorylation; both of these

activities lead to decreased survival of myofibroblasts*.

Conclusion

Findings from animal models of pulmonary fibrosis show
that HGF can inhibit both the initiation and progression of
lung fibrosis (Figure 3). However, the critical mechanism(s)
for HGF protection of the lung from fibrotic remodeling and
promotion of normal tissue regeneration remains poorly
understood. HGF directly induces epithelial and endothelial
proliferation and survival, and may indirectly modulate myo-
fibroblast accumulation in the lung after injury. Despite the
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Figure 3. HGF actions for the inhibition of fibrotic remodeling.

potential clinical applications for HGF for wound repair and
prevention of fibrotic remodeling, its complex structure has
precluded its development for clinical use. The future devel-
opment and study of HGF mimetics and/or Met agonists may
aid in the understanding of HGF mechanisms of tissue repair
as well as provide potential therapies for treatment of lung
fibrosis.
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Blood vessels have a fundamental role both in skeletal homeostasis and in bone repair. Angiogenesis is also important for a success-
ful bone engineering. Therefore, scaffolds should be tested for their ability to favour endothelial cell adhesion, proliferation and func-
tions. The type of endothelial cell to use for in vitro assays should be carefully considered, because the properties of these cells may
depend on their source. Morphological and functional relationships between endothelial cells and osteoblasts are evaluated with co-
cultures, but this model should still be standardized, particularly for distinguishing the two cell types. Platelet-rich plasma and recom-

binant growth factors may be useful for stimulating angiogenesis.
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Role of angiogenesis in bone engineering

In bone, the connection between cells and blood vessels is
required to maintain skeletal integrity. In tissue engineering,
a vessel network is an essential pre-requisite for scaffolds to
survive and integrate with existing host tissue.

Activators and inhibitors of angiogenesis

Vascular development is a co-ordinated process through three
major steps, regulating (1) sprouting of endothelial cells (ECs)
from mature vessels, (2) assembly of vessels to vascular struc-
tures and (3) vessel maturation and subsequent induction of
quiescencel'. Fach of these steps is regulated by molecules
acting on specific vascular receptors. Sprouting is induced
by vascular endothelial growth factor (VEGF)?, which is pro-
duced by monocytes and macrophages migrated to the site
of the tissue lesion and stimulated by hypoxia. Vessel cells
become sensitive to VEGF after the hypoxia-induced bond of
angiopoietin-2 to the endothelial receptor tyrosine kinase Tie-
2. VEGEF binds to receptors VEGFR-1 (Flt-1) and VEGFR-2
(Flk-1/KDR) on EC membrane. Assembly of vessels to vas-
cular structures is regulated by the ephrin ligands and ephrin
receptor tyrosine kinases, which mediate cell-contact-depen-
dent signalling®. Angiopoietins” and Tie-1 and -2 receptors"
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regulate blood vessel maturation too. Angiogenesis is also
modulated by other growth factors (GFs), cytokines, enzymes
and integrins, such as fibroblast growth factor 2 (FGF-2)",
hepatocyte growth factor/scatter factor”), platelet derived
growth factor (PDGF)®, interluekin-8 (IL-8)", TL-3"", a B,-
integrin! and matrix metalloproteinases (MMPs)!"?, which
degrade extracellular matrix (ECM) facilitating EC migration.

Angiogenesis and bone

In bone, microvessels are essential for bone formation,
metabolism, healing and remodelling. Osteoprogenitors are
always located near blood vessels. Sinusoids surrounded by
reticular cells secrete high amounts of chemokine CXCL12 or
stromal cell-derived factor-1 (SDF-1), which is required for the
maintenance of human stem cells"”. Both intramembraneous
and endochondral bone ossification occur in close proximity
to vascular ingrowth. In intramembranous ossification there
is an invasion of capillaries that transport marrow stromal
cells (MSCs), which differentiate into osteoblasts and in turn
deposit bone matrix. In endochondral ossification the avascu-
lar cartilage template is replaced by highly vascularized bone
tissue. The immature and proliferating chondrocytes secrete
angiogenic inhibitors, while hypertrophic chondrocytes pro-
duce angiogenic stimulators, such as VEGF, fibroblast growth
factor (FGF)-1 and FGF-2, thus providing a target for capillary
invasion and angiogenesis. Hypertrophic chondrocytes and
migrating cells from the newly formed bone marrow secrete
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metalloproteinases (MMPs), which in turn degrade extracel-
lular matrix (ECM), thus permitting vessel invasion. MMP-9
regulates also the release of VEGF-A bound to the hypertro-
phic cartilage matrix. Once released, VEGF-A binds to its
receptors on endothelial cells, osteoclasts and osteoblasts!l.
The new vasculature supplies a conduit for the recruitment of
cells involved in cartilage resorption and bone deposition!.
ECs produce GFs which contribute to recruit stem cells and to
address them towards osteoblast differentiation.

Blood vessels play a crucial role in both phases of bone
remodelling. In bone resorption, vessels transport osteoclast

[16]

precursors to the sites of remodelling"™. In bone deposition,

vessels transport osteoprogenitor cells"”.

According to their
phenotype, ECs produce molecules modulating bone remod-
elling, such as RANKL, osteoprotegerin (OPG), IL-6, PDGF,
transforming growth factor- (TGF-p), and others.
Angiogenesis is fundamental for fracture repair. One of
the earliest events during bone healing is the reconstruction

of intraosseous circulation®

. Following trauma, disruption
of vessels leads to acute hypoxia of the surrounding tissue,
as well as to clotting activation. The inflammatory response
activates cytokines and GFs that recruit MSCs and ECs to the
fracture site. The latter produce PDGF-BB, which contributes
to MSC recruitment!"”. Lack of angiogenesis is considered as a
pathogenetic cause of non-unions™”.

Angiogenic GFs also play roles in bone formation. VEGF

21 where

seems to play a key role in endochondral ossification
its functions are mediated by cbfa-1/runx-2, VEGF produc-
tion is increased by BMP-2, -4, and -6/, and by TGF-p1%*.,
VEGEF-A binds to VEGFR-1 on osteoclasts and induce osteo-
clast recruitment and bone-resorption®, FGF-2 stimulates the

29 and acceler-

1271

proliferation and differentiation of osteoblasts
ates fracture repair when added to the early healing stage

Relationships between endothelial cells and osteoblasts
ECs and osteoblasts (OBs) communicate through three mecha-
nisms®:

1. Direct interaction between membrane molecules of the
two adjacent cells (tight junctions);

2. Gap junction communications that form direct cytoplas-
mic connections between adjacent cells;

3. Secretion of diffusible factors that diffuse freely in the
extracellular environment and interact with the target cells
through specific receptors.

Gap junction communications are mediated by Cx43 on OBs
and ECs, and by Cx40 on ECs® ",

Some diffusible factors secreted by ECs favour bone deposi-
tion, such as PDGF-AB, TGF-p1, TGF-p2, FGF-2, epidermal
growth factor (EGF), OPG, and bone morphogenetic protein 2
(BMP-2)P". When ECs are incubated with a proinflammatory
stimulus, such as TNF, IL-1p, or endotoxin, they synthesize
both substances inducing bone healing, such as endothelin-
1°%, and molecules favouring bone resorption, such as IL-6
and RANK-L™!. Moreover, ECs may stimulate osteoblasts to
express ALPPY,

In turn, MSCs produce angiogenic GFs, such as VEGF, par-
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ticularly under hypoxic conditions, FGF-2, insulin-like growth
factors (IGF), PDGF, and TGF-B. VEGF-stimulated ECs
release prostaglandins that strongly promote VEGEF release by

B ECs co-cultured with OBs show an increased

osteoblasts
production of collagen type ™.

The interaction between ECs and OBs is variable with time,
as it was shown in co-cultures onto a scaffold made of starch
and polycaprolactone. At early time points ECs formed mono-
layer patches above OBs. At 21 days, ECs had organized into
microcapillary-like structures, which were established among
OBs. The concentration profile of VEGF during 35 days in
vitro was characterized by 3 distinct phases: (1) from day 7 to
14 a steep increase in VEGF concentration; (2) between day 14
and day 28 a plateau phase and (3) from day 28 until day 35
a pronounced decrease of VEGF concentration. In hOB mon-
oculture, the VEGF concentration curve exhibited a steady
increase at lower magnitude as compared to co-culture until
day 28 followed by a decrease!™".

The sonic hedgehog (Shh) pathway is involved both in bone
repair and in neoangiogenesis. Hedgehog morphogens play
a pivotal role in embryonic development®. There is increas-
ing evidence that the Shh pathway plays a significant role in

[39, 40]

adults both in angiogenesis and in endochondral bone

formation™!,

Endothelial cells
ECs are classified into macrovascular and microvascular,
according to the vessel type.

Human umbilical vein endothelial cells and other macrovascular
endothelial cells

HUVEC are the most known among macrovascular ECs.
Other macrovascular ECs were isolated from human saphena
or from human, bovine or swine aorta or pulmonary artery.
However, the latter EC types have been scarcely used for the
evaluation of scaffolds for bone engineering. Moreover, non-
human ECs show a different behaviour than human cells'*.

Microvascular endothelial cells
There is evidence that ECs from different organs exhibit differ-
ent responses to stimulants - particularly, macrovascular ECs
have different properties from microvascular ECs.
Microvascular endothelial cells (HMVEC) were isolated
from adipose tissue (ADEC)™*, derma (HDMEC)"" or lung
microvessels (HPMEC)™*!. The advantages of ADEC or
HDMEC consist in more similar properties to bone microves-
sels than HUVEC. Moreover, in light of a possibile clinical
application, they may be easily isolated from the same patient
who will receive the scaffold.

Endothelial progenitor cells

EPCs are adult progenitor cells that can differentiate into
mature ECs* and therefore play a physiological role in vessel
homeostasis'”!. EPCs may be identified through the expres-
sion of three cell markers (CD133, CD34, and VEGFR-2)"*%!,

EPCs are mainly located in bone marrow and can be mobilized



into peripheral blood*”, where they are present from 0.01% to
0.0001% of mononuclear cells (MNCs) in healthy subjects®.
In culture, two distinct types of EPCs develop. The first type,
B appears after 3-5 days, is formed by
spindle-shaped cells and dies after 4 weeks. The second type,

named late EPCs®” or outgrowth endothelial cells (OECs)
[51]

named early EPCs

, appears after 2-3 weeks, forms a cobblestone monolayer
and lives for about 12 weeks. Early EPCs, which derive from
CD14" MNCs, are myeloid cells with some endothelial prop-
erties, which stimulate neovascularization by paracrine fac-
tors but are not incorporated in the endothelial lining. OECs
derive from CD14" MNCs, have similar properties to mature
[53]

ECs but a higher proliferative ability”™”, and are incorporated

into the endothelial lining of new blood vessels™.

One of the most therapeutically interesting features of EPCs
is their apparently enhanced ability to be incorporated into
newly forming microvasculature. Although their concentra-
tion in blood is low, they have been detected in newly formed
vasculature, contributing about 5%-35% of the endothelial
cells in new capillaries™!. In fact, EPCs are mobilized by tissue
ischemia and cytokines from the bone marrow into peripheral
blood, migrate to regions of neovascularization, differentiate
into mature endothelial cells and promote vasculogenesis®™.
The most known application of EPCs is the promotion of the

157]

therapeutic neovascularization in myocardial infarction”” and

liver disorders™.

Moreover, it was shown that EPCs develop
a favorable environment for fracture healing via angiogenesis
and osteogenesis, through two mechanisms. One is the osteo-
genic and endothelial differentiation potential of CD34+ cells,
and the other one is the paracrine effect of CD34+ cells, which
secrete VEGF™. For this reason, EPCs were investigated to
specifically address the problem of delayed and atrophic non-

unions!®”.

Endothelial cell continuous cell lines

Typically, EC cultures are primary cultures and the prolifera-
tive potiential gradually decreases during passages. There-
fore continuous cell lines were generated from angiosarco-
mas, or through cell immortalization with viral transfection
or with fusion with neoplastic lines. Examples of tumour-
derived endothelial cell lines are ISO-HAS from human
haemangiosarcoma'®'’ and HAEND derived from hepatic

angiosarcoma[(’zl

. Transfection may be obtained with SV40
virus or with the introduction of human telomerase reverse
transcriptase (hnTERT)!*?, Examples of lines obtained with
transfection are EVLC2, derived from HUVEC®!, HMEC-1,
developed by transfection of HDMEC with SV-40 large
T-antigen'®!, and HPMEC-ST1.6R, developed by transfection
of HPMEC with plasmids encoding the SV-40 large T-antigen
and human telomerase!®.

A line obtained from the fusion of ECs with neoplastic cells
is EA.hy926, which was developed from the fusion of HUVEC
with human pulmonary adenocarcinoma A549,

The changes resulting in the capacity of cells to replicate
indefinitely may be accompanied by changes in the expres-

sion of specific endothelial properties, such as the induction
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of inter-cellular adhesion molecule 1 (ICAM-1), vascular cell
adhesion molecule 1 (VCAM-1) or E-selectin with an inflam-
matory stimulus'®®. Among EA.hy926, EVLC2, HAEND,
HMEC-1, ISOHAS-1, only HPMEC-ST1.6R exhibited the major
constitutive and inducible endothelial cell characteristics and
showed an angiogenic response on Matrigel®.

A continuous EC line was isolated from the microvessels

of bovine foetal sternus”.

The endothelial phenotype was
shown by the presence of von Willebrand factor and by the
ability to form tubular-like structures on Matrigel. These
cells display own distinctive characteristics, particularly they
possess the receptor for estrogens and are able to respond to

estrogens and parathyroid hormone (PTH)" .

Evaluation of the angiogenic potential of the scaffold

Upon graft implantation, inflammation, which represents
the first phase of tissue repair, favours a vascular response,
but angiogenesis is generally limited to less than 1 mm from

[74]

the interface implant-host tissue'™. Moreover, the capillary

network induced by the inflammatory process is transient

1 Neoformed vessels of the

and regress within a few weeks
implant must anastomose to the systemic circulation”™. In the
absence of a vascular supply, the transport of nutrients occurs
mainly by diffusion, which is only efficient for distances from
100 to 200 micron or for tissues with a low metabolic activity,

such as cartilage!”.

The insufficient vascularization compro-
mises the supply of oxygen and nutrients to the new-formed
tissue and does not remove the waste products of cells”™. The
local accumulation of toxic substances may trigger an inflam-
matory reaction'””.

Therefore the scaffold must not only support the growth of
the cells that will replace the specific tissue in vivo, but it must
also support EC adhesion and proliferation, and develop an
effectively functioning vasculature to supply the cells with
oxygen and nutrients. The success of this strategy requires a
series of consecutive events: a) EC migration to the outer sur-
face of the scaffold, b) EC migration from the outer surface to
the inner pores of the scaffold, c) EC adhesion to the foreign
surface and proliferation, d) ECM synthesis, e) tubular struc-
tures formation, f) recruitment of further cell types (smooth
muscle cells, pericytes, fibroblasts) forming the vessel wall
and g) anastomosis with the vessels of the surrounding tissue
(Figure 1). Moreover, endothelial cells growing on the scaf-
fold should maintain normal functions and should not exhibit
a pro-inflammatory phenotype. In order to obtain stable and
durable vascular networks, ECs require the cooperation with
perivascular cells. It was shown that a network of stable and
functional blood vessels was formed in mice by co-implanta-
tion of vascular ECs and mesenchymal precursor cells®®.

In the light of the critical role of angiogenesis, a preliminary
step in the evaluation of the scaffold properties should pre-
dict its vascularization potential through the assessment of its
interaction with ECs.

Endothelial cell seeding
ECs are seeded on the scaffold, which may be pre-condition-
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Figure 1. Neoangiogenesis on a porous scaffold.

ated by immersion in culture medium for a few hours. This
treatment leads to protein adsorption on the artificial surface,
and purposes to reproduce the ECM layer to which the cells
usually adhere to live on. Cell seeding is favoured by the fol-
lowing technique: to apply a drop of cell suspension on the
scaffold, to incubate at 37 °C for 15-30 min in a wet chamber
to allow initial cell attachment, then to add culture medium.
The scaffold may be coated with gelatin or fibronectin or col-
lagen or pooled serum to favour cell adhesion.

Endothelial cell morphology

Cell morphology can be evaluated before or after staining.
Immunofluorescence for specific antigens, such as von Wille-
brand factor or CD31, or stain with fluorescent molecules,
B or acridine orange, may
be used. Cytoskeleton is shown by F-actin stain (Figure 2A)

such as calcein-acetoxymethylester

Figure 2. Immunofluorescent staining of endothelial cells for proteins
specific for cytoskeleton or for adhesion molecules. (A) F-actin stain of
HUVEC. Actin was stained using rhodamine-phalloidin fluorescent dye.
Nuclei were stained with Hoechst 33258. Maghification (x20). (B) Immu-
nofluorescent staining for VE-cadherin. Nuclei were stained with Hoechst
33258. Magnification (x20).
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82 VE-cadherin is an

or by immunofluorescence for vimentin!
adhesion molecule that mediates cell-to-cell contact between
endothelial cells and plays a relevant role in the maintenance
of vascular integrity®® (Figure 2B). The maintenance of VE-
cadherin expression on a scaffold is a good indicator of the
proper interaction between endothelial cells and the material.
Fluorescent staining of intracellular organelles may be evalu-
ated by confocal microscopy. With fluorescence microscopy
and scanning electron microscopy the relationships between
cells and scaffold may be investigated, but no information is
obtained on the biomaterial effects on the synthesis of specific
molecules.

Adhesion and spreading

The scaffold could affect the synthesis of molecules for
homotypic adhesion (CD31, VE-cadherin) or of integrin for
the adhesion to substratum™!. To favour EC and osteoblast
adhesion, RGD-peptides were bound to the scaffold. These
peptides are formed by the arginine, glutammic acid and
aspartic acid sequence, which is common to the integrin a3
85]

ligands Moreover, the scaffold could decrease the expres-
sion of adhesion molecules for leukocytes (E-selectin, ICAM
and VCAM) in response to inflammatory stimula or, vice versa,
could induce their expression also on basal conditions®, Cell
adhesion to the substratum and adhesion molecules are evalu-
ated at fluorescence and confocal microscopy with immuno-
fluorescence staining’.

A quantitative method to evaluate the expression of adhe-
sion molecules is an enzyme immunoassay performed directly
on the cells adherent to the substratum (CAM-EIA)®. Flow
cytometry is another quantitative assay for adhesion mol-
ecules and integrins, but it requires cell detachment, which

%1 Moreover, adhesion molecules

could affect their expression!
and integrins may be indirectly evaluated with RT-PCR for

their specific nRNA®.

Cell proliferation
The proliferation of endothelial cells on artificial scaffolds may

be directly determined with vital stains, such as blue alamar™®

or calcein-acetoxymethylester!”

, without detaching cells. Ala-
mar changes from blue to pink in proportion to the amount
of reactions of oxide-reduction of the cells and therefore in
proportion to the cell number. Through a standard curve with
known cell numbers, the cell number of the unknown sample
grown on the scaffold can be obtained with a good approxi-
mation!™,
when taken up by viable cells and the fluorescence is spread

Calcein-acetoxymethylester becomes fluorescent

throughout the cell. Alternatively the cell number can be eval-
uated with tritiated thymidine™, MTT®™), or crystal violet”!
assays.

Tubulogenesis

EC grown on the scaffold can be evaluated for their ability to
form tubular-like structures. ECs are seeded on an inducing
matrix, with or without GFs. This matrix can be used also to
coat the scaffold. After a few hours, tubular-like structure



formation is observed, eventually after vital staining with
calcein-acetoxymethylester and nuclear staining with Hoechst
33342171 The tube number, length and bifurcations may be
quantificated with image analysis, in order to appreciate
Matrigel (Becton Dickinson),
formed by EMC proteins, is a well-known matrix. Also type I
collagen was used, which determined after 20 h the formation
of tubular-like structures similar to capillaries”.

differences among scaffolds.

Expression of proteins acting on bone remodelling

For the evaluation of scaffolds for bone engineering, the assay
of GFs, cytokines and other proteins produced by endothelium
and acting on bone remodelling could be useful. Both specific
and the concentration of these substances
Proinflamma-

mRNA expression®
in the conditioned medium are determined*.
tory markers should be assayed both on basal conditions and
after incubation with LPS, because the biomaterial could affect

the cell response to the proinflammatory stimulus"".,

Co-cultures

The different co-culture systems take the different interactions
among ECs and OBs into account (Figure 3):

Co-culture with direct contact
3D co-cultures

/’ (e (o

Co-culture with indirect contact

2D co-cultures

Spheroids

Conditioned ECM

1 [

Figure 3. Cell co-culture systems. In the direct contact model, cells are
seeded together in 2D supports or 3D scaffolds or as 3-D multicellular
spheroids. In the indirect contact model, a porous membrane can be
used, with appropriate pore size which let the conditioned medium pass
but not cells. Alternatively, the culture of one type of cells is supplemen-
ted with the conditioned medium of the other type. In the third method,
one cell type is seeded on the ECM of the other type, which has been di-
scharged after grown.

Conditioned medium

Porous membrane

- Co-cultures with direct contact can be initiated on a 2-D
surface or on a 3D scaffold or with spheroid systems. With
direct contact all the mechanisms of cell-to-cell interaction are
evaluated (direct interaction through tight junctions, gap junc-
tion communications and secretion of paracrine factors)™;

- Co-cultures with indirect contact evaluate only communi-
cations through paracrine soluble factors. The two cell types
may be put in indirect contact through a porous membrane
with a such pore size which lets the conditioned medium pass

www.chinaphar.com
Cenni E et al

but not cells!™ ™

Other methods consist in culturing one cell
type in the conditioned medium of the other type or in seed-
ing a cell type over the ECM that has been produced by the
other cell type.

The indirect contact methods allow to easily quantificate the
reciprocal metabolic influences, but do not give any informa-
tion on the reciprocal spatial relationships.

With the direct contact method the relationships between
cells into the living tissue are simulated. 2D studies provide
detailed information of the molecular basis of cell-to-cell con-
tacts, and knowledge of cellular events governing the differen-
tiation of OBs that are in contact with ECs. Conversely, 3D co-
cultures offer a physiologically optimized environment for cell
survival which favors the formation of functional blood ves-
sels. Spheroids formed when a cellular suspension in medium
containing 20% methyl cellulose (Methocel, Dow Chemical
Co, USA) was seeded in nonadhesive wells with U shape®.
HUVECs were grown as 3-D multicellular spheroids in a col-
lagen matrix. Direct cell contact between hOBs and HUVECs
was established by incorporating hOBs into the EC spheroids,
thus forming heterogeneous cospheroids. Co-culture spher-
oids differentiated spontaneously to organize into a core of
OBs and a surface layer of ECs"™.

Direct contact method requires the standardization of a) the
choice of culture medium, b) the choice to seed the cell types
at the same time or successively, and which type should be
seeded as the first; c) the ratio between cell types, d) the sepa-
ration of the cell types during and at the end of the co-cultures.
As culture medium, the medium of ECs, which have higher
nutrition requirements, is usually chosen. Both cell types may
be seeded at the same time or ECs are seeded before OBs. The
optimal ratio between HDMVEC and OBs was shown to be
5:1 or 10:17.
the cell types is based on differential staining with quantum

The evaluation of the relationships between

dots incorporated by cells before seeding and the evaluation
at fluorescence or confocal microscopy. Also staining for von
Willebrand factor or CD31, specific for ECs, and ALP, specific
for OBs, were used. Time-lapse microscopy showed the for-
mation of a tubular-like network through the movement of
HUVEC along hOB and their philopodia®.

With morphological methods the relationships between
cells are investigated, but no information on the reciprocal
metabolic influences is obtained. The latter is examined with
the assay of specific genes and protein of each cell type. ECs
produce VEGFR-1, VEGFR-2, CD31, Tie-1, Tie-2, but do not
synthesize collagen I, ALP and osteocalcin. ECs co-cultured
with hOB stimulated ALP activity and mineralization", but
down-regulated runx2, osteocalcin and Cx43"". The most
serious problem is the evaluation of the relative synthesis of
proteins because the total protein content of each cell type can-
not be distinguished. Also gene expression cannot be normal-
ized because housekeeping genes are common to hECs and
hOB, unless human and animal cells are co-cultured. There-
fore it is fundamental to separate the two cell types at the end
of co-culture. Magnetic immunoseparation with anti-CD31
antibodies showed upregulation of 79 genes and downregula-
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tion of 62 genes in OBs and, particularly, the downregulation
of the gene of PDGF receptor a after co-culture with ECs""".

Direct co-culture of ECs and OBs prevented the precoating
of biomaterials with gelatin or fibronectin. Moreover, ECs
formed an extensive network of capillary-like structures with
lumina only when they were co-cultured with OBs, but not
when they were cultured on biomaterials alone even in the
presence of an exogenously supplied angiogenic stimulus.
Thus, a prevascularization can take place in vitro only in the
presence of OBs”.

Local delivery of angiogenic growth factors

Biomaterial vascularization can be promoted or by seeding

mature ECs or their progenitors directly on scaffolds"”!

[108

, or
by locally delivering angiogenic GFs"""™, which may induce
ECs to migrate, proliferate, and produce molecules acting on
bone remodelling. Particularly, it was shown that VEGF-A
increased mRNA specific for FGF-2 and decreased mRNA
specific for IL-6"
surface protein expression of RANK!™”,

, and increased both mRNA expression and

Delivery of recombinant growth factors

The ability of biodegradable scaffolds to locally deliver GFs
mimicks the conditions of tissue repair in vivo. A combination
of PDGF-BB and VEGF-165 initiated formation and matura-

M0 When calva-

tion of a significant number of blood vessels
rial defects of rats were treated with scaffolds in poly(D,L-
lactide-co-glycolide) (PLGA) bound to rhVEGEF-A, a significant
increase of blood vessel formation, bone coverage, and bone
mineral density was observed in comparison with defects
treated with simple PLGA™!., The use of thVEGF-A in bone
defect models showed that new blood vessel formation pre-
ceded the osteogenic front and that an increased angiogenesis
corresponded to an increased bone formation”. However,
the local application of VEGF-A to rabbit tibia during distrac-
tion osteogenesis increased the blood flow in the distracted
limb, but failed to influence bone mineral content and histo-

morphometric indices of bone regeneration!"!.

A possible
explanation was that a high level of endogenous VEGF-A had
already been secreted during osteogenesis, reaching an opti-
mal local concentration, and therefore the additional delivery

of VEGF-A had little or no effect™.

Platelet-rich plasma (PRP)

A more feasible way to administer angiogenic GFs consists
in the application of PRP. In fact, activated platelets release
osteogenic and angiogenic GFs from a-granules, such as
PDGF, TGF-B, IGF, EGF, and VEGF. Therefore autologous
platelets activated with thrombin were used as a source of GFs
to stimulate tissue repair. PRP could also favour prolifera-
tion and differentiation of the cells seeded on scaffolds, ECs
included", also when they were co-cultured with hOB™*.,

Gene therapy

Ex vivo gene therapy, which consists in the transplantation of

[117]

genetically modified MSCs secreting angiogenic GFs""", could
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overcome the limits of conventional GF delivery. When adi-
pose-derived stem cells (ADSCs) were transfected with adeno-
virus encoding the cDNA of VEGF, the combination of VEGF
releasing cells and ECs resulted in a higher vascular growth
within PLGA scaffolds™®.

Discussion

In the last forty years, the new knowledge in cellular and
molecular biology and the possibility of the synthesis of inno-
vative materials have determined a shift from the concept of
an “inert” material, ie non-toxic for cells and tissues of the
body, to the concept of a “bioactive” material, which favours
cellular adhesion, proliferation and functions. At the same
time, it has been understood that angiogenesis was necessary
not only for the treatment of obstructive vasculopathies, but
also for the repair of most tissues and organs. Consequently,
it has been understood that the successful clinical outcome of
an implanted cell-construct is dependent on the establishment
of a functional vascular network. Therefore, scaffolds should
be tested for their angiogenic potential before implantation.
Particularly, the ability to favour EC adhesion, proliferation
and functions should be assayed with in vitro and in vivo tests.

The choice of the EC type is crucial, because they may have
different properties according to their source. For the evalu-
ation of scaffolds intended for bone engineering, cells with
similar characteristics to ECs of bone vasculature should be
chosen. Olfactory ensheathing cells (OECs), which can be iso-
lated from the patients without invasive methods, seem to be
the most suitable in the formation of functional vessels anasto-
mosed to the host’s vascular system!.

Among the different models of in vitro evaluation of the
angiogenic potential, the co-cultures between ECs and OBs
are the closest to the in vivo situation. However, they allow
to appreciate the reciprocal relationships between these cell
types, but still need to be standardized for the quantitative
evaluation of specific gene expression and protein synthesis.

At present, in vitro models alone cannot predict if the
capillary-like structures pre-formed in the scaffold will estab-
lish connections in vivo with the host microvascular system.
A co-culture of EPCs and MSCs on a scaffold followed by
implantation in animal demonstrated improved osteogenesis
and angiogenesis when the scaffold had been seeded with the
two cell types, without ischemic necrosis at the center of the
graft, while impaired osteogenesis and progressive necrosis
were observed when the scaffold had been seeded with only
OBs!™,

At present, efforts are mainly focused on stabilizing neo-
vasculature and thus promoting the formation of lasting
blood vessels. Perivascular cells such as pericytes and smooth
muscle cells contribute to the remodelling and maturation of
the primitive vascular network and therefore are fundamental
agents in the construction of a durable engineered vasculature.
In this line of thought, the actual co-culture systems will be
upgraded with tri-cultures among OBs, ECs and perivascular
cells.

In conclusion, blood vessels, which are necessary to skel-



etal homeostasis and bone repair, have a fundamental role
to assure the incorporation of a cells-scaffold construct into
the body. Therefore, the ability of the scaffolds to favour EC
adhesion and proliferation, without affecting their functions,
should be assayed. In in vitro tests, the source of ECs should
be carefully considered, because it may affect their properties.
Morphological and functional relationships between ECs and
OBs should be evaluated with appropriate models, such as co-
cultures. PRP and recombinant GFs may be useful for stimu-
lating neoangiogenesis.
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Effect of intravenous anesthetic propofol on synaptic
vesicle exocytosis at the frog neuromuscular junction
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Aim: To investigate the presynaptic effects of propofol, a short-acting intravenous anesthetic, in the frog neuromuscular junction.
Methods: Frog cutaneous pectoris nerve muscle preparations were prepared. A fluorescent tool (FM1-43) was used to visualize the
effect of propofol on synaptic vesicle exocytosos in the frog neuromuscular junction.

Results: Low concentrations of propofol, ranging from 10 to 25 pmol/L, enhanced spontaneous vesicle exocytosis monitored by FM1-
43 in a Ca®*-dependent and Na*-independent fashion. Higher concentrations of propofol (50, 100, and 200 umol/L) had no effect on
spontaneous exocytosis. By contrast, higher concentrations of propofol inhibited the Na*-dependent exocytosis evoked by 4-aminopyri-
dine but did not affect the Na'-independent exocytosis evoked by KCI. This action was similar and non-additive with that observed by

tetrodotoxin, a Na* channel blocker.

Conclusion: Our data suggest that propofol has a dose-dependent presynaptic effect at the neuromuscular transmission which may
help to understand some of the clinical effects of this agent on neuromuscular function.
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Introduction
During the last decade, there was a significant progress related
to the knowledge of the mechanism of action of general anes-
thetic. Cellular and molecular mechanisms underlying general
anesthesia are not yet fully elucidated but general anesthetics
seems to act in both presynaptic and postsynaptic molecular
targets" . There is now a great body of evidences that clini-
cal concentrations of most general anesthetics act on specific
ligand-gated ion channels like GABA and glutamate receptors
and/or other important ion channels, such as voltage gated
sodium channels, potassium channels and HCN-pacemaker
channels®. Nevertheless, characterizing the molecular targets
of general anesthetics has challenged many research groups
over the years.

Propofol is one of the most widely used general anesthetic
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agent for induction and maintenance of anesthesia. Previous
works performed in central nervous system (CNS) synapses
have shown an inhibition of calcium channels by propofol®”.
Other works showed that propofol inhibited calcium-depen-
dent glutamate release evoked by veratridine and 4-AP with
greater potency than Na* channel-independent release evoked
by KCI®?. In addition, there were evidences in the literature
suggesting that high doses of propofol might have a direct
effect on Na* channels® .

It is well described the sedative and hypnotic effects of
propofol on CNS. Nevertheless, there are few studies inves-
tigating its effect on neuromuscular transmission. Indeed,
it has been proposed that propofol has a dual effect on the
neuromuscular junction. Low concentrations of propofol
stimulate skeletal muscle contractions elicited direct and indi-
rectly™ but high concentrations of this agent inhibit skeletal
muscle contractions evoked direct and indirectly .. The
mechanisms underlying the neuromuscular effects of propofol
include reduction of muscular blood flow, a direct effect on
the post-junctional membrane receptors, and reduction on ace-
tylcholine (ACh) release on the neuromuscular junction !,
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FM1-43 is a fluorescent tool that has been used to study
synaptic vesicle recycling at the neuromuscular junction .
The molecular characteristics of this fluorescent marker allow
its internalization during synaptic vesicle endocytosis as well

as its release during exocytosis™

. In the present work, we
investigated the effect of propofol on synaptic vesicle exocyto-
sis, a crucial step for neurotransmitter release. We used FM1-
43 to visualize the effect of several concentrations of propofol
on spontaneous and evoked exocytosis at frog neuromuscular

junction.

Materials and methods

Reagents

FM1-43 was purchased from Molecular Probes (Eugene, OR,
USA), d-tubocurarine, 4-aminopyridine (4AP), tetrodotoxin
(TTX), 2APB, dantrolene and omega-conotoxin GVIA were
purchased from Sigma-Aldrich (St Louis, MO, USA). Propofol
was obtained from Fresenius (Uppsala, Sweden) and azu-
molene was obtained from Proctor & Gamble (Norwich, NY,
USA). All other chemicals and reagents were of analytical
grade. All procedures were approved by the local animal care
committee (CETEA-UFMG).

Staining and destaining with FM1-43

The frog neuromuscular junction has been an invaluable
experimental model for elucidating many aspects of neu-
rotransmission which is the basis of neuronal communication.
Two decades ago, Betz and colleagues have introduced the use
of the fluorescent dye FM1-43 to visualize synaptic vesicles
recycling in motor nerve terminals of the frog neuromuscu-
lar junction® * 1. Using this powerful tool, it was possible
to elucidate the mechanisms that governed synaptic vesicle
recycling and consequently neurotransmitter release in several
neuronal cell types™!.

In the present work, frog cutaneous pectoris nerve muscle
preparations were dissected from Rana catesbeiana (about
60 g) and mounted in a sylgard-lined chamber containing
frog Ringer solution (115 mmol/L NaCl, 2.5 mmol/L KCI,
1.8 mmol/L CaCl,, 5 mmol/L HEPES, pH 7.2). FM1-43 (4
pmol/L) was used to stain the recycling pool of synaptic

vesicles™.

This dye presents a hydrophobic tail that revers-
ibly binds to membranes and a polar head that impairs it to
(24281 Therefore, FM1-

43 binds to synaptic membrane and when the nerve terminal

fully permeate the plasma membrane

is submitted to a stimulus that causes exocytosis of synaptic
vesicles and, consequently, a compensatory endocytosis, the
fluorescent dye is incorporated, resulting in a typical pattern
of staining™. After a new round of stimulation, in the absence
of FM1-43 in the external medium, the dye is released to the
hydrophilic medium, resulting in a decrease of fluorescence

(24-26] |

intensity, reflecting the exocytosis of synaptic vesicle
our experiments, the muscles were incubated with d-tubocu-
rarine (16 pmol/L) to prevent contractions during stimulation.
The muscles were stimulated for 10 min with modified Ringer
solution (57.5 mmol/L NaCl, 60 mmol/L KCl, 1.8 mmol/L

CaCl,, 5 mmol/L HEPES, pH 7.2) in the presence of FM1-43
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(4 pmol/L). Thereafter, the preparation was kept resting for
15 min to guarantee FM1-43 uptake. The excess of FM1-43
adhered to the muscle membranes was removed during an
one hour washing period in frog Ringer solution. Images were
acquired in intervals of 5 min until the end of the experiments.
The destaining at the absence of stimulus (photobleaching)
was used as a control.

After labeling with FM1-43, neuromuscular preparations
were exposed to different concentrations of propofol dur-
ing 30 min to evaluate its effect on spontaneous exocytosis.
Experiments were also performed to investigate the effect of
propofol on Na*-dependent exocytosis evoked by 4AP. After
labeling neuromuscular preparations with FM1-43, muscles
were exposed to 4AP (1 mmol/L) during 30 min. To test the
role of extracellular Na* on 4AP-evoked exocytosis, the neu-
romuscular preparation was initially incubated for 30 min
in frog Ringer containing 1.0 umol/L TTX and, thereafter,
it was exposed to 4AP for 30 min. The propofol effect on
4AP-induced exocytosis was investigated by pre-incubation
in propofol (100 pmol/L) solution during 10 min before 4AP
exposure. Similar protocols were applied to investigate the
effects of propofol and TTX on Na'-independent exocytosis
evoked by 60 mmol/L KCI.

Experiments that investigated the role of extracellular Ca**
on the vesicular release induced by propofol were performed
in modified Ringer solution without Ca*" but containing EGTA
(2.0 mmol/L), an extracellular Ca** chelator. The prepara-
tions were incubated in modified Ringer during 30 min before
application of propofol. In experiments performed with the
calcium channel blocker omega-conotoxin GVIA, the prepara-
tions were pre-incubated in Ringer containing toxin for 30 min
before propofol. The participation of intracellular Ca** stores
on the exocytosis evoked by propofol was also investigated.
For this purpose, preparations were incubated for 30 min in
Ringer containing 2APB (100 pmol/L), an IP; receptor blocker,
or azumolene (100 pmol/L), a ryanodine receptors blocker
before the addition of propofol.

Fluorescence microscopy and imaging analyses

Images were acquired using a fluorescence microscope (Zeiss
Axioskop) coupled to a CCD camera (Micromax) and visual-
ized in a computer. The microscope was equipped with water
immersion objectives (63%, 0.95 NA and 40x, 0.75 NA). Exci-
tation light came from a 100 W Hg lamp and passed through
filters (505/530 nm) to select the fluorescence spectrum. The
experimental parameters for collection of images were always
identical in control and test contralateral muscles in a given
trial.

Statistical analysis

Image analysis was performed using the softwares Image |
and Microsoft Excel. The mean fluorescence intensity was
determined for each group of spots and plotted against the
time as percentage of its mean initial fluorescence using the
software Sigma Plot 9.0. Statistical analysis was performed
using paired Student’s t-Test or ANOVA. P<0.05 values were



considered statistically significant.

Results

FM1-43 staining and destaining of nerve terminals

Frog cutaneous-pectoris neuromuscular junctions were
stained with FM1-43 as previously described™. The nerve
terminal that was stained with FM1-43 shows fluorescent
spots corresponding to clusters of synaptic vesicles that were
able to pick up the dye (Figure 1A, upper panel). When this
previously labeled terminal was submitted to a new depolar-
izing stimulus by modified Ringer containing 60 mmol/L KClI,
in the absence of FM1-43 in external medium, we observed a
significant reduction in fluorescence (Figure 1A, lower panel).
The loss of fluorescence was due to dye release to external
medium, that correspond to synaptic vesicle exocytosis™.
Exposure of nerve terminals to illumination without any depo-
larizing stimulus resulted in a small decrease on fluorescence
(maximum 10%) attributable to dye photobleaching™™. A
representative image of the terminal before (upper panel) and
after illumination (lower panel), in the absence of stimulus,
is shown in Figure 1B. To quantify the decrease in fluores-
cence that occurs after stimulation with 60 mmol/L KCl and
photobleaching, the mean fluorescence intensity for each syn-
aptic vesicle cluster was measured and plotted as gray levels
against time (Figure 1C). The small reduction in fluorescence
observed corresponds to photobleaching whereas the larger
destaining curve obtained during depolarization stimulus cor-
responds to synaptic vesicle exocytosis.
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Figure 1. Synaptic vesicles recycling visualized by the fluorescent
dye FM1-43. (A) Upper panel: Representative nerve terminal that
was incubated in modified Ringer containing 60 mmol/L KCI for 10
min in the presence of FM1-43. Note the formation of fluorescent
spots, corresponding to clusters of synaptic vesicles that were able to
pick up dye. Lower panel: The same terminal after a second round of
depolarization with modified Ringer containing 60 mmol/L KCI, now in the
absence of extracellular dye. Note a pronounced destaining of fluorescent
spots, corresponding to exocytosis of synaptic vesicles and dye release to
the external medium. (B) Representative image of fluorescence loss due
to photobleaching during illumination for 30 min. Upper panel: before
illumination. Lower panel: after 30 min of illumination. (C) Quantification
of FM1-43 fluorescence loss due to photobleaching and KCI fluorescence
loss due to exocytosis of synaptic vesicles. The results are mean+SEM of
65 spots from 8 nerve terminals of 4 animals. Scale Bar=10 ym.
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Effect of low concentrations of propofol on spontaneous synaptic
vesicle exocytosis

Nerve terminals labeled with FM1-43 were bathed in different
concentrations of propofol (10 to 200 pmol/L) for 30 min (Fig-
ure 2). Fluorescence of representative terminals before and
after photobleaching (Figure 2A); propofol 10 pmol/L (Figure
2B), and propofol 200 umol/L (Figure 2C) were obtained.
Low concentrations of propofol ranging from 10 to 25 umol/L
significantly reduced FM1-43 fluorescence, corresponding to
exocytosis of previously labeled vesicular clusters (*P<0.01
compared to photobleaching) (Figure 2D). On the other hand,
high doses of propofol (50-200 pmol/L) had no effect on FM1-
43 destaining from motor nerve terminals (Figure 2D), sug-
gesting a dose-dependent effect of the anesthetic agent.
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Figure 2. Dose-response curve of exocytosis induced by propofol. (A)
Representative image of fluorescence loss due to photobleaching during
ilumination for 30 min. Upper panel: before illumination. Lower panel:
after 30 min of illumination. (B) Representative image of fluorescence
loss before (upper panel) and after (lower panel) 30 min in the presence
of propofol 10 pmol/L. (C) Representative image of fluorescence loss
before (upper panel) and after (lower panel) 30 min in the presence of
propofol 200 uymol/L. (D) Quantification of exocytosis evoked by different
concentrations of propofol. The results are mean+SEM of 131 fluorescent
spots from 15 nerve terminals of 8 animals. °P<0.01 compared to the
second bar (photobleaching). Scale Bar=10 um.

The next set of experiments was performed to identify the
mechanism(s) by which low doses of propofol induced exo-
cytosis of synaptic vesicles. Pre-incubation of nerve terminals
with TTX (1.0 pmol/L), a voltage-gated Na"-channel blocker,
did not affect the vesicle exocytosis evoked by propofol (data
not shown). By contrast, the effect of low doses of propofol
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on spontaneous exocytosis monitored by FM1-43 destain-
ing was Ca”-dependent (Figure 3A). Indeed, we observed a
statistically significant inhibition of exocytosis evoked by low
doses of propofol in the presence of the external Ca** chelator
EGTA (2.0 mmol/L) or in the presence of omega-toxin GVIA
(5 pmol/L), that blocks N-type calcium channels (Figure 3A).
The FM1-43 destaining in the presence of GVIA was not signif-
icantly different from that due to photobleaching (P>0.05). In
addition, we observed that the effect of low doses of propofol
on synaptic vesicles exocytosis was independent on intracel-
lular Ca** stores (Figure 3B). Our data suggest that FM1-43
destaining induced by propofol (10 pmol/L) was Ca*" depen-
dent and Na*-independent.

Effects of high concentrations of propofol on exocytosis evoked
by depolarizing stimuli
It has been shown that propofol at concentrations around 100
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Figure 3. Low doses of propofol evoke synaptic vesicles exocytosis that
is dependent on external calcium. (A) FM1-43 destaining evoked by
photobleaching (second bar), propofol (10 pymol/L) (third bar), propofol
(10 umol/L)+EGTA (2 mmol/L) (fourth bar), propofol (10 umol/L)+GVIA (5
pmol/L) (fifth bar). Note that even though EGTA was apparently slightly
less effective than GVIA, both agents inhibited the propofol-evoked
destaining. The results are mean+SEM of 192 fluorescent spots from
20 nerve terminals of 10 animals. °P<0.05 compared to the second
bar (photobleaching). "P<0.01 compared to propofol (10 umol/L). (B)
FM1-43 destaining evoked by photobleaching (second bar), propofol (10
pmol/L) (third bar), propofol (10 pmol/L)+azumolene (100 pmol/L) (fourth
bar), propofol (10 pmol/L)+2APB (100 pmol/L) (fifth bar). The results
are mean+SEM of 237 fluorescent spots from 18 nerve terminals of 9
animals. °P<0.01 compared to the second bar (photobleaching).
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pmol/L inhibits skeletal muscle evoked contractions . We
therefore tested in our system if this concentration of propo-
fol could alter with 4AP-evoked FM1-43 destaining, which
is dependent on extracellular Na’. The incubation of nerve
terminals with 4AP (1.0 mmol/L) during 30 min induced a
significant FM1-43 destaining (Figure 4A). The destaining
evoked by 4AP was reduced by TTX (P<0.01 compared to 4AP
alone). Pre-incubation of FM1-43 stained nerve terminals with
propofol (100 pmol/L) also reduced the 4AP-evoked exocy-
tosis (Figure 4A; P<0.01 compared to 4AP alone). Moreover,
the simultaneous pre-incubation with propofol (100 pmol/L)
and TTX (1.0 pmol/L) produced a significant inhibition of 4AP
evoked FM1-43 destaining without any additive effect (Figure
4A), suggesting that propofol reduces the 4AP-induced vesicle
exocytosis by blocking Na" channels sensitive to TTX.

We next tested the effect of high doses of propofol on Na'-
independent exocytosis evoked by modified Ringer containing
60 mmol/L KCIl. Nerve terminals were stained with FM1-43

A [ Starting fluorescence
ZZ1 Photobleaching
XN 1 mmol/L 4AP
1 mmol/L 4AP+1 ymol/L TTX
) 1 mmol/L 4AP+100 umol/L propofol
T3 1 mmol/L 4AP+1 umol/L TTX
+100 pmol/L propofol
100
= f bf bf
= 80 b 0
8
c 60
8
3 40
E
T 20
0
[ Starting fluorescence
B Starting fl
E—Z3 Photobleaching
K>3 60 mmol/L KCI
CI—D 60 mmol/L KCI+100 pmol/L propofol
E=1 60 mmol/L KCI+1 umol/L TTX
100
& 80
8 c c
S 5 <
[ <]
g 40 B
g s
2 20 [

K7
X
X

Vs
&
%
XX

%
XX

<]

0

Figure 4. High doses of propofol inhibit synaptic vesicles exocytosis by
a Na'-dependent manner. (A) Graphic comparing FM1-43 destaining
evoked by photobleaching (second bar), 4AP (1 mmol/L, third bar), 4AP
(1 mmol/L)+TTX (1 pmol/L) (fourth bar), 4AP (1 mmol/L)+propofol (100
umol/L) (fifth bar) and 4AP (1 mmol/L)+propofol (100 pymol/L)+TTX
(1 pmol/L) (sixth bar). The results are mean+SEM of 114 fluorescent
spots from 10 nerve terminals of 5 animals. °P<0.05 compared to the
second bar (photobleaching). P<0.01 compared to 4AP (1 mmol/L). (B)
Quantification of exocytosis evoked by photobleaching (second bar), KCI (60
mmol/L) (third bar); KCI (60 mmol/L)+propofol (100 umol/L) (fourth bar);
KCI (60 mmol/L)+TTX (1 umol/L) (fifth bar). The results are mean+SEM
of 120 fluorescent spots from 10 nerve terminals of 5 animals. °P<0.01
compared to the second bar (photobleaching).
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and we observed a significant reduction on fluorescence after
incubation with KCI for 30 min (Figure 4B). Pre-incubation of
terminals with TTX had no effect on KCl-evoked reduction in
fluorescence, confirming the data that depolarization induced
by high concentration of K* is independent of extracellular
Na*® (Figure 4B). In addition, pre-incubation with high
doses of propofol did not inhibit KCl-evoked Na*-independent
exocytosis (Figure 4B). Taken together, these results suggest
that high doses of propofol inhibit synaptic vesicles exocytosis
on the neuromuscular junction by a Na'-dependent manner.

Discussion

Propofol is widely used during general anesthesia, as well as
for sedation in the intensive care unit. However, fatigue of
the respiratory muscles, especially the diaphragm, may cause
respiratory failure. Indeed, it has been demonstrated that
volatile (halothane, enflurane, isoflurane, and sevoflurane)
and intravenous (propofol and midazolam) anesthetics cause
diaphragmatic contractile dysfunction which may probably
contributes to acute respiratory failure*"*? Studies in vivo
suggested that several mechanisms such as reduction of blood
flow, failure of neuromuscular transmission, and impairment
of membrane excitation and excitation-contraction (E-C)
coupling may be responsible for the neuromuscular effects
of propofol. However, in vivo studies preclude any specifi-
cation regarding the mechanism involved on the anesthetic
effect and the use of the fluorescent probe FM1-43 enabled
us to assess specifically a presynaptic effect of this agent on
the neuromuscular junction. Hemmings et al® had already
performed a pioneer study on cultured hippocampal neurons
using this fluorescent dye to probe synaptic vesicles exocytosis
in the presence of isoflurane and they showed that isoflurane
depresses exocytosis evoked by multiple presynaptic targets.

In the present work, we examined the effect of propofol on
spontaneous and evoked synaptic vesicle exocytosis at the
neuromuscular junction, an experimental model that provides
a direct way to investigate neurotransmitter release in an iso-
lated synapse. We found that propofol, at low concentrations
ranging from 10 to 25 pmol/L, induced synaptic vesicles exo-
cytosis monitored by FM1-43 destaining on a Ca**-dependent
and Na'-independent manner. By contrast, high concentra-
tions of propofol ranging from 50 to 200 umol/L were ineffec-
tive to induce synaptic vesicle exocytosis.

It is well known that exocytosis depends on external Ca*®!
and we observed that in the absence of this ion, there was a
significant reduction on FM1-43 destaining evoked by low
doses of propofol, suggesting that synaptic vesicles exocytosis
evoked by propofol is Ca**-dependent. In addition, we inves-
tigated which calcium channel subtype could be the target
of low doses of propofol at the frog neuromuscular junction
and we observed an inhibition of propofol evoked exocyto-
sis in the presence of the N-type inhibitor omega-conotoxin
GVIA. Because the FM1-43 destaining evoked by propofol in
the presence of GVIA was similar to that due to photobleach-
ing (P>0.05) , we suggest that propofol might act on N-type
calcium channels promoting calcium influx that is coupled to

synaptic vesicles exocytosis. Different from our data, previous
works performed in CNS synapses have shown a predominant
inhibition of calcium channels by propofol®”. However, none
of them have shown evidences that N-type calcium channels
could be a target for propofol action. This discrepancy might
be due to the fact that these studies were performed in brain
slices that maintain intact neuronal circuitry whereas in the
present work we were looking at nerve terminals without con-
nection with motor neuron cell bodies. Therefore, we cannot
rule out the possibility that propofol may exert an inhibitory
effect on calcium channels located at motor neurons’ cell bod-
ies that are located at the spinal cord. Because we are look-
ing at events that take place exclusively at the synaptic nerve
terminal, such inhibition would not be detected in our experi-
mental model. Nonetheless, our data provide direct evidences
that low doses of propofol might act through N-type calcium
channel that are directly coupled to synaptic vesicle exocy-
tosis at motor nerve terminals. Moreover, we showed that
propofol and KCl-evoked exocytosis were not affected by TTX
suggesting that both conditions did not increase the synaptic
vesicle exocytosis by interfering with Na® channels. Therefore,
propofol and KCI can induce exocytosis in a Ca**-dependent
and Na'-independent fashion suggesting that this anesthetic
may act directly on Ca®* entry through N-type voltage-gated
Ca®* channels.

In agreement with our data, it has been observed that low
concentrations of propofol increased the amplitude of the indi-
rectly-elicited twitch and tetanic contractions in chick biventer
cervices skeletal muscle, indicating that, in low concentrations,
this anesthetic may stimulate skeletal muscle*.

Previous work showed that propofol, at concentrations of
42 and 112 pmol/L, inhibited contraction of isolated rat dia-
phragm by decreasing ACh release on neuromuscular junc-

tion!':

These authors also observed that this agent inhibited
muscle contraction evoked by electrical field stimulation, sug-
gesting that propofol, at this concentration range, may act by
inhibiting Ca®* entry through presynaptic voltage-gated Ca*
channels. In the present work high doses of propofol inhibited
Na'-dependent exocytosis evoked by 4AP but did not have
any significant effect on Na'-independent exocytosis evoked
by KCl. The decrease on vesicle exocytosis induced by 4AP
in the presence of high doses of propofol is in correspondence
with data showing a decreasing on the contractility of fatigued
canine diaphragm with propofol in a dose-related fashion!*'l.
Previous studies in rat brain synaptosomes showed that
propofol inhibits Ca*-dependent glutamate release evoked by
veratridine and 4-AP with greater potency than Na' channel-
independent release evoked by KCI®. In addition, it has
been observed that high concentrations of propofol selectively
inhibited 4AP-evoked but not KCl-evoked [*H]norepinephrine

release’®.

Considering that high doses of propofol inhibited
4AP-evoked synaptic vesicles exocytosis in a similar manner
to TTX and did not interfere with KCl-evoked exocytosis, we
could suggest that the effect of propofol on neuromuscular
junction is thus caused primarily by inhibition of action poten-

tial-evoked synaptic vesicle exocytosis at a step upstream of
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Ca entry through voltage-gated Ca>" channels, possibly as
a result of Na" channel blockade. In addition, there are evi-
dences in the literature suggesting that high doses of propofol
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Salvianolic acid B inhibits autophagy and protects
starving cardiac myocytes

Xiao HAN, Jian-xun LIU™, Xin-zhi LI

Research Center, Xiyuan Hospital, China Academy of Chinese Medical Sciences, Beijing 100091, China

Aim: To investigate the protective or lethal role of autophagy and the effects of Salvianolic acid B (Sal B) on autophagy in starving
myocytes.

Methods: Cardiac myocytes were incubated under starvation conditions (GD) for O, 1, 2, 3, and 6 h. Autophagic flux in starving cells
was measured via chloroquine (3 umol/L). After myocytes were treated with Sal B (50 umol/L) in the presence or absence of chloro-
quine (3 ymol/L) under GD 3 h, the amount of LC3-Il, the abundance of LC3-positive fluorescent dots in cells, cell viability and cellular
ATP levels were determined using immunoblotting, immunofluorescence microscopy, MTT assay and luminometer, respectively. More-
over, electron microscopy (EM) and immunofluorescent duel labeling of LC3 and Caspase-8 were used to examine the characteristics
of autophagy and apoptosis.

Results: Immunoblot analysis showed that the amount of LC3-Il in starving cells increased in a time-dependent manner accompanied
by increased LC3-positive fluorescence and decreased cell viability and ATP content. Sal B (50 umol/L) inhibited the increase in LC3-Il,
reduced the abundance of LC3 immunofluorescence and intensity of Caspase-8 fluorescence, and enhanced cellular viability and ATP

levels in myocytes under GD 3 h, regardless of whether chloroquine was present.
Conclusion: Autophagy induced by starvation for 3 h led to cell injury. Sal B protected starving cells by blocking the early stage of
autophagic flux and inhibiting apoptosis that occurred during autophagy.

Keywords: Salvianolic acid B; autophagy; apoptosis; cardiac myocyte; starvation
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Introduction

Autophagy is a highly conserved cellular mechanism that
plays a key role in the turnover of long-lived proteins, RNA,
and dysfunctional organelles. In starvation or stress condi-
tions, autophagy represents an adaptive strategy by which
cells clear damaged organelles and survive nutritional, bioen-

[,

ergetic stress™. It is becoming clear that autophagy might be

more important in terminally differentiated cell types, such as
cardiac myocytes.

Basal autophagy activity is essential for the heart to main-
tain homeostasis’®; however, increasing evidence suggests
that autophagy constitutes a second mode of programmed
cell death (Type II PCD) that is distinct from apoptosis (Type I
PCD)". Autophagy has been observed in both hypertrophied
myocardium and failing myocardium, which is caused by
dilated cardiomyopathy, vascular disease and ischemic heart

15]

disease"”. Therefore, the regulation of autophagy by pharma-
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cological approaches is a potential therapeutic strategy to treat
heart diseases.

The autophagy-related genes (Atg) have been isolated and
characterized in yeast and mammals'®. In mammalian cells,
LC3, one of the homologues of yeast Atg8, is modified via an
ubiquitylation-like system. The carboxy-terminal region of
LC3 is cleaved, generating a soluble form known as LC3-I and
exposing a carboxy-terminal glycine essential for additional
activity. LC3-I, in turn, is modified to a membrane-bound
form, LC3-II (an LC3-phospholipid conjugate), by mamma-
lian Atg7 and Atg3 homologues, prompting its localization to
autophagosomes!”). Thereafter, autophagosomes fuse with lys-
osomes, forming autolysosomes, to degrade engulfed cytosolic
components. Thus, the amount of LC3-II in mammalian cells
is a good early marker for the formation of autophagosomes!”.

The cellular level of LC3-II and the presence of numerous
autophagosomes are generally considered to be synony-
mous with increased autophagic activity. But autophagy is
a dynamic process that reflects the formation of autophago-
somes and their clearance subsequent to lysosomal fusion.
The presence of numerous autophagosomes can reflect two



different conditions: an increase in autophagosome formation
or a decrease in autophagosome clearance due to frustrated
autophagy. Frustrated autophagy is characterized by failure
of lysosomal fusion, leading to the accumulation of autopha-
gosomes, which may eventually cause catastrophic leakage of
lysosomal proteases and cell death®.

We therefore used the lysosomal inhibitor chloroquine to
measure autophagic flux, which reflected the dynamic process
of autophagy and could help to estimate whether autophagy
is frustrated during the process.

It has been reported that Sal B protects cardiac myocytes
against ischemia-reperfusion injury through inhibition of
platelet activation in cardiovascular endothelial cells”, regula-
tion of the balance of the ET/NO"" and TXA,/PGI, systems“”

2" and inhibition

in coronary arteries, raising SOD activity
of calcium overload™, but not through the regulation of
autophagy. To our knowledge, this study is the first to explore
the potential mechanism by which Sal B mediates autophagy.
The goals of our study were the following: (1) to investi-
gate the protective or lethal role of autophagy in starvation-
induced cardiac myocytes using a time-course experiment; (2)
to verify the effects of Sal B on autophagy in starving myo-
cytes; and (3) to observe whether apoptosis occurs in myocytes
during autophagy and determine the effect of Sal B on these
autophagic myocytes, because there is crosstalk between the

autophagic and apoptotic pathways!.

Materials and methods

Primary culture of neonatal rat ventricular myocytes

Primary cultures of ventricular cardiac myocytes were pre-
pared from 1-day-old SD rats (Vital River Laboratory Animal
Technology Co Ltd, China). Cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, GIBCO) with 10% fetal
bovine serum (FBS, GIBCO). Most cells beat spontaneously in
a confluent monolayer 48-72 h after plating.

Starvation and drug treatment of cells

To obtain starvation conditions, cardiac myocytes were
washed three times with phosphate-buffered saline and incu-
bated in glucose-free, serum-free DMEM (GD, Invitrogen) at
37 °Cfor 0,1, 2, 3, and 6 h, with cells cultured in nutrient-rich
medium as a control. For drug treatment study, cells were
treated with Sal B (50 pmol/L, National Institute for the Con-
trol of Pharmaceutical and Biological Products) with or with-
out chloroquine (3 pmol/L, Sigma) under GD condition for
3 h. After treatment, cells were analyzed as described below.
Incubation of cardiac myocytes with chloroquine (3 pmol/L)
and/or Sal B (50 pmol/L) for 24 h under normal culture condi-
tions did not result in cytotoxicity (data not shown).

Electron microscopy (EM)

Cardiac myocytes were centrifuged for collection, fixed with
4% glutaraldehyde, post-fixed with 1% osmium tetroxide,
stained with uranyl acetate, and embedded in Epon. Ultrathin
sections were observed using an electron microscope (Hitachi,
H7500, Japan).
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Cell viability of cardiac myocytes

Cell viability was measured by MTT [3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide, Amersco] assay.
In brief, cardiac myocytes (1x10° per 100 pL) were seeded
in 96-well plates. After treatment, 20 uL of MTT solution
(6 mg/mL) was added to each well and incubated (37 °C, 5%
CO,) for 4 h. Next, the media was removed and the wells were
allowed to dry. The MTT metabolic product was resuspended
in 200 pL of DMSO and placed on a shaking table for 5 min.
At this point, the absorbance (optical density) was measured
at 560 nm using a microplate reader.

Measurement of intracellular ATP content

Intracellular ATP content was measured using an ATP bio-
luminescent assay kit (Beyotime Institute of Biotechnology,
China). Cells were lysed directly in somatic cell ATP-releasing
agent, and the lysates were assayed according to the manu-
facturer’s instructions using a 1:25 dilution of the ATP assay
mix. Light emitted was measured using a luminometer. ATP
content was calculated by comparison with a standard curve
derived from known concentrations of ATP.

Immunoblot analyses

Following treatment, cells were lysed in RIPA lysis buffer
(Beyotime Institute of Biotechnology, China). Protein concen-
trations were determined using the BCA protein assay reagent
(Beyotime Institute of Biotechnology, China). Equal protein
amounts (10 pg) were electrophoresed in an sodium dodecyl
sulfate (SDS) polyacrylamide gel and transferred to a polyvi-
nylidene fluoride membrane, which was blocked with 3% BSA
and incubated with rabbit anti-LC3 antibody (Sigma, St Louis,
MO, USA) or rabbit anti-a-actin antibody (Beijing Biosynthesis
Biotechnology, China) overnight at 4 °C. Membranes were
then incubated with HRP-conjugated anti-rabbit IgG (Sigma,
St Louis, MO, USA) for 1 h at room temperature. All primary
antibodies were used at a dilution of 1:2000 and the secondary
antibody was used at a dilution of 1:40000. Blots were devel-
oped with ECL reagent (Thermo, USA) and exposed to film.
Bands were analyzed using BIO-RAD Quantity One-4.6.2.

Immunofluorescence analysis

Cardiac myocytes growing on gelatinized coverslips were
fixed with 100% ethanol for 30 min and blocked in immunos-
taining blocking buffer for 1 h at room temperature. The fixed
cells were incubated with rabbit anti-LC3 antibody (1:100) at
4 °C overnight. Cellular LC3 protein was stained by incubat-
ing with FITC conjugated anti-rabbit IgG (1:150) (Zhongshan
Goldbridge Biotechnology Co Ltd, China) for 1 h at room tem-
perature. Nuclei were dyed with DAPI (Roche).

For dual labeling studies, LC3 (1:100) and Caspase-8 (1:300)
(Santa Cruz) primary antibodies were simultaneously added
to cells followed by incubation with secondary antibodies
labeled with FITC (1:150) for LC3 and Cy3 (1:500) (CW Bio-
technology Co LTD, China) for Caspase-8.

Immunofluorescence of cells was visualized using an immu-
nofluorescence microscope (Olympus IX81, Japan). Images
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were captured with a CCD camera (ROLERA-MGi PLUS), and
image contrast was adjusted using Image-Pro Analyzer 6.3
software.

Statistical analysis

Data were expressed as meanstSD. ANOVA was performed,
and significance was assumed when the P value was less than
0.05.

Results

Endogenous LC3-ll accumulation in starving cardiac myocytes
led to cell injury in a time-dependent manner

To investigate the starvation condition, cardiac myocytes
were cultured under GD for 1, 2, 3, and 6 h, with myocytes
cultured in nutrient-rich conditions (GD 0 h) serving as a con-
trol. Immunoblot analysis showed that the amount of LC3-II
increased in a time-dependent manner in myocytes under
starvation conditions (Figure 1A, 1B).

It was not evident whether the observed increase in LC3-
IT was due to active autophagy or low autophagic flux (ie
impaired fusion with lysosomes). Therefore, we used chloro-
quine, a lysosomal inhibitor that inhibits lysosome-autopha-
gosome fusion, to measure autophagic flux. In the presence
of chloroquine (3 pmol/L), endogenous LC3-II dramatically
increased in starving cells (Figure 1A, 1B). The amount of
LC3-II in cells treated with chloroquine was about 1.5-fold
higher than in untreated control cells at 3 h. These results sug-
gest that autophagy was successfully induced, and LC3-II was
rapidly degraded by lysosomal hydrolases, indicating high
autophagic flux under starvation conditions.

We also examined cell viability over a time-course. As
shown in Figure 1C, the viability of cells subjected to 1-h star-
vation was similar to that of cells in nutrient-rich conditions.
However, 2-h starvation resulted in a slight decrease in cell

viability, and 3-h starvation resulted in cell viability that was
obviously decreased, indicating that starving for 3 h could be
lethal to myocytes. Chloroquine interrupted the autophagy
process by inhibiting autophagosome-lysosome fusion and led
to more serious cell injury.

In the following experiments, we investigated the effects of
Sal B on autophagy regulation in cardiac myocytes subjected
to starvation for 3 h.

Sal B inhibited the accumulation of LC3-Il and LC3-positive
fluorescence dots in starving cardiac myocytes

Based on the results of the time-course experiment above, we
investigated the regulatory effects of Sal B on autophagy in
myocytes subjected to 3-h starvation (Figure 2). In this experi-
ment, immunoblot analysis showed that starvation caused
an increase in endogenous LC3-II. This increase was aug-
mented by coadministration of chloroquine, indicating that
the increase in LC3-II under starvation conditions was due to
increased flux, not diminished clearance. The increased flux
resulting from starvation could be blocked by Sal B (Figure
2A).

Although the accumulation of endogenous LC3-II under
starvation was confirmed, its intracellular localization was
not evident. Using immunofluorescence microscopy, we
examined the intracellular localization of endogenous LC3 in
cardiac myocytes during starvation-induced autophagy in the
presence or absence of chloroquine. As shown in Figure 2B,
the immunofluorescence of LC3-FITC was seen as weak and
diffuse cytoplasmic staining in cells cultured in nutrient-rich
conditions. Strong punctate staining of LC3-FITC was induced
in cells under starvation conditions. This staining appeared
as multiple distinct dots connected together, localized more
abundantly in the cytoplasm than in the nucleus. Because
chloroquine inhibits autophagosome-lysosome fusion during
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T — pr— R — Figure 1. The agcumullat(ijon of Lﬁ3—ll in cardiac myogytes u(r;der
starvation condition led to cell injury in a time-dependent
LC3-1 - ' - - - manner. For nutrient-rich condition, cells were cultured in
e N ol i completed medium (CM). For starvation condition, cells
were incubated for 1, 2, 3, and 6 h in glucose-free, serum-
free DMEM medium (GD) in presence (+) or absence (-) of
B 3000 C lysosomal inhibitor chloroquine (3 ymol/L). The cells were
- _ b b 100 lysed and endogenous LC3 in the lysates was recognized by
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Figure 2. Sal B decreased the accumulation of LC3-Il and LC3-positive fluorescence dots in starving cardiac myocyes. Cells were cultured in GD 3 h in
presence (+) or absence (-) of chloroquine (Chlo, 3 pmol/L) or Sal B (50 ymol/L) with cells in CM as control. Cell lysates were subjected to immunoblots
for detection of LC3-I, LC3-ll, and a-actin. (A) Representative immunoblots of LC3 and the relative amount of LC3-Il were shown. Western blotting of
a-actin showed equal loading of the samples. (B) Representative images of LC3-positive fluorescence. Green fluorescence presented LC3-FITC staining
of autophagosomes. Blue fluorescence indicated DAPI-stained nucleus. Data are mean of three culture preparations. °P<0.05 vs CM, ®P<0.05 vs GD.

autophagy, we observed that LC3-positive punctate staining
was significantly increased under starvation conditions. Sal
B-treated starving myocytes presented fewer fluorescent LC3
dots in the presence or absence of chloroquine, indicating that
Sal B blocked the autophagic flux.

Together with the decrease of immunofluorescent LC3
puncta in the cells, the reduction of endogenous LC3-II
observed by immunoblot indicated that Sal B blocked the
autophagic flux in cardiac myocytes and inhibited autophagy
induced by starvation.

Sal B enhanced cell viability and cellular ATP content of starving
myocytes
To verify the protective role of Sal B on autophagy-induced
myocytes, cell viability and cellular ATP content were assayed.
Under starvation conditions, cell viability and ATP content
were significantly decreased in the presence of chloroquine.
Sal B increased the ATP content and viability of starving cells
regardless of the presence or absence of chloroquine (Figure 3).
Our findings indicate that Sal B protected starving cardiac
myocytes by inhibiting autophagy.

Evidence of autophagy and apoptosis in starving cardiac myo-
cytes

Given the molecular connections between autophagy and
apoptosis, we used EM to evaluate these two processes by
examining characteristic structures. As shown in Figure 4A,
different types of autophagosomes, which contained hetero-
geneous organelles ranging from mitochondria to multive-
sicular bodies surrounded by a sequestering membrane, were
observed in myocytes under GD for 3 h (Figure 4, Ac-Ad).
In addition to autophagosomes, apoptosis was observed in
starving cardiac myocytes (Figure 4, Ab) with altered nuclear
morphology, including chromatin condensation and fragmen-
tation and cell shrinkage.
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Figure 3. Sal B enhanced cell viability and cellular ATP content of starving
myocytes. Cells were treated with CM or GD for 3 h in presence or
absence of chloroquine (Chlo, 3 pmol/L) or Sal B (50 pmol/L). (A) Cell
viability. Percentage of viability was shown. (B) Cellular ATP content. Data
shown are from three independent experiments. °P<0.01 vs CM; °P<0.05
vs GD.

Dual fluorescent labeling of LC3 and Caspase-8 demon-
strated the presence of autophagy and apoptosis in starv-
ing cardiac myocytes (Figure 4B, 4C). In control myocytes,
green fluorescent staining of LC3 was diffusely localized to
the cytoplasm, with or without weak Caspase-8 fluorescence.
However, 3 h after GD, punctuate LC3 fluorescence was pres-
ent, with some of these dots connected together, accompanied
by intense Caspase-8 fluorescence in the cytoplasm and the
nucleus. LC3 and caspase-8 exhibited a positive correlation.
Chloroquine enhanced the number of fluorescent LC3 puncta
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and the intensity of Caspase-8 signal. Starving myocytes
treated with Sal B alone or co-treated with chloroquine exhib-
ited fewer LC3 puncta and less intense Capase-8 fluorescence
(Figure 4B).

Together, these data indicate that apoptosis occurred in
autophagy-induced myocytes. Sal B demonstrated inhibitive
effects on autophagy and apoptosis.

Discussion
Whether autophagy plays a protective role or a lethal role in
ischemic myocardium remains controversial. Several studies

Acta Pharmacologica Sinica

Figure 4. Evidences of autophagy and apoptosis in starving
cardiac myocytes. (A) Representative electron micrograph
image of autophagy and apoptosis. Cells were cultured in CM
or GD for 3 h. (a) Cardiac myocyte under CM (x20000). (b)
Apoptosis morphology in myocyte under GD for 3 h (x8000). (c)
Autophagosome, dysfunctional mitochondrias are sequestrated in
a doubl emembrane-bound vesicle (x4000). (d) Autophagosome,
cytoplasmic proteins and dysfunctional mitochondrias are
sequestrated in a doublemembrane-bound vesicle (x10000).
Autophagosomes are indicated by arrows. (B) Representative
images of LC3-Capase-8 dual labeling. Myocytes were cultured
in CM or GD for 3 h in presence or absence of chloroquine (Chlo,
3 umol/L) or Sal B (50 umol/L) as indicated. The cells were
fixed and permeabilized with digitonin, and endogenous LC3
and Caspase-8 were recognized using FITC-conjugated or Cy3-
conjugated antibody respectively.

reported a role for autophagy in programmed cell death type

(15161 and indicated

II (nonapoptotic death) in heart disease
that excessive autophagy could lead to cell death. Valentim et
al™ showed that inhibition of autophagy, by both genetic and
pharmacological inhibition of Beclin 1, reduced cell death in
cardiomyocytes subjected to simulated ischemia-reperfusion.
In line with this evidence, heterozygous Beclin 1"/~ mice exhib-
ited a reduction in autophagy and apoptosis and reduced
infarct size in the heart after ischemia-reperfusion injury!.
Matsui ef al® found that autophagy might be protective dur-

ing ischemia, but might play a detrimental role during reper-



fusion. Taken together, these studies suggest that autophagy
is typically stimulated by nutrient starvation and has dual
roles in the heart. The conditions under which autophagy pro-
vides protection or induces cell death depend on the intensity
of insult and duration of autophagy!”.

In our study, we used nutrient starvation in cultured car-
diac myocytes to mimic myocardium ischemia in vitro. In
this model, we first studied autophagy intensity over four
timepoints. According to immunoblot analysis, the amount of
LC3-II was markedly increased in a time-dependent manner.

Increased levels of LC3-II alone do not constitute conclu-
sive evidence of autophagy without considering lysosomal
turnover of LC3-II. An increase in the amount of endogenous
LC3-II could be due either to active autophagy or to frustrated
autophagy. In the setting of frustrated autophagy, autophago-
somes form and engulf targets but cannot fuse with lysosomes
and clear their contents. This may elicit an acute and signifi-
cant inflammatory response, or it may induce self-digestion
and cell death®.

In order to distinguish active autophagy and frustrated
autophagy from each other, we assayed autophagic flux using
lysosomal inhibitors. Flux reflects the dynamic process of
autophagosome formation, engulfment, and lysosomal fusion.
Chloroquine, a lysosomal inhibitor, is used to verify that
increased numbers of autophagosomes reflect increased flux®.,
Comparing the number of autophagosomes in the presence
and absence of chloroquine enables one to distinguish between
increased autophagosome formation and decreased clearance;
thus, it can provide a quantitative index of autophagic flux. In
our time-course experiment, the amount of LC3-II increased in
a time-dependent manner during autophagy. Administration
of chloroquine to starving cardiac myocytes further enhanced
the accumulation of LC3-1I, indicating high autophagic flux
in cells under starvation without chloroquine, in which
autophagy was successfully induced and the LC3-II was rap-
idly degraded by lysosomal hydrolases.

To investigate whether the accumulation of LC3-II is benefi-
cial or harmful to starving cells, cell viability was measured.
We found that cells subjected to starvation for 1 or 2 h could
maintain relatively high viability; however, when the insult of
starving lasted 3 h, cell viability dramatically decreased, indi-
cating that autophagy had surpassed its capacity to protect
cardiac myocytes against starvation stress.

Next we examined the effect of Sal B on autophagy under
starvation conditions lasting 3 h. The amount of LC3-II in
starving myocytes increased, reflecting the activation of
autophagy. The coadministration of chloroquine provided
us with additional information about high autophagic flux in
cells. Sal B decreased the amount of LC3-II in starving myo-
cytes in the presence or absence of chloroquine, which could
be interpreted to mean that Sal B inhibited the early stage of
autophagy and blocked autophagic flux because Sal B inhib-
ited the formation of autophagosomes. If this were the case,
the accumulation of LC3 would not have occurred, even in the
presence of chloroquine.

Starving cells presented many distinct puncta of LC3 fluo-
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rescence, which increased in abundance in the presence of
chloroquine. After Sal B treatment, starving cells exhibited a
diminished pattern of LC3 fluorescence. These results, consis-
tent with our immunoblot results, suggest that Sal B may have
suppressive effects on autophagy. Thereafter, we investigated
the protective role of Sal B on starving cells. We showed that
Sal B improved the cell viability and ATP content of starving
cells in the presence or absence of chloroquine.

As previously reported, there is crosstalk between auto-
phagic and apoptotic pathways. The interplay between
autophagic and apoptotic pathways is emerging as a crucial
decision-making process in determining the initiation of pro-
grammed cell death™. Therefore, we attempted to determine
whether apoptosis occurs in autophagy-induced cardiac myo-
cytes. First, autophagy and apoptosis features were observed
by EM in cardiac myocytes under starvation conditions. Next,
we studied the effects of Sal B on cardiac myocytes under star-
vation conditions. To the best of our knowledge, we are the
first to demonstrate the coexistence of autophagy and apopto-
sis by using immunofluorescent dual labeling. The results of
co-labeling with LC3 and Caspase-8 confirm that cells under-
went apoptosis during starvation-induced autophagy. Sal B
reduced the accumulation of LC3 fluorescence and suppressed
the expression of Caspase-8 in starving cells, indicating that
Sal B inhibited both autophagy and apoptosis in starving cells.

Thus, our results demonstrate that autophagy overcomes
the capacity of cardiac myocytes to maintain homeostasis
when subjected to starvation for 3 h, and Sal B protected starv-
ing cells by blocking the early stage of autophagic flux and
inhibiting autophagy.

As for autophagy and apoptosis observed in starving myo-
cytes, this work was merely a primary study. Future experi-
ments are needed to determine the relationship of autophagy
and apoptosis in starvation conditions and the mechanism of
Sal B suppressive effects on both autophagy and apoptosis.
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Angiopoietin-1 protects myocardial endothelial cell
function blunted by angiopoietin-2 and high glucose

condition
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Aim: To evaluate the effects of angiopoietin-1 (Ang-1) on myocardial endothelial cell function under high glucose (HG) condition.
Methods: Mouse heart myocardial endothelial cells (MHMECs) were cultured and incubated under HG (25 mmol/L) or normal glucose
(NG, 5 mmol/L) conditions for 72 h. MTT was used to determine cellular viability, and TUNEL assay and caspase-3 enzyme linked
immunosorbent assays were used to assay endothelial apoptosis induced by serum starvation. Immunoprecipitation and Western blot
analysis were used to analyze protein phosphorylation and expression. Endothelial tube formation was used as an in vitro assay for

angiogenesis.

Results: Exposure of MHMECs to HG resulted in dramatic decreases in phosphorylation of the Tie-2 receptor and its downstream sig-
naling partners, Akt/eNOS, compared to that under NG conditions. Ang-1 (250 ng/mL) increased Tie-2 activation, inhibited cell apopto-
sis, and promoted angiogenesis. Ang-1-mediated protection of endothelial function was blunted by Ang-2 (25 ng/mL).

Conclusion: Ang-1 activates the Tie-2 pathway and restores hyperglycemia-induced myocardial microvascular endothelial dysfunction.
This suggests a protective role of Ang-1 in the ischemic myocardium, particularly in hearts affected by hyperglycemia or diabetes.

Keywords: angiopoietin; Tie-2; myocardial endothelial cells; hyperglycemia; diabetic
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Introduction

Angiopoietin-1 (Ang-1) has been shown to protect the heart
against acute myocardial infarction under hyperglycemic
conditions". Hyperglycemic exacerbation of ischemic myo-
cardial injury is strongly associated with high glucose-induced
endothelial dysfunction”. Studies have also shown that
Ang-1 has a protective effect on endothelial cells injured by
hypoxia®, arsenite toxicity'* . However, few published data
are available on the effects of Ang-1 on cardiac microvascular
endothelium cultured under hyperglycemic conditions.

Our previous study demonstrated that diabetes or hyperg-
lycemia disrupts Ang-1/Tie-2 signaling and attenuates Ang-
1-induced angiogenesis in mouse models". Forced over-
expression of Ang-1 shifts the ratio of Ang-2 to Ang-1 and
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dfliao66@yahoo.com.cn (Duan-fang LIAO)
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conveys protection from ischemic myocardial injury normally
exacerbated by hyperglycemia®”. However, the protective
mechanism of Ang-1 in ischemic myocardium under hyperg-
lycemic conditions remains unclear. Here we hypothesize that
Ang-1 may restore angiopoietin/Tie-2 balance and protect
myocardial endothelial cells under high glucose (HG) condi-
tions. To test our hypothesis, we characterized the activation
of the Tie-2 pathway in mouse heart myocardial endothelial
cells (MHMECs) under HG conditions. We also examined
apoptosis and angiogenic responses to Ang-1 and Ang-2
stimulation. Our data indicate that Ang-1 increases Tie-2 acti-
vation and restores MHMEC function in HG conditions. Fur-
thermore, increased Ang-2 attenuates the protective effects of
Ang-1 under HG conditions.

Materials and methods

Materials

Endothelial cell growth medium (EGM-2) and fetal bovine
serum (FBS) were purchased from Clonetics Co (MA, USA).
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The following primary antibodies were used: anti-phospho-
tyrosine (Upstate Co, NJ, USA), mouse anti-phospho-eNOS,
mouse anti-eNOS (BD Co, CA, USA), rabbit anti-Ang-1 (Santa
Cruz, CA, USA), rabbit anti-phospho-AKT, rabbit anti-Akt,
mouse anti-cleaved caspase-3, mouse anti-Tie-2, and rabbit
anti-p-actin (Cell Signaling, MA, USA). All reagents were of
analysis grade.

Culture of MHMECs

Hearts were excised from 4-week-old mice (n=6) under asep-
tic conditions. Cardiac ventricles were cleaned by sterilized
Hank’s solution and then cut into pieces. A homogenate of
ventricles was suspended and filtered by sequential 200-pm
and 60-pm microfiltration. The filtered cells were washed
twice with EGM-2, moved to a dish, and cultured in EGM-2
supplemented with 10% FBS, 2 mmol/L glutamine, 50 U peni-
cillin G, and 0.05 mg/mL streptomycin at 37 °C in a humidi-
fied 95% air/5% CO, incubator. Each of the endothelial lines
used in these experiments had a typical cobblestone morphol-
ogy, showed uptake of acetylated low-density lipoprotein,
and exhibited factor VIII-related antigen. Primary cultures of
MHMECs between passages 4 and 10 were used in all experi-
ments.

Cell viability assay

MHMECs were cultured with either HG (25 mmol/L) or NG
(5 mmol/L) media for 72 h and then transferred to 96-well
plates with 1x10° cells/mL per well. MHMECs attached to the
plates after 6-8 h and were starved in serum-free media for 48
h in the presence or absence of Ang-1 (250 ng/mL, R&D Sys-
tems, Inc, CA, USA). After treatment, MHMECs were washed
twice with PBS, and MTT (final concentration of 500 mg/mL)
was added to each well. MHMECs were incubated at 37 °C
for 4 h, and then 100 mL of DMSO was added to dissolve the
formed crystals. The absorbance measured at 570 nm was
used to calculate the relative cell viability ratio.

Western blot analysis

MHMECs were washed with PBS, and 0.5 mL of TME lysis
buffer [10 mmol/L Tris (pH 7.5), 5 mmol/L MgCl,, 1 mmol/L
EDTA, and 25 mmol/L NaF] containing fresh 100 pmol/L
Na,VO,, 20 pg/mL leupeptin, 1 pg/mL pepstatin A, 4 ug/mL
aprotinin, and 1 mmol/L DTT was added. Cell lysates were
prepared by freezing, thawing on ice, scraping, sonicating for
30 s, and centrifuging for 30 min at 15 000xg. Protein con-
centration was determined using a bicinchoninic acid (BCA)
protein assay kit. For Western blot analysis, 20 pg of protein
was subjected to SDS-PAGE under reducing conditions, and
proteins were then transferred to a polyvinylidene difluo-
ride membrane as described previously!®. The membrane
was blocked for 2 h with a commercial blocking buffer from
Life Technologies, Inc. The blots were incubated for 1 h with
primary antibodies (1:1000 dilution), followed by a 1-h incu-
bation with a secondary horseradish peroxidase-conjugated
antibody. The presence of target proteins was revealed by a
chemiluminescent assay (Amersham-Pharmacia Biotech).

Acta Pharmacologica Sinica

Immunoprecipitation for Tie-2 phosphorylation

Each sample consisting of 1000 pg protein was incubated with
10 pL anti-Tie-2 antibody for 6-8 h at 4 °C, followed by the
addition of 20 pL of protein G-Sepharose. The samples were
then incubated overnight at 4 °C and centrifuged for 5 min
at 1000xg at 4 °C. Protein-antibody complexes were washed
once with buffer solution [10 mmol/L Tris (pH 7.4), 0.25
mmol/L EDTA, and 0.1% SDS], suspended in 30 pL loading
buffer, heated for 5 min at 90-100 °C, and then centrifuged for
10 min at 12 000xg at 4 °C. The supernatant was subjected to
immunoblot analysis. Tie-2 phosphorylation was revealed
with an anti-phosphotyrosine antibody (1:1000).

Caspase-3 enzyme linked immunosorbent assay (ELISA)
MHMECs were cultured in either HG media or NG media for
72 h and then starved for 48 h to induce endothelial apoptosis
in the presence or absence of Ang-1 or Ang-2 (R&D systems,
Inc, CA, USA). Cell culture supernatants were collected and
analyzed using commercial caspase-3 enzyme-linked immu-
nosorbent assay kits (Sigma, MO, USA). The optical density
of the wells was determined by spectrophotometry at a wave-
length of 450 nm.

TUNEL assay

MHMECs were cultured with either HG or NG media for 72
h and then transferred to two-well chamber slides with a cell
density of 2x10° cells/mL per well. MHMECs were attached
to the slides after 6-8 h and were cultured in serum-free media
for 48 h in the presence or absence of Ang-1 or Ang-2. Slides
were fixed with 10% formaldehyde for 30 min. Cells were
then submitted to terminal deoxynucleotidyltransferase-medi-
ated dUTP nick end labeling (TUNEL) according to the manu-
facturer’s instructions (Promega, CA, USA). The apoptotic
cells were stained green. Nuclei were counterstained with
DAPI in blue. Apoptosis was quantified by counting TUNEL-
positive cells per 100 DAPI cells®.,

Endothelial tubular formation assay

MHMECs were plated on 48-well (1x10° cells/well) chamber
slides (BD Falcon). After 6-8 h, the cells were washed with
appropriate serum-free media and overlaid with matrigel
(Sigma, St Louis, MO, USA) diluted 1:1 in EGM-2 media
supplemented with 10% FBS. After a 30-min gel formation at
37 °C in the incubator, the gels were overlaid with 0.5 mL of
culture media. The culture medium was supplemented with
Ang-1 or Ang-2 in either HG or NG media. The cells were
incubated for 24 h at 37 °C for full development of capillary-
like network structures. The gels were photographed using a
phase-contrast microscope. Endothelial tube formation was
quantified by counting the number and cumulative length of
tubular structures in six fields of each well with image acquisi-
tion and analysis software (Image Pro-express software, CA,
USA). Each assay was performed in duplicate.

Adenovirus transfection
Ad-Ang-1 encodes mouse Ang-1. Adenoviruses (Adenovirus
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Co, CA, USA) were amplified using a human embryonic kid-
ney cell line (HEK 293) as a host. The titers of the lysates were
1x10° pfu/mL for Ad-Ang-1 and Ad-B-gal (adenovirus-p-
galactosidase). MHMECs were transfected with 20 pfu/cell of
Ad-Ang-1 or Ad-p-gal in serum-free medium for 24 h. Then
the infection medium was removed, and cells were incubated
with HG or NG media for 72 h.

Statistical analysis

The values are expressed as the mean+SE. Statistical analysis
of the data was performed using Student’s ¢-tests and ANOVA
where appropriate. Values of P<0.05 were considered statisti-
cally significant.

Results

Ang-1-induced activation of Tie-2 is impaired by high glucose

We used immunoprecipitation to assay the activation of Tie-
2. A Tie-2 antibody was used to precipitate the protein, and
a phospho-tyrosine antibody was used to blot and assay the
activation of Tie-2 because phosphorylated Tie-2 antibodies
were unavailable. Exposure of MHMECs to HG for 72 h dra-
matically decreased the activation of Tie-2 receptors compared
that under NG conditions (Figure 1A). Furthermore, HG sig-
nificantly inhibited Akt/eNOS phosphorylation (Figure 1B),
the major downstream event of the Ang-1/Tie-2 signaling
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Figure 1. Changes in Tie-2/Akt/eNOS signaling pathways under HG
conditions. (A) Tie-2 phosphorylation was decreased under HG conditions
in MHMECs (n=3). (B) HG inhibited phosphorylation of Akt and eNOS
in MHMECs compared with NG groups (n=5). (C) Ang-1 increased Tie-2
phosphorylation in MHMECs, which was dampened under HG conditions
(n=3). °P<0.05 compared with NG groups.

pathway. Previously, we showed that Ang-1 activates Ang-1/
Tie-2/ Akt signaling, which is blunted by hyperglycemia in
diabetic mouse models'". After MHMECs were incubated
under HG or NG conditions for 72 h, we treated MHMECs
with 250 ng/mL Ang-1 for 15 min. Consistent with our
previous findings'®, our data show that Ang-1 significantly
increased Tie-2 phosphorylation under both NG and HG con-
ditions. Furthermore, our present study reveals that Ang-1-
induced Tie-2 phosphorylation is attenuated in HG conditions
compared to NG conditions (Figure 1C).

Ang-1 attenuated HG-induced endothelial cell dysfunction in
MHMECs
After MHMECs were incubated under either HG or LG con-
ditions for 72 h, we treated the MHMECs with serum-free
media in the presence or absence of 250 ng/mL Ang-1 for 48
h. We then examined the effects of Ang-1 on apoptosis of
MHMECs using MTT, caspase-3, and TUNEL assays. Our
MTT results show that Ang-1 increased cellular viability from
88.56%%3.90% to 112.43%+9.28% under HG conditions (Figure
2A). This was accompanied by a significant suppression of
caspase-3 activation under HG conditions (Figure 2B). Serum
starvation-induced apoptosis was revealed by green staining
in the TUNEL assay and was observed in a significantly higher
proportion of non-Ang-1-treated cells (P<0.01) compared
to cells treated with Ang-1 (14.03%+3.44% vs 6.25%+0.48%,
respectively, P<0.05) under HG conditions (Figure 2C).
Angiogenesis is another important function of endothelial
cells™,

moted myocardial endothelial tubular formation that was sig-

Our data clearly show that Ang-1 significantly pro-
nificantly impaired by HG conditions (Figure 3).

Ang-2 exacerbated MHMEC dysfunction induced by HG

Ang-2, which is increased in diabetic patients, is a natural
antagonist of Ang-1. However, few published data are avail-
able on the effects of Ang-2 on endothelial cells under HG
conditions. After MHMECs were incubated under HG or NG
conditions for 72 h, we treated the MHMECSs continuously
with serum-free media in the presence or absence of Ang-2
(25 ng/mL) for 48 h. We observed that increased Ang-2 exac-
erbated the endothelial apoptosis induced by HG (Figure 4).
When we used Ang-2 siRNA to knock down Ang-2 protein
expression, MHMEC apoptosis was decreased significantly
under HG conditions (Figure 5).

Ang-1-mediated protection of MHMEC function is impaired by
Ang-2 under HG conditions

MHMECs were incubated in HG media for 72 h and then
sequentially supplemented with both Ang-2 (25 ng/mL) and
Ang-1 (250 ng/mL) or Ang-1 alone'®. MHMEC apoptosis and
tubular formation were analyzed by the methods listed above.
Exposure of MHMECs to Ang-2 led to increased activation
of caspase-3 and an increased apoptotic ratio in HG condi-
tions, whereas Ang-1 suppressed these effects (Figure 6A, 6B).
Intriguingly, increased Ang-2 significantly delayed Ang-1-
induced tubular formation in MHMECs under HG conditions

Acta Pharmacologica Sinica
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Figure 2. Ang-1 inhibited myocardial endothelial apoptosis induced by HG. (A) Ang-1 increased cellular viability under HG conditions, as observed by
MTT assays. (B) Representative Western blot and densitometry analysis of caspase-3 activation. (C) Representative images of a TUNEL assay showing
that Ang-1 significantly decreased MHMEC apoptosis induced by HG (n=3, 400x magnification). °P<0.05, °P<0.01.

(Figure 6C).

MHMECs do not express detectable Ang-1"'and were thus
transfected with Ad-Ang-1 to over-express Ang-1 (Figure 7A).
The transfected MHMECs were incubated with HG or NG
media for 72 h and then treated with serum-free media for 48
h in the presence or absence of Ang-2. The activation of cas-
pase-3 in all Ad-Ang-1 groups was lower than that of Ad-p-
gal groups in both HG and LG conditions. However, Ang-2

Acta Pharmacologica Sinica

increased the activation of caspase-3 (Figure 7B).

Discussion

The risk of morbidity and mortality associated with cardio-
vascular disease is significantly increased in patients who are
diabetic compared to patients who are non-diabetic™!. This
increase in risk may be related to vascular endothelial cell
dysfunction that occurs under diabetic and hyperglycemic
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Figure 3. Representative images and quantitative analysis of
tubular formation induced by Ang-1 under HG conditions (n=3, 100x
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Figure 4. Ang-2 exacerbated myocardial endothelial apoptosis under
HG conditions. (A) Quantification of the relative apoptosis of MHMECs
determined by TUNEL staining (400x magnification). (B) Caspase-3
activation assayed by ELISA (n=3). °P<0.01 compared with NG groups;
°P<0.05 compared with HG groups.

conditions. The angiopoietin system plays a critical role in
maintaining vascular integrity and endothelial function in
diabetic patients™ . Angiopoietins comprised of the ligands
Ang-1/-2/-3/-4 represent a new family of angiogenic factors.
Ang-1 and Ang-2 are the two key ligands for the Tie-2 recep-
tor™]. Tie-2 is a receptor tyrosine kinase that is expressed in
the vascular endothelium. Ang-1 binds to the Tie-2 receptor
and induces Tie-2 phosphorylation, thus promoting endothe-
lial cell survival and angiogenesis by activating the PI3 kinase-
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Figure 5. RNA interference of Ang-2 inhibited endothelial cell apoptosis
induced by HG. (A) Western blot analysis shows that the expression of
Ang-2 was significantly inhibited by RNA interference in endothelial cells
24 h after the transfer of Ang-2 siRNA. (B) Quantification of endothelial
apoptosis by TUNEL staining. (C) Caspase-3 activation was assayed by
ELISA (n=3). "P<0.05.

Akt-eNOS pathway!™. Therefore, we examined the Tie-2 sig-
naling pathway under HG conditions. Our immunoprecipita-
tion and Western blot data show that exposure of MHMECs to
HG resulted in a dramatic decrease in phosphorylation of the
Tie-2/ Akt/eNOS signaling pathway compared to MHMECs
exposed to NG conditions.

Because Ang-1-mediated protection of endothelial cells
involves the Ang-1/Tie-2/ Akt pathways""), we observed
the effects of Ang-1 on MHMECs under HG conditions. Our
data show that Ang-1 significantly increased Tie-2 phospho-
rylation, which was inhibited by HG, and suppressed serum
starvation-induced caspase-3 activation and endothelial cell
apoptosis under HG conditions. Our data suggest that Ang-1
inhibits microvascular endothelial apoptosis, which may be
responsible for the protection of Ang-1 in the ischemic heart,
particularly in a hyperglycemic environment.
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conditions (n=3). "P<0.05.
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Figure 7. Ang-2 increased the activation of caspase-3 inhibited by Ang-1
in MHMECs. (A) Western blot analysis shows that the expression of Ang-1
was significantly increased in endothelial cells transfected with Ad-Ang-1
after 24 h. Control: untransfected cells; Ad-B-gal: cells were transfected
with control adenovirus vector; Ad-Ang-1: cells were transfected with an
adenovirus vector encoding mouse Ang-1. (B) Ang-2 increased caspase-3
activation, as assayed by ELISA (n=3). °P<0.05 compared with the Ad-B-
gal groups; °P<0.05 compared with the Ad-Ang-1 groups.

Angiogenesis is an important function of the cardiac micro-
vascular endothelium, which is impaired in diabetes!”. Capil-
lary tube formation, which depends on endothelial migration
and proliferation™ ", is the primary mechanism of angiogen-
esis. In the present study, we also investigated the effect of
Ang-1 on angiogenesis in the cardiac microvascular endothe-
lium with tubular formation in vitro. Our data reveal that
Ang-1 promoted myocardial endothelial tubular formation
that was dampened by hyperglycemia. These data further
suggest that Ang-1 can increase angiogenesis, benefiting isch-
emic hearts, particularly those in a hyperglycemic environ-
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ment.

Ang-2 has been identified as a natural antagonist of Ang-1,
inhibiting Ang-1-mediated Tie-2 phosphorylation in the pres-
ence of Ang-1"%* 21 Qur previous studies have shown that
exposure of MHMECs to HG led to a significant increase in
Ang-2 expression and a decrease in Tie-2 expression compared
to NG conditions!®. However, the functional roles of Ang-2
on myocardial endothelial cells under HG conditions were not
explored. In the present study, we found that increased Ang-2
strikingly exacerbated myocardial endothelial apoptosis and
delayed tubular structure formation of MHMECs under HG
conditions. The endothelial protection mediated by Ang-1
was diminished in the presence of increased Ang-2 under HG
conditions, which is consistent with our in vivo data™®. Addi-
tionally, our data suggest that Ang-1 shifts the ratio of Ang-2
to Ang-1 and protects myocardial endothelial cells under
hyperglycemic conditions.

In the present study, we have demonstrated that Ang-1
can inhibit microvascular endothelial apoptosis and increase
angiogenesis under HG conditions, possibly playing a role in
protecting ischemic hearts in hyperglycemic or diabetic indi-
viduals.
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Original Article

Ouabain facilitates cardiac differentiation of mouse
embryonic stem cells through ERK1/2 pathway

Yee-ki LEE™#, Kwong-man NG**, Wing-hon LAI*, Cornelia MAN?, Deborah K LIEU? Chu-pak LAU*, Hung-fat TSE* *,
Chung-wah SIU* *

Cardiology Division, Department of Medicine, Queen Mary Hospital, the University of Hong Kong and Research Center of Heart,
Brain, Hormone and Healthy Aging, Li Ka Shing Faculty of Medicine, the University of Hong Kong, Hong Kong, China; *Division of
Cardiovascular Medicine, Department of Internal Medicine, University of California, Davis, CA, USA; *Department of Applied Biology
and Chemical Technology, the Hong Kong Polytechnic University, Hong Kong, China

Aim: To investigate the effects of the cardiotonic steroid, ouabain, on cardiac differentiation of murine embyronic stem cells (MESCs).
Methods: Cardiac differentiation of murine ESCs was enhanced by standard hanging drop method in the presence of ouabain (20
umol/L) for 7 d. The dissociated ES derived cardiomyocytes were examined by flow cytometry, RT-PCR and confocal calcium imaging.
Results: Compared with control, mESCs treated with ouabain (20 umol/L) yielded a significantly higher percentage of cardiomyocytes,
and significantly increased expression of a panel of cardiac markers including Nkx 2.5, a-MHC, and B-MHC. The a1 and 2- isoforms
Na’/K*-ATPase, on which ouabain acted, were also increased in mESCs during differentiation. Among the three MAPKs involved in the
cardiac hypertrophy pathway, ouabain enhanced ERK1/2 activation. Blockage of the Erk1/2 pathway by U0126 (10 umol/L) inhibited
cardiac differentiation while ouabain (20 umol/L) rescued the effect. Interestingly, the expression of calcium handling proteins, includ-
ing ryanodine receptor (RyR2) and sacroplasmic recticulum Ca*" ATPase (SERCA2a) was also upregulated in ouabain-treated mESCs.

ESC-derived cardiomyocyes (CM) treated with ouabain appeared to have more mature calcium handling. As demonstrated by confo-
cal Ca®" imaging, cardiomyocytes isolated from ouabain-treated mESCs exhibited higher maximum upstroke velocity (P<0.01) and
maximum decay velocity (P<0.05), as well as a higher amplitude of caffeine induced Ca** transient (P<0.05), suggesting more mature

sarcoplasmic reticulum (SR).

Conclusion: Ouabain induces cardiac differentiation and maturation of mESC-derived cardiomyocytes via activation of Erk1/2 and

more mature SR for calcium handling.

Keywords: ouabain; embryonic stem cells; cardiac differentiation

Acta Pharmacologica Sinica (2011) 32: 52-61; doi: 10.1038/aps.2010.188; published online 13 Dec 2010

Introduction

Embryonic stem cells (ESCs) have the ability to self-renew and
differentiate into virtually all cell types of the three embryonic
germ layers including cardiomyocytes. They thus repre-
sent an unlimited ex vivo cell source for cardiac regenerative
therapy!"™*l
complex developmental processes. Spontaneous differentia-

as well as an ideal in vitro model to investigate

tion of ESCs towards cardiac lineage is generally poor!">*®. To
date, protocols have exploited transcription factors involved
in embryonic heart development to direct ESC differentiation
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into cardiomyocytes®®™®

. In contrast, transcription pathways
crucially involved in post-natal hypertrophic growth of cardi-
omyocytes have not been investigated to improve the efficacy
of cardiac differentiation of ESCs.

The cardiotonic glycoside ouabain is a specific inhibitor
of the ubiquitous Na*'/K*-ATPase that is responsible for the
active transport of Na"and K" across the plasma membrane of
most animal cells. In adult cardiomyocytes, Na*/K"-ATPase
inhibition results in a modest increase in intracellular Na®,
sufficient to affect the sarcolemmal Na*/Ca”" exchange and

[9-11]

cardiac contractility Alterations in concentrations of

endogenous cardiotonic glycosides have been reported in
various human conditions such as essential hypertension!'”,
asymptomatic left ventricular dysfunction™ and dilated cardi-
omyopathy!.
has cardioprotective effects against ischemia not associated

In experimental models, cardiotonic glycoside
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with Na*/K*-ATPase inhibition" .. They also cause tran-
scriptional regulation of several cardiac-growth related genes
resulting in hypertrophy of adult cardiomyocytes!"”. Extensive
subsequent studies of various cell types have revealed that
binding of cardiotonic glycosides to Na'/K"-ATPase in fact
activates multiple pathways including cytoplasmic tyrosine
kinase Src/epidermal growth factor receptor (EGFR)!",
phosphatidylinositol 3-kinase (PI3K)-Akt!"”, phospholipase
C kinase, and increased mitochondrial production of reac-
tive oxygen species®
nonetheless appears to be cell-type specific. A previous report

. The downstream signaling pathway

demonstrated the functional expression of Na*/K*-ATPase
in undifferentiated ESCs as well as ESC-derived cardiomyo-
cytes? although the effect of ouabain on cardiac differentia-
tion and maturation of ESCs remains unclear. The aims of the
present study were thus to determine whether ouabain, the
prototypic Na'/K*-ATPase inhibitor and potent hypertrophic
stimulus of adult cardiomyocytes, affects cardiac differentia-
tion and maturity of ESCs. In order to validate the cardiac
differentiation of ESCs, we quantified the number of troponin-
positive cells using flow cytometry and the expression of a
panel of cardiac specific markers in differentiated ESCs. We
also studied the effects of ouabain on the extracellular signal-
regulated kinase (ERK), c-Jun NH,-terminal protein kinase
(JNK), and p38 mitogen activated protein kinase (MAPK) dur-
ing cardiac differentiation of ESCs. Treatment with a specific
MAPK inhibitor would be useful to investigate the specific
role of MAPK in cardiac differention. In addition, the matu-
rity of calcium handling properties of differentiated ESCs was
assessed using confocal calcium imaging.

Materials and methods

Murine embryonic stem cell culture and in vitro cardiac differen-
tiation

Murine (m) ES cell-line D3 (CRL-1934, American Type Culture
Collection, Manassas, VA) was used and cultured as previ-

ously described™".

Briefly, undifferentiated mESCs were
cultured on an irradiation-inactivated monolayer of mouse
embryonic fibroblast feeders in Dulbecco’s modified Eagle’s
minimal essential medium (DMEM, Gibco BRL, Karlsruhe,
Germany), supplemented with 15% fetal bovine serum (FBS,
Gibco BRL, Karlsruhe, Germany), 0.1 mmol/L mercaptoetha-
nol (Sigma-Aldrich, St Louis, MO), non-essential amino acids
(stock solution diluted 1:100; Hyclone, Logan, UT) and 1000
U/mL of recombinant mouse leukemia inhibitory factor (LIF)
(Chemicon, Hofheim, Germany). To induce cardiac differen-
tiation, embryoid bodies (EBs) were generated from hanging
drops of approximately 800 mESCs in 20 pl of culture medium
in the absence of leukemia inhibitory factor and feeder cells for
two days and then grown in suspension or five more days®".

Effect of cardiotonic glycoside, ouabain, on cardiac differentia-
tion

Embryoid bodies were plated on gelatin-coated plate fol-
lowing five day suspension and cultured with 20 pmol/L
ouabain dissolved in phosphate-buffered saline (PBS) at a

stock concentration of 10 mmol/L (Sigma-Aldrich, St Louis,
MO) for a further seven days. No drug or vehicle was added
in the control group. When counting the number of beating
EBs, number of day refers to time from plating of EBs onto
gelation-coated plates. For Erk1/2 inhibitory experiments,
EBs were treated with U0126 in combination with ouabain for
7 days before FACS counting of cardiomycytes. Some EBs
pretreated with 20 pmol/L ouabain for 7 days were further
incubated with 10 pmol/L U0126 (Cell-Signaling Technology,
Danvers, MA) (dissolved in DMSO) in serum-free condition
for 2 h prior to harvest for Western blotting. All experiments
were performed using EBs generated from different passages
of <10. Medium with corresponding drug was refreshed
every 2 to 3 days.

Cell viability

Cell viability was assessed using the 3-(4,5-dimethylthiazol-2-
y)-2,5-diphenyl-tetrazolium bromide (MTT) staining method
described by Mosmann T and Hansen in a 96-well microtiter
plate™. This method is based on the ability of viable, but not
dead cells, to convert MTT to a blue colored formazan. Stock
MTT solution (5 mg/mL) was prepared in PBS. Ten EBs were
plated onto each 96-well coated plate with 0.1% gelatin fol-
lowing 5-day suspension and differentiation medium served
as control. At the end of incubation, 20 pL of MTT solution
was added to each well containing 180 pL medium with
various concentrations of ouabain. Following 4 h incubation
at 37 °C, dark crystals formed and the reaction was stopped
by adding 100 pL of DMSO. The optical density (OD) of each
well was read on a Bio-Rad 550 Microplate Reader (Bio-Rad
Laboratories, Hercules, CA) at 570 nm. The viability values
obtained in the presence of various dosages of ouabain were
subsequently normalized against control values.

Isolation of beating mESC-derived cardiomyocytes

The beating outgrowths were microsurgically dissected with
a glass knife from D3 mESC-derived 7-day differentiated
EBs, and incubated in collagenase B (1 mg/mL) with DNase I
(60 U/mL, Roche Applied Sciences Penzberg, Germany) at
37 °C for 30 min with occasional dispersion by pipetting up
and down. Isolated cells were recovered in Kraftbrithe (KB)
solution containing (mmol/L) 85 KCl, 30 K,HPO,, 5 MgSO,,
1 EGTA, 2 Na,-ATP, 5 pyruvic acid, 5 creatine, 20 taurine,
and 20 D-glucose at room temperature for 1 h. The cells were
subsequently plated on 0.1% gelatin coated glass cover slips
in 24-well culture plates with corresponding differentiation
medium. Calcium imaging of isolated cells or cell clusters was
performed within 2 days; some of the cells were fixed in 4%
paraformaldehyde for immunocytological staining at 4 °C.

Immunocytological staining

The 7-day differentiated EBs were microdissected and fixed
with 2% paraformaldehyde for 20 min at 4 °C, followed by
washing with wash buffer [DPBS with 0.1% Triton X-100
(Sigma-Aldrich, St Louis, MO)] once for 5 min. Cells were
incubated overnight at 4 °C with anti-troponin-T (1:100, Lab
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Vision, Fremont, CA) primary antibodies, then rinsed three
times for five minutes with wash buffer. Further incubation
for one hour at room temperature was performed with sec-
ondary antibodies, goat anti-mouse FITC antibodies (1:100,
Molecular Probes), diluted in wash buffer. The cells were
rinsed three times, counterstained and mounted with Slow-
Fade® Gold antifade reagent with DAPI (Invitrogen, Life
Technologies, Carlsbad, CA). Fluorescent immunostaining for
troponin-T was examined and photographed under a fluores-
cent microscope (green). The images of troponin-T positive
cells were captured by Laser Scanning Systems LSM 510 (Carl
Zeiss, Inc, Oberkochen, Germany).

Assessment of cardiac differentiation using reverse transcription-
polymerase chain reaction

Total RNA from 7-day old EBs was extracted with Trizol®
reagent (Invitrogen, life technologies, Carlsbad, CA). Reverse
transcription was then performed using 1 pg of total RNA in a
final volume of 20 pL, using the QuantiTect® reverse transcrip-
tion kit (Qiagen, Hilden, Germany) according to the manu-
facturer’s instructions. Cardiac-specific genes, alpha isoforms
of sodium-potassium ATPase and calcium handling proteins

were compared in EBs in the presence or absence of ouabain
with quantitative real-time polymerase chain reaction (qQPCR).
Primer sequence and annealing temperature are depicted in
Table 1. GAPDH served as an internal control. Quantitative
PCR analysis was performed with a real-time PCR Detector
(Opticon 2 DNA Engine, M] Research, MN, USA) using the
iQ SYBR Green Supermix (Bio-Rad Laboratories, Hercules,
CA). For amplification, after initial holds for 5 min at 95 °C,
50 cycles of 95 °C for 15 s followed by 57 °C for 30 s and 72 °C
for 30 s, melt curve analysis was performed. The relative
quantification of PCR products was performed according to
the 2**“ method, using mouse GAPDH as an internal con-
trol. Where AACt:[(Cttarget gene_CtGAPDH)control group_(Cttargel gene

_CtGAFDH)ouabain group] .

Confocal calcium imaging

mESC-derived cardiomyocytes were loaded with 1:1 (v/v)
amount of 20% Pluronic®-F127 (Invitrogen, Life Technologies)
and 5 pmol/L Fluo-3 AM (Sigma-Aldrich, St Louis, MO)
dissolved in DMSO with stock concentration of 5 mmol/L for
45 min at 37 °C in Tyrode solution consisting of (mmol/L):
140 NaCl, 5 KCl, 1 MgCl,, 1.8 CaCl,, 10 glucose and 10 HEPES

Table 1. PCR primers and PCR conditions.

Annealing

Gene Accession No Forward/reverse (5'-3’) temperature (°C) Reference

Nkx2.5 NM_008700 5"-GCTACAAGTGCAAGCGACAG-3' 60 Designed by Primer3
5-GGGTAGGCGTTGTAGCCATA-3'

GATA 4 NM_008092 5'-TCTCCCAGGAACATCAAAACC-3’ 60 Designed by Primer3
5-GTGTGAAGGGGTGAAAAGG-3’

GATA 6 NM_010258.3 5'-CAAAAGCTTGCTCCGGTAAC-3’ 60 Designed by Primer3
5 - TGAGGTGGTCGCTTGTGTAG-3’

MLC2V NM_010861 5"-GACCCAGATCCAGGAGTTCA-3' 60 Designed by Primer3
5"-AATTGGACCTGGAGCCTCTT-3'

a-MHC Gl 191623 5'-GATGCCCAGATGGCTGACTT-3' 57 [38]
5'-GGTCAGCATGGCCATGTCCT-3’

B-MHC NM_080728.2 5'-GCCAACACCAACCTGTCCAAGTTC-3' 64 [39]
5-TGCAAAGGCTCCAGGTCTGAGGGC-3'

Na*/K* BC021496 5"-CTCCAGCAACAGGACCCGGCG-3' 57 [5]

ATPase ol 5"-GATCTCAGCGGCCCTTGCAGG-3'

Na*/K* BC013561 5'-GAATGGGTTTCTACCATCGCG-3’ 57 [5]

ATPase a2 5'-GCACAGAACCACCACGTGAC-3'

Na“/K* BC020177 5-GGCAGCCCAGGAACCCACGC-3’ 57 [5]

ATPase a3 5-AGGACAGGAAGGCAGCGAGG-3'

RyR2 NM_023868.2 5-TGAGTTCCTGCTGTCCTGTG-3’ 60 Designed by Primer3
5"-CTCTGCCAACTCCAAGAAGG-3’

NCX-1 NM_011406 5-TGTGTTTACGTGGTCCCTGA-3’ 60 Designed by Primer3
5'-CTCCACAACTCCAGGAGAGC-3’

SERCA-2a NM_001110140 5'-AAGCTATGGGAGTGGTGGTG-3' 60 Designed by Primer3
5"-GCAATGCAAATGAGGGAGAT-3’

GAPDH NM_011406 5'-ACATCAAGAAGGTGGTGAAGCAGG-3’ 60 Designed by Primer3

5-CTCTTGCTCTCAGATCCTTGCTGG-3’

Abbreviation: Nkx2.5, NK2 transcription factor related, locus 5; GATA 4, GATA binding protein 4; GATA 6, GATA binding protein 6; MLC-2v, myosin light
chain 2v; a-MHC, alpha-myosin heavy chain; B-MHC, beta-myosin heavy chain; Na“/K" ATPase, sodium potassion ATPase; RyR2, ryanodine receptor 2;
NCX, sodium calcium exchanger; SERCA-2a, sarcoplasmic reticulum Calcium ATPase 2a; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase.
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at pH 7.4. The calcium transient of single ESC-derived car-
diomyocytes was recorded with a confocal imaging system
(Olympus Fluoview System version 4.2 FV300 TIEMPO)
mounted on an upright Olympus microscope (IX71) with tem-
poral resolution of the line scan at 274 frames per second (2000
scan per 7.3 s). They were then quantified as the background
subtracted fluorescence intensity changes normalized to the
background subtracted baseline fluorescence using Image
J. The amplitude, maximal upstroke and decay velocity of
calcium transient were analyzed by Clampfit version 9.2.0.09.
(Axon Instruments, Inc, Foster City, CA).

Quantification of cardiac differentiation by flow cytometry
Beating clusters first appeared on day 2 after plating. The
percentage of mESC-derived cardiomyocytes was quantified
by FACS analysis on day 7 of mESC differentiation. Briefly,
10-cm dishes of EBs were dissociated to a single-cell suspen-
sion by collagenase B (1 mg/mL) with DNase (60 U/mL)
(Roche Applied Sciences, Penzberg, Germany) treatment, and
washed by DPBS twice. Cells were permeabilzed for 15 min
using a Cytofix/Cytoperm permeabilization kit (BD Biosci-
ences, San Diego, CA), treated with 1% fetal bovine serum
to block non-specific antigens and incubated overnight at
4 °C. Cells were then stained with monoclonal anti-Troponin
T [dilution 1:100; Cat no: MS-295-P0; Cardiac Isoform Ab-1
(Clone 13-11)], NeoMarker, Fremont, CA) for 1 h. After twice
rinsing in washing buffer, anti-mouse IgG H+L-PE was used
for secondary antibody staining (dilution 1:100; Beckman
Coulter, Fullerton, CA, USA) for one more hour. Analysis was
performed with a Beckman Coulter FC500 flow cytometer in
which 10000 events were counted. The background signal
was determined using IgG, isotypic control as the primary
antibody.

Measurement of ERK1/2, JNK, and p38 Western blot analysis
Cells were washed with PBS, and collected in RIPA buffer
(Cell Signaling Technology, Danvers, MA) containing 0.2%
Triton X-100, 5 mmol/L EDTA, 1 mmol/L PMSF, 10 pg/mL
leupeptin, 10 pg/mL aprotinin, with additional 100 mmol/L
NaF and 2 mmol/L Na;VO, and lysed for 30 min on ice. Pro-
tein assay was performed using a Bio-Rad protein assay kit
(Hercules, CA): 20 pg of protein was loaded per well on a
12.5% sodium dodecyl sulphate (SDS)-polyacrylamide gel,
Proteins were subsequently transferred onto 0.45 m pore size
nitrocellulose membranes and blocked with 5% non-fat dry
milk in TBS (pH 7.4) with 0.5% Tween-20 at 4 °C. The blots
were challenged with primary antibody (1:1000) overnight
at 4 °C, followed by washing three times with TBST (0.1%
Tween-20), then challenged with HRP-conjugated goat anti-
rabbit (dilution 1:2000; Cell Signaling Technologies) respec-
tively, followed by detection with enhanced chemiluminescent
substrate (Millipore, Billerica, MA). As primary antibodies,
the rabbit polyclonal anti-p38 MAPK, anti-ERK, anti-JNK,
directed against the phosphorylated form of the proteins (dilu-
tion 1:1000; Cell Signaling Technology, Danvers, MA).
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Statistical analysis

Continuous variables are expressed as meantstandard devia-
tion. Statistical comparisons were performed using Student’s ¢
test. Calculations were performed with SPSS (version 14.0). A
P value <0.05 was considered statistically significant.

Results

Ouabain enhanced cardiac differentiation of mESCs

The effect of ouabain on the viability of differentiating mESCs
was determined by MTT assay at different concentrations of
ouabain for 72 h. Ouabain was well tolerated even in rela-
tively high concentrations in differentiating mESCs (Figure
1A). To assess whether ouabain treatment enhances cardiac
differentiation of mESCs and to determine the optimal range
ouabain dosage in enhancing cardiac differentiation, flow
cytometry to determine the percentage of cardiomyocytes as
identified by troponin-T positive cells was performed. As
depicted in Figure 1B and 1C, the optimal dosage of ouabain to
enhance cardiac differentiation of mESC was about 10 pmol/L
(Figure 1A and 1B). Taken together with the viability test,
ouabain at concentration of 20 umol/L was selected for subse-
quent experiments. Cardiac differentiation of undifferentiated
mESCs was assessed by the percentage of spontaneous beating
EBs under the microscope and troponin-T positive cells using
flow cytometry at d 7. In this study, spontaneous beating out-
growths from EBs were first observed on d 2 in both ouabain-
treated EBs and controls (12.5%), and progressively increased
until reaching a plateau at d 9. The administration of ouabain
resulted in a higher percentage of spontaneous beating out-
growths of EBs compared with controls from d 6 to d 9 (Figure
1B). Standard, counting of beating outgrowths from EBs is
nevertheless a very crude measurement of the efficiency of
cardiac differentiation”. The percentage of cardiomyocytes
was consistently significantly higher in the ouabain group
(9.50%%1.82% vs 2.90%%0.20%; n=3, P<0.05).

Figure 2 shows the immunocytochemical pattern of cardiac-
specific cytoskeletal proteins including troponin-T in mESC-
derived cardiomyocytes. Cardiomyocytes derived from
controls showed a homogeneous distribution of troponin-T
protein resembling early stage cardiomyocytes (Figure 2);
cardiomyocytes from the ouabain group demonstrated
striations of the myofilament specific protein indicating
sarcomere development, a marker for late-stage cardiomyo-
cytes.

Ouabain-induced expression of cardiac specific genes

The effect of ouabain on the expression of cardiac marker
genes in EBs was examined by quantitative RT-PCR. The
expression of cardiac transcription factors, including Nkx2.5,
significantly increased (almost double) in the ouabain group
on d 7 (n=3, P<0.05), but not GATA-4 and GATA-6, the
transcription factors common for mesoderm and endoderm
(Figure 3A). In addition, gene expression of sarcomeric
muscle proteins (a-MHC and B—~MHC) was increased in the
ouabain group compared with the control (n=3; P<0.05 and
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Figure 1. Enhanced in vitro cardiac differentiation with ouabain. (A) The effect of ouabain on the viability of differentiating D3 mESCs. The EBs were
plated and exposed to various dosages of ouabain for 72 h and the viability of cells determined by MTT assay. Data are expressed as mean+SEM (n=6).
(B) Dot plots of the percentage of mESC-derived cardiomyocytes (troponin-T positive cells) as determined by flow cytometry at various concentrations
of Quabain. (C) Bar chart of the Troponin-T positive cell counts. (D) Effect of ouabain on percentage of beating clusters of the differentiated ESCs.
Number of day is defined as time beating cluster shown after plating of suspended EBs. Data are expressed as mean+SEM (n=3), whereas the
significant difference was tested between ouabain-treated and control for each time point by unpaired t-test, °P<0.05.

P<0.01 respectively). Of note, the expression of a-MHC,
the adult isoform of myosin heavy chain, was markedly
up-regulated with ouabain treatment by about 3.5-fold (Figure
3A). The authenticity of increase a-MHC gene expression was
confirmed with Western blot experiment (Figure 3B). As a
potential target of ouabain, the expression kinetics of a subunit
isoforms of Na'/K" ATPase in mESCs during differentiation
was also investigated using RT-PCR. The mRNA of all three
isoforms: al, a2, and a3 subunits was detected in both undif-
ferentiated mESCs and mESC-derived cardiomyocytes at
7-day differentiation; nonetheless al and 2 isoforms were
the most responsive to ouabain treatment (Figure 3C). In
addition, mRNA expression of a panel of calcium handling
proteins, including RyR2 and SERCA?2a, (Figure 3D) was up-
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regulated in the ouabain group.

Ouabain-enhanced calcium handling of cardiomyoyctes derived
from mESCs

To investigate whether up-regulation of calcium handling
proteins in cardiomyocytes from the ouabain group was asso-
ciated with more mature calcium handling properties, spon-
taneous calcium oscillations in single cardiomyoyctes isolated
from ouabain-treated EBs were characterized on d 7 using
confocal laser microscopy and compared with that of the
control. Consistent with the up-regulated calcium handling
proteins, the ouabain group exhibited more mature calcium
handling properties (Figure 4A). Specifically, cardiomyocytes
from the ouabain group generated larger calcium transients
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Figure 2. (A) Detection of typical cardiomyocyte proteins in mESC-CM of

control (left) and ouabain-treated group (right). The cells were stained
with anti-troponin T antibody (green). Nuclei are stained with DAPI (blue).

[14.52+4.45 (n=7) vs 6.86+0.87 (n=7)], as well as a significantly
higher maximal and decay velocity (n=7; P<0.01 and P<0.05
respectively), suggestive of a more mature sarcoplasmic
reticular (SR) function (Figure 4B-4D). Administration of caf-
feine (10 mmol/L) also elicited a significant larger surge in
cytosolic Ca® in the ouabain group (1163+213.9 vs 612.4+£99.7;
P<0.05), indicating a substantial increase in SR calcium content
conferred by ouabain treatment (Figure 5).
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Ouabain increases cardiac differentiation of mESCs by Erk1/2
activation

Various MAPK-signaling cascades including ERK, c-JNK and
p38 MAPK play important roles in cardiac hypertrophy!’” >l
and cardiac remodeling following myocardial infarction. In
order to determine whether the enhanced cardiac differen-
tiation on administration of ouabain is related to MAPK-
signaling cascades involved in the hypertrophy pathway,
phosphorylation of ERK, c-JNK, and p38 MAPK in ouabain-
treated EBs was determined and compared with controls.
On d 7, ouabain treatment resulted in a significant surge in
phosphorylation of ERK1/2 (Figure 6A); no significant dif-
ference between the ouabain group and control was found
in phosphorylation of either J]NK1/2 or p38 MAPK (Figure
6B). The MEK1/2 inhibitor U0126 suppressed ouabain-
activated tyrosine phosphorylation of ERK1/2 (Figure 7A),
indicating that ERK1/2 was likely activated by ouabain
stimulation of MEK1/2 activity. To further study the effect of
Erk1/2 activation on cardiac differentiation of mESCs, FACS
experiments were performed by blocking the Erk1/2 pathway.
Addition of the MEK1 inhibitor, U0126, which subsequently
blocks MEK1/2, upstream of ERK1/2, suppressed the
percentage of troponin-T positive cells to 0.53%+0.28% (n=3,
P<0.01 compared with control) (Figure 7) while ouabain
rescued the effect to control levels (n=3, P<0.05 compared with
U0126).

Discussion

We evaluated the effects of ouabain on cardiac differentiation
of mESCs. Our results demonstrate that ouabain promotes
cardiogenesis and myofibrillogenesis of ESCs, and matures the
calcium handling properties of cardiomyocytes derived there-

N
o Figure 3. (A) Cardiac maker gene expression of mESC
with ouabain-induced cardiac differentiation as revealed
by quantitative RT-PCR. Nkx2.5, NK2 transcription factor
related locus 5; GATA 4 and 6, GATA-binding protein 4 and
6; MLC2V, myosin light chain 2 ventricular transcripts; o-
and B-MHC, a- and B-myosin heavy chain. GAPDH was used
as internal control. (B) Western blot of cardiac cytoskeletal
protein, alpha-MHC in differentiated mESCs. (C) Gene
expression of three isoforms of sodium-potassium ATPase
(Na*/K* ATPase), a1, 2, and a3. (D) Gene expression
of calcium handling proteins on sacroplasmic recticulum

(SR). Three different experiments were repeated with
similar results. RyR2, ryanodine receptor 2; SERCA2a,
sarcoplasmic reticulum Ca*" ATPase; NCX-1: Na/Ca
exchanger. GAPDH was used as internal control. Data
shown as mean+SEM from 3 independent experiments,
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significance difference was tested by unpaired t-test with
°P<0.05 and °P<0.01.
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Figure 5. (A) Representative tracings of caffeine-induced SR Ca®' release in control (left) and ouabain-treated (right) mESC-CM, demonstrating
caffeine-sensitive Ca®" stores and fractional release of total SR Ca®" load during spontaneous activation. (B) Amplitude, (C) Maximal upstroke velocity
(Vinax upstroke)» (D) Maximal decay velocity (Vinax ecay) OF Ca”* transients in the mESC-derived cardiomyocytes; Data shown as mean+SEM (n=5), five cells
were analyzed in three independent experiments. Unpaired t-test was performed between ouabain treated and control group; °P<0.05.

from. The main findings are as follows: 1) Ouabain-treated EBs
showed an increased differentiation into cardiomyocytes (in
terms of the percentages of beating outgrowths and troponin-
positive cardiomyocytes), probably via Erk1l/2 activation; 2)
Ouabain increased gene expression of cardiogenesis (Nkx2.5)
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and myofibrillogenesis (a-MHC and 3-MHC); 3) Ouabain
increased the mRNA level of calcium handling protein (RyR2
and SERCA2a) with corresponding maturation of calcium
handling properties as determined by confocal microscopy; 4)
Ouabain significantly enhanced expression of the al isoform
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of Na'/K"-ATPase, the predominant form in cardiac tissue.
ESC-derived cardiomyocytes hold great promise for cardiac
regeneration. Nonetheless current protocols for cardiac dif-
ferentiation of ESCs are in general inefficient, making it very
difficult to obtain adequate numbers of cardiomyocytes for
clinical therapy. Despite the well-known hypertrophic effects
of ouabain on cardiomyocytes"” *! and the documented
functional expression of Na'/K'-ATPase in undifferentiated
mESCs?, the potential procardiogenic effects of ouabain have
not been explored. Binding of ouabain to Na'/K'-ATPase, in
addition to the positive inotropic effect, also activates multiple
MAPK pathways in a cell-type specific manner. Previous
studies have suggested that MAPK activation may play a
crucial role in mesoderm induction, which leads subsequently
to cardiogenesis during embryonic development™ *!. Coordi-
nated activation of the three major MAPKs involved in cardiac
hypertrophy namely ERK1/2, JNK, and p38 MAPK, are
essential to induce cardiac differentiation of P19 embryonic
carcinomal cell line® *!. In the present study, application
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Figure 6. Expression of major MAPK, ERK1/2, p38 and JNK,
involved in hypertrophy pathway of mESCs. (A) Ouabain
increased Erk1/2 and MEK1/2 phosphorylation and rescued the
suppression by U0126; (B) Unchanged phosphorylation of p38
and JNK upon ouabain treatment; at least three independent
experiments were repeated with a similar result for each of the
MAPK examined.
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Figure 7. Mechanistic study on the relative number of ESC-derived
cardiomyocytes calculated as the percentage of troponin-T positive cells
on d 7 as determined by flow cytometry. (A) Dot plots and (B) bar chart of
the troponin-T positive cell counts. Data of independent experiments were
expressed as mean+SEM (n=3, °P<0.05, °P<0.01). Significant difference
was analyzed by unpaired t-test.

of ouabain to undifferentiated mESCs resulted in a modest
increase in the number of troponin-positive cells differentiated
from mESCs. This was associated with increased expression
of early cardiac specific transcription factors (Nkx2.5) and
cardiac specific markers (a-MHC and p-MHC). Consistent
with a previous study”, ERK1/2, JNK and p38 MAPK were
endogenously activated in mESCs during differentiation.
Only ERK1/2 though was significantly activated upon
ouabain treatment. Since specific blocker for ERK1/2 is not
available, U0126, an upstream MEK1/2 blocker, were used to
study the pathway, of which ouabain induced cardiogenesis.
Due to the non-specificity of MEK1/2 blocker, it is possible
that other mechanisms independent of ERK1/2 activation
may be involved in ouabain induced cardiac differentiation
in mECSs. Nonetheless, the specific role of ouabain in Erk1/2
activation was well defined by the inhibitor experiment.
Interestingly, various cytokines or growth factors, including
cardiotrophin-17", VEGFP, and heregulin-p1®, which pro-
mote cardiac differentiation of mESCs, also mediate via the
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activation of ERK1/2 pathway. It has recently been shown
that icariin, the active ingredient of the plant herb Epimedium,
significant enhances cardiac differentiation of mESCs via
activation of p38 MAPK™!. Taken together, this evidence
suggests that adult cardiac hypertrophic signals, particu-
larly the MAPK pathway, may play a role in the cardiac
differentiation in ESCs, and may be exploited to improve the
efficiency of cardiac differentiation.

Another important hurdle for ESC-based cardiac therapies
is the relative immature calcium handling properties of ESC-
derived cardiomyocytes™ !, In adult cardiomyocytes,
calcium enters the cell through L-type calcium channels dur-
ing phase 2 of action potentials. This relative small calcium
influx in turn triggers a large calcium release from the internal
calcium store, SR through ryanodine receptors™. This pro-
cess is known as calcium-induced calcium release (CICR),
the primary mechanism that links electrical excitation and
mechanical contraction in cardiomyocytes. During diastole,
calcium is actively removed from cytosol, mainly through
sarco/endoplasmic reticulum Ca**-ATPase pump (SERCA),
back into the SR and via Na*-Ca®* exchanger (NCX) out of
cell™. mESC-derived cardiomyocytes are known to exhibit
immature calcium dynamics: small cytosolic calcium transient
amplitudes, slow rise and decay kinetics, and reduced calcium
content of SR. This adversely affects excitation-contraction
coupling™
oped SR and partly to the developmental expression profiles of
calcium handling proteins in mESC-derived cardiomyocytes.
In the present study, ouabain treatment favorably altered the
calcium handling properties of mESC-derived cardiomyocytes
including larger calcium transients, a faster rate of rise and
decay of calcium transients, and thus resulted in a stronger
contractile force. In addition, cardiomyoctyes isolated from
ouabain-treated EBs also appeared to have a larger internal
store of calcium as evidenced by larger amplitude of caffeine-
mediated calcium release. These changes could be related
to the corresponding upregulation of key calcium handling
proteins in cardiomyocytes isolated from ouabain-treated
EBs. Specifically, the upregulated ryanodine receptor could
result in the faster rate of calcium release, while the rate of
calcium transient decay corresponds to the higher expression
of SERCA in ouabain-treated cardiomyocytes. The enhanced
intracellular calcium concentration due to Na*/K*-ATP inhi-
bition nonetheless remains another plausible mechanism for
such improvement.

Our results shed new light on the potential use of a hyper-
trophic stimulus on adult cardiomyocytes to enhance cardiac
differentiation and maturation of ESC-CMs in vitro. Ouabain-

and is partly related to the relatively underdevel-

driven cardiac differentiation of mESC-CMs is mediated
by activation of Erk1/2 in the hypertrophy pathway. The
relationship of the pathway with calcium handling in the
cells was not identified. Nonetheless, our findings broaden
knowledge of the differentiation processes of cultured ESCs,
and may also contribute to the future development of step-cell
based therapy for heart disease.
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Upregulation of NF-E2-related factor-2-dependent
glutathione by carnosol provokes a cytoprotective
response and enhances cell survival

Chien-chung CHEN™*, Hui-ling CHEN**, Chia-wen HSIEH?, Yi-ling YANG?, Being-sun WUNG> *

Department of Neurology, Saint Martin De Porres Hospital, Chiayi, Taiwan, China; Department of Biochemical Science and Technol-
ogy, National Chiayi University, Chiayi, Taiwan, China; *Department of Microbiology and Immunology, National Chiayi University, Chiayi,
Taiwan, China

Aim: To explore whether glutathione (GSH) increased through Nrf-2 activation is involved in the cytoprotective effects of carnosol in
HepG2 cells.

Methods: Human hepatoma cell line HepG2 were exposed to rosemarry essential oil or carnosol. Cell viability was measured using an
Alamar blue assay. The production of intracellular GSH was determined using monochlorobimane. The level of protein or mRNA was
examined by Western blotting or RT-PCR, respectively.

Results: Rosemarry essential oil (0.005%-0.02%) and carnosol (5 and 10 mol/L) increased the intracellular GSH levels and GSH syn-
thesis enzyme subunit GCLC/GCLM expression. Rosemary essential oil and carnosol increased nuclear accumulation of Nrf2 and
enhanced Nrf2-antioxidant responsive element (ARE)-reporter activity. Transfection of the treated cells with an Nrf2 siRNA construct
blocks GCLC/GCLM induction. Furthermore, pretreatment of the HepG2 cells with essential oil and carnosol exerted significant cyto-

protective effects against H,0, or alcohol. In TNFa-treated cells, the nuclear translocation and transcriptional activity of NF-kB was
abolished for 12 h following carnosol pretreatment. Cotreatment with GSH also suppressed NF-kB nuclear translocation, whereas
cotreatment with BSO, a GSH synthesis blocker, blocked the inhibitory effects of carnosol.

Conclusion: This study demonstrated that Nrf2 is involved in the cytoprotective effects by carnasol, which were at least partially medi-

ated through increased GSH biosynthesis.

Keywords: carnosol; glutathione; Nrf2; NF-kB; human hepatoma cell line HepG2; cytoprotection
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Introduction

Non-nutritional constituents in many foods may have benefi-
cial health effects such as anti-inflammatory and anti-carcino-
genic properties. Rosmarinus officinalis (rosemary) originates
from southern Europe and is a commonly used herbal flavor-
ing agent!"l. Rosemary extracts exhibit potent antioxidant
activities that reduce lipid peroxidation, the production of
reactive oxygen species (ROS), and inflammation®*. Carno-
sol is a diterpene derived from rosemary where it is found
in considerable quantities; approximately 0.2%-1%, in dried
rosemary!!, and 10.3% in commercially available rosemary
extracts®. Although carnosic acid is the major polyphenolic
compound present in rosemary plants, carnosol, an oxida-
tion product of carnosic acid, has stronger anti-inflammatory
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effects'®. Several studies including ours had been reported
previously that the cytoprotective effects of carnosol have a
number of beneficial properties from a medicinal standpoint,
including antioxidation, anti-inflammation and anti-cancer
effects in various cell types”™. However, details of the mecha-
nisms underlying the hepatitic cytoprotection of carnosol and
its regulation remain to be elucidated.

To protect and survive against a variety of environmental
or intracellular stresses, mammalian cells have developed
robust cellular defensive systems, including mechanisms that
alleviate oxidative stress. Among the factors involved in these
defense responses are components of detoxifying systems,
including phase II drug metabolizing enzymes such as gluta-
thione S-transferase, NAD(P)H: quinone oxidoreductase, and
UDP-glucuronosyltransferase!"”, and anti-oxidant enzymes
such as glutamine-cysteine ligase (GCL)!"" . Previous stud-
ies have shown that these enzymes are coordinately regulated
through transcription factor NF-E2-related factor-2 (Nrf2)
activation in response to electrophiles"”. Carnosol possesses



high electrophilic activity and has been reported to activate
Nrf2-related phase II detoxifying enzyme genes and antioxi-
dant enzymes™ . GCL is one of the most readily induced
anti-oxidant genes and is rate-limiting for glutathione (GSH)
synthesis'"”. GSH is a tripeptide that functions in the detoxifi-
cation of chemical substances and is therefore a major cellular
antioxidative defense molecule. Increased intracellular GSH
may thus provide cytoprotective effects under conditions of
oxidative stress or inflammation. To more fully understand
the mechanisms underlying this effect, in our current study we
examined the cytoprotective characteristics of rosemary essen-
tial oil and carnosol in a human hepatoma cell line, HepG2.
Our findings demonstrate that both substances induce GCL
expression and also an elevation of the intracellular GSH lev-
els. In addition, the increased GSH levels were found to be
associated with the inhibition of TNFa-induced NF-xB nuclear
accumulation.

Materials and methods

Materials

Bacterially derived TNFa was purchased from Calbiochem
(San Diego, CA). The p3xARE/Luc vector was constructed as
described previously"®. Antibodies raised against Nrf2 were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
p65 antibodies was obtained from Stressgen Biotechnologies
(SB, San Diego, CA, USA). ECL reagents were purchased from
Pierce (Rockford, IL, USA). Luciferase assay kits were pur-
chased from Promega (Madison, WI, USA). Peroxidase-con-
jugated anti-rabbit and anti-mouse antibodies were obtained
from Amersham (Arlington Heights, IL, USA) and nitrocel-
lulose was obtained from Schleicher & Schuell (Dassel, Ger-
many). All other reagents, including carnosol and rosemary
essential oil were purchased from Sigma (St Louis, MO, USA).

Cell culture

HepG2 cells (ATCC HB-8065) were grown in high glucose
Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen)
supplemented with 10% fetal bovine serum (FBS, Invitrogen),
100 U/mL penicillin and 100 pg/mL streptomycin. The cells
were seeded at a density of 1.5 million cells per mL in T-25
culture flasks with 5 mL of complete medium and cultured at
37 °C with 5% carbon dioxide. The culture medium was then
replaced with serum free DMEM and the cells were incubated
for 12 h prior to experimental treatment.

GSH Assay

GSH levels were determined as described previously!”.
Briefly, cells were cultured at 37 °C in the presence or absence
of the treatment reagents indicated in the corresponding fig-
ures, washed with PBS and incubated with monochlorobimane
(MCB, 40 pmol/L) in the dark for 20 min at room temperature.
After two further washes with PBS, the cells were solubilized
with 1% SDS and 5 mmol/L Tris HCI (pH 7.4). Fluorescence
was measured by spectrofluorophotometry (Shimadzu, Rf-
5301PC), with excitation and emission wavelengths of 405 and
510 nm, respectively and samples were assayed in triplicate.
The assay for detecting in vitro GSH levels was performed
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identically but without cell lysates. The levels of intracellular
GSH were quantified using a GSH solution as a standard.

Cell viability assay

Cell viability was performed using an Alamar blue assay kit
(Serotec, Oxford, UK) in accordance with the manufacturer’s
instructions. This assay is based on the detection of metabolic
activity in living cells using a redox indicator that changes
from an oxidized (blue) to a reduced (red) form. The intensity
of the red color is proportional to the viability of the cells, and
is calculated by the difference in the absorbance values at 570
and at 600 nm and expressed as a percentage of the control.

RNA isolation and RT-PCR

Total cellular RNA was extracted using the phenol-guani-
dinium isothiocyanate method™. Equal amounts (5 pg)
of RNA from the different treatments were then reverse-
transcribed for 50 min at 42°C using 50 units of Superscript
II (Invitrogen, Carlsbad, CA). Amplifications of the cDNA
were performed in 25 pL of PCR buffer (10 mmol/L Tris-
HClI, 50 mmol/L KCI, 5 mmol/L MgCl,, and 0.1% Triton
X-100, pH 9.0) containing 0.6 units of Tag DNA polymerase
(Promega, Madison, WI) and 30 pmol of the specific prim-
ers GCLM forward, 5'-CAGCGAGGAGCTTCATGATTG-3’;
reverse, 5’-TGATCACAGAATCCAGCTGTGC-3"; GCLC for-
ward, 5-GTTCTTGAAACTCTGCAAGAGAAG-3’; reverse,
5-ATGGAGATGGTGTATTCTTGTCC-3'""! and GAPDH
forward 5'-TATCGTGGAAGGACTCATGACC-3’; reverse
5-TACATGGCAACTGTGAGGGG-3'. Reaction products
were separated electrophoretically in a 2.5% agarose gel and
stained with ethidium bromide.

Quantitative PCR

For transcript quantification purposes, real-time PCR was
performed. Then 1 pL of the reverse-transcriptase product
was used in a 25 pL volume reaction containing 200 umol/L
of each ANTP, 5 pmol of each primer, 1XxPCR buffer II, 1.5
mmol/L MgCl,, 0.2xSYBR Green I (Molecular Probes), and
1.25 U of Amplitaq Gold (Applied Biosystems). Amplifica-
tion was performed using ABI 7500 Real-Time PCR System
(Applied Biosystems) programmed as 94 °C for 12 min fol-
lowed by 40 cycles of (94 °C for 30 s, 57 °C for 20 s, 72 °C for
50 s). Variability in the initial quantities of cDNA was normal-
ized to the internal control, GAPDH. A negative control was
included in each set of experiments. Melting curve analysis
was performed to enhance specificity of the amplification reac-
tion, and the 7500 software was used to compare the amplifica-
tion in the experimental samples during the log-linear phase.

Plasmids, transfections and luciferase assays

A NF-xB/Luc fragment containing tandem repeats of double-
stranded oligonucleotides spanning the NF-xB binding
site of ICAM-1: 5-TGGAAATTCC-3"", sense: 5'-CCCG-
GGTGGAAATTCCTGGAAATTCCTGGAAATTCCG-
GAGTCTAGA-3, anti-sense: 5-TCTAGACTCCGGAATTTC-
CAGGAATTTCCAGGAATTTCCACCCGGG-3" was intro-
duced into the pGL3 promoter plasmid (Promega, Madison,
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WI, USA). The HepG2 cells were then grown to 60%-80%
confluence and transfected with a total of 1 pg of NF-xB/Luc
or Nrf2/Luc!" using lipofectamine reagent (Invitrogen, Carls-
bad, CA, USA) in accordance with the manufacturer’s instruc-
tions. For luciferase assays, the cell lysate was first mixed
with luciferase substrate solution (Promega), and the resulting
luciferase activity was measured in a luminometer. For each
experiment, luciferase activity was determined in triplicate
and normalized with respect to 3-galactosidase activity levels.

Transient transfection with siRNA targeting Nrf2

An siRNA targeting human Nrf2 5-UCCCGUUUGUAGAU-
GACAA-3""" and a control siRNA 5-GCAAGCUGACCCU-
GAAGUUCAU-3 (non-sense) were purchased from Ambion
(Austin, TX, USA). HepG2 cells were seeded onto 60-mm
dishes, incubated for 24 h, and then transiently transfected
with 100 nmol/L siRNA per dish at 90% confluence with Lipo-
fectamine 2000. After 24 h of recovery in 10% serum medium,
the cells were cultured in serum-free medium without serum
for another 12 h prior to treatment.

Preparation of cytosolic and nuclear lysates

To separate the cytosolic and nuclear fractions from HepG2
cells, the cells were collected by scraping in cold PBS. The
cell pellet was then lysed in 10 mmol/L HEPES, 1.5 mmol/L
MgCl,, 10 mmol/L KCI, 0.5 mmol/L DTT, 0.5 mmol/L
PMSF and 0.3% nonidet P-40. After 5 min of centrifugation
(3000 rounds per minute at 4 °C) the supernatant was collected
and designated as the cytosolic fraction. Nuclear proteins
were then extracted from this preparation using a buffer con-
taining 25% glycerol, 20 mmol/L HEPES, 0.6 mol/L KCI, 1.5
mmol/L MgCl, and 0.2 mmol/L EDTA. Protein concentra-
tions were determined using a protein assay DC system (Bio-
Rad, Richmond, CA, USA).

Western blotting

Whole lysates of HepG2 were prepared as previously
described™. A total of 1x10° cells were lysed on ice in lysis
buffer (1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS and a

protease inhibitor mixture) and whole-cell extracts were boiled
for 5 min prior to separation on 10% SDS-PAGE, in which the
protein samples were evenly loaded. The proteins were then
transferred to a nitrocellulose filter in Tris-glycine buffer at
100 V for 1.5 h. The membranes were then blocked with PBS
containing 5% nonfat milk and incubated with antibodies for
two hours at 4 °C, with gentle shaking. The results were visu-
alized by chemiluminescence using ECL (Pierce, Rockford, IL,
USA), according to the manufacturer's instructions.

Statistical analysis

Overall treatment effects were examined by ANOVA. Post
hoc analysis was also performed to detect differences between
specific groups using the Dunnett’s test (SPSS 12.0 software
package, Chicago, IL, USA). A confidence limit of P<0.05 was
considered to be significant.

Results

Carnosol and essential oil of rosemary increase the intracellular
GSH levels at non-cytotoxic concentrations

GSH is a well-studied tri-peptide and has numerous roles in
protecting cells from oxidants and maintaining the cellular
thiol redox status. We therefore tested the GSH levels in our
current study in HepG2 cells exposed to essential oil or carno-
sol over a specific treatment period. As shown in Figure 1A
and 2A, the GSH levels increased after 6 h of essential oil and
carnosol treatment and persisted for over 12 h. Carnosol at 5
pmol/ L increased GSH to near 160% of the starting levels after
12 h of treatment (Figure 2A). On the other hand, we sub-
sequently detected a dose dependent increase in GSH levels
following essential oil treatments for 12 h (Figure 1B and 2B).
Significantly, an examination of the cytotoxic effects of these
substances upon HepG2 cells using an Alamar blue assay
indicated no adverse effects on cell viability upon exposure to
0.01% essential oil or 10 pmol/L carnosol (Figure 1C and 2C).
Furthermore, there is no any detectable ROS production under
5 and 10 umol/L carnosol treatment by using peroxide sensi-
tive fluorescent probe 5-(and-6)-carboxy-2,7,dichlorodihydro
fluorescein diacetate fluorescence assay (data not shown).
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Figure 1. The GSH levels are increased in HepG2 cells treated with rosemary essential oil. (A) The intracellular GSH levels of HepG2 cells incubated
with 0.01% rosemary essential oil for 1, 6 and 12 h. Data values are expressed as a percentage of the untreated control, which was set at 100%.
Results are the mean+SEM (n=3). "P<0.05 vs untreated cells. (B) The intracellular GSH levels of HepG2 cells incubated with the indicated doses of
rosemary essential oil for 12 h. (C) Cell viability of HepG2 cells incubated with 0.005% and 0.01% rosemary essential oil for 24 h. Data are expressed
as the mean+SEM of three independent experiments. No significant differences were found by ANOVA.
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Figure 2. Increased GSH levels in HepG2 cells treated with carnosol. (A)
The intracellular GSH levels of HepG2 cells incubated with 5 pmol/L
carnosol for 1, 3, 6, and 12 h. Data values are expressed as a percentage
of the untreated control, which was set at 100%. Results are presented
as the mean+SEM (n=3). °P<0.05 vs untreated cells. (B) The intracellular
GSH levels of HepG2 cells incubated with the indicated doses of carnosol
for 12 h. (C) Cells were incubated with the indicated doses of carnosol
for 24 h and cell viability was measured. Data are expressed as the
mean+SEM of three independent experiments. No significant differences
were found by ANOVA.

Upregulation of both GSH and GSH synthesis enzyme levels in
HepG2 cells by carnosol and essential oil of rosemary

The rate-limiting enzyme in the de novo synthesis of
GSH is glutamate-cysteine ligase (GCL), also known as
y-glutamylcysteine synthetase. GCL consists of a catalytic
heavy subunit (GCLC) and a modulatory light subunit
(GCLM). We assayed both GCLC and GCLM expression in
essential oil and carnosol-treated HepG2 cells. Treatment
with 0.01% essential oil increased both the GCLC and GCLM
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expression levels over the course of the incubation time (Fig-
ure 3A). As shown in Figure 3B, an increase in both the GCLC
and GCLM mRNA levels was detected following essential oil
treatments at 0.01% and 0.02% for 12 h. In a similar experi-
ment, carnosol exposure increased both the GCLC and GCLM
gene expression levels after three hours treatment (Figure 3C).
In addition, carnosol at 5 pmol/L and 10 umol/L concentra-
tions was found to increase GCLC and GCLM gene expression
over 12 h treatments (Figure 3D). To further determine the
effect of 0.01% essential oil and carnosol, cells were incubated
for different times. Quantitative PCR reactions were per-
formed to amplify GCLC and GCLM, the production of GCLC
and GCLM were increased significantly by 0.01% essential
oil or carnosol as early as 3 h and reached a maximum by 6 h
(Figure 3E and 3F).

Effects of carnosol upon Nrf2 activation

In our present study, we have found that 0.01% rosemary
essential oil and carnosol (5 pmol/L) increase the level of Nrf2
in the nucleus of HepG2 cells. We thus evaluated the speci-
ficity of carnosol for Nrf2 binding site, antioxidant response
element (ARE) sequences, in our current study by transfecting
HepG2 cells with luciferase reporter constructs harboring this
element. Cells treated with 0.01% essential oil, and 5 umol/L
or 10 pmol/L carnosol, indeed displayed increased ARE-
luciferase activity (Figure 4B). To further assess the mediating
role of Nrf2 in the inhibitory effects of carnosol, a more tar-
geted inhibition of Nrf2 using siRNA was undertaken. Cells
were transfected with Nrf2 siRNA to reduce the Nrf2 protein
level (Figure 4C) and this abolished the induction of both
GCLC and GCLM expression following 12 h of carnosol pre-
treatment (Figure 4D). These findings suggested that carnosol
promotes GCLC and GCLM expression via the activation of
the Nrf2 pathway.

The protective effects of carnosol and rosemary essential oil
against oxidative stress and ethanol

We investigated the effects of rosemary essential oil and car-
nosol on H,O,-induced cytotoxicity and as shown in Figure
5A, it was found that HepG2 cells treated with 3 mmol/L
H,0, showed significantly reduced cell viability. In contrast,
this cytotoxicity was significantly reduced in cells pretreated
with 0.01% essential oil or 5 pmol/L carnosol.

It is well-known that excess alcohol in the liver induces
hepatotoxicity. To evaluate whether essential oil and carnosol
had protective effects in this regard, we examined their effects
upon cell viability in the presence of excess alcohol. The addi-
tion of 50 mmol/L ethanol to the culture medium tended to
reduce cell viability (Figure 5B). In the presence of essential oil
or carnosol however, no loss of cell viability was evident upon
exposure to excess alcohol (Figure 5B). These results suggest
that the protection against damage from oxidative stress or
excess alcohol is dependent on an increased GSH level.

Carnosol inhibits TNFa-induced NF-kB activation via upregulated
GSH
To evaluate its effects on NF-xB activation in HepG2 cells,
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Figure 3. Upregulation of GSH synthesis enzyme levels in HepG2 cells by rosemary essential oil of and carnosol. The mRNA levels of GCLM and GCLC
genes were assayed by RT-PCR in HepG2 cells. (A and C) Cells were treated with 0.01% rosemary essential oil or 5 ymol/L carnosol for the indicated
time. (B and D) Cells were treated with the indicated doses of rosemary essential oil or carnosol for 12 h. (E and F) Cells were treated with 0.01%
rosemary essential oil or 5 ymol/L carnosol for the indicated time. GCLM and GCLC were assayed by quantitative PCR. All samples were run in
triplicate, the relative expression values were normalized to the expression value of GAPDH.

cells were treated with GSH for 30 min before TNFa stimu-
lation. As shown in Figure 6A, GSH indeed inhibits TNFa-
induced NF-xB nuclear accumulation. We next investigated
the possible role of GSH in mediating the inhibitory effects of
carnosol in HepG2 cells. Pretreatment of cells with buthionine
sulfoximine (BSO), a specific inhibitor of y-glutamyl cysteine
synthetase at concentrations of 100 pmol/L abolished the sup-
pressive effects of carnosol upon NF-«B activation (Figure
6B). Furthermore, we tested whether carnosol inhibits TNFa-
induced P65 activation at the transcriptional level. Following
pretreatment for 12 h and a luciferase assay (Figure 6C), we
found that TNFa-induced NF-kB activation was indeed inhib-
ited. The results of these experiments indicate that the inhibi-
tory effects of carnosol are the result of increased cellular GSH
levels.

Discussion

GSH is a well-studied tri-peptide and has numerous roles in
protecting cells from oxidants and maintaining the cellular
thiol redox status™ . It was found in our previous study that
cinnamaldehyde increases the cellular GSH levels in HepG2
cells after 9 h of exposure®™.. Carnosol is an electrophilic phy-

Acta Pharmacologica Sinica

tochemical present in the rosemary herb and our present study
provides new evidence that both rosemary essential oil and
carnasol enhance the GSH levels in HepG2 cells by upregulat-
ing the expression of GCLC and GCLM at non-cytotoxic con-
centrations. Our present experiments also show that the trans-
location of Nrf2 into the nucleus following treatment with
rosemary essential oil and carnosol is associated with increases
in its ARE transcriptional activity. We further demonstrate
that Nrf-2 siRNA abolishes the induction of GCLC and GCLM
by carnosol. Hence, the presence of activated Nrf-2 is required
for the protective effects of carnosol. These protective effects
of both rosemary essential oil and carnosol were manifested
by the maintenance of cell viability under conditions of oxida-
tive stress and following ethanol treatment. In addition, the
inhibitory effects of carnosol upon TNFa-induced NF-«B acti-
vation are mediated through an increase in the intracellular
GSH level.

Oxidative stress occurs when the redox equilibrium, which
is the ability of cells to protect against damage caused by
production of free radicals, is disrupted. Oxidative stress has
been implicated as a major cause of cellular injuries in a vari-
ety of human diseases. Previous studies have found that poly-
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Figure 4. Effects of carnosol upon Nrf2 activation. (A) Nuclear extracts
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essential oil and 5 pmol/L carnosol for the indicated time periods.
Immunoblots of nuclear lysates were then probed with Nrf2 specific
antibodies. The nuclear lamin band intensities indicate equal loading of
each well. (B) Cells were transfected with the ARE-luciferase construct
(ARE) and then stimulated with 0.01% rosemary essential oil, 5 or 10
pmol/L carnosol. The cells were then lysed and analyzed for luciferase
activity. Induction is indicated by an increase in the normalized luciferase
activity in the treated HepG2 cells, relative to the control. Results are
the means+SEM from at least three separate experiments. °P<0.05 vs
untreated HepG2 cells. (C) HepG2 cells were transfected with control
or Nrf2 siRNA for 36 h and the intracellular protein levels of Nrf2 were
determined by Western blotting. (D) HepG2 cells were transfected with
control or Nrf2 siRNA for 36 h and then exposed to 5 pmol/L carnosol for
12 h. The mRNA levels of GCLM and GCLC genes were the determined by
RT-PCR.

phenolic compounds have intrinsic antioxidant characteristics
and protect cells against oxidative cell damage via a Michael
acceptor function. These compounds include curcumin, phe-
nylethyl isothiocyanate, epigallocatechin gallate, and other
green tea polyphenols”. Recently, much attention has focused
on the upregulation of phase II detoxifying and antioxidant
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Figure 5. The protective effects of rosemary essential oil and carnosol
against oxidative stress and alcohol. Cells were initially preincubated for
12 h in the presence of the indicated doses of rosemary essential oil or
carnosol. The medium was then removed and the cells were exposed to 3
mmol/L H,0, for 12 h. Cell viability was measured spectrophotometrically
using an Alamar blue assay. Data are expressed as the mean+SEM of
at least three independent experiments. °P<0.05 vs control; °P<0.05 vs
H,0, alone. (B) Cells were initially preincubated for 12 h in the presence
of the indicated doses of essential oil or carnosol. The medium was then
removed and the cells were exposed to 50 mmol/L ethanol for 12 h.
Data are expressed as the mean+SEM of at least three independent
experiments. °P<0.05 vs control; °P<0.05 vs ethanol alone.

enzymes via the activation of the Nrf2 transcription factor!" .

Carnosol, a diterpene derived from the rosemary herb, is a
representative member of a family of plant-derived phenols!"”.
Our present experiments show that carnosol induces Nrf2-
mediated GCLC and GCLM expression, which in turn controls
GSH synthesism]. Furthermore, our present data demonstrate
that carnosol induces Nrf2 translocation and activates ARE-
luciferase promoter activity, indicating that it directly induces
Nrf2 via its ARE.

Recent studies have demonstrated that phytochemicals
including resveratrol®, sulforaphane™), and epigallocatechin
3-O-gallate™, induce a GSH increase in HepG2 cells and thus
play an important role in cytoprotection. Tumor necrosis
factor-a (TNFa) is an inflammatory cytokine that causes liver
cell injury by generating oxidative stress™. Since glutathione
(GSH) is a key cellular antioxidant that detoxifies reactive
oxygen species, we next examined the effects of carnosol-
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Figure 6. Carnosol inhibits TNFa-induced NF-kB activation via increased
GSH. (A) Cells were pretreated with 20 mmol/L GSH for 30 min and then
stimulated with 100 U/mL TNFa. Nuclear (N) and cytosolic (C) extracts
were then prepared and subjected to Western blot analysis with p65
antibodies. The nuclear lamin band intensities indicate equal loading
of each well. (B) Cells were pretreated with 5 or 10 pmol/L carnosol for
12 h and then stimulated with 100 U/mL TNFa. Nuclear (N) and cytosolic
(C) extracts were again prepared and subjected to Western blot analysis
with p65 antibodies. (C) HepG2 cells were co-transfected with the NF-
KB luciferase reporter construct and B-galactosidase for 16 h. Cells were
then exposed to 5 ymol/L carnosol for 12 h and to 100 U/mL TNFa« for a
further 6 h. Luciferase activity was normalized against B-galactosidase
activity; the untreated value was taken as 1. "P<0.05 vs untreated HepG2
cells; °P<0.05 vs TNFa alone (mean+SEM).

increased GSH in TNFa-treated cells. TNFa stimulation has
been shown to activate NF-xB signaling pathways®™. We
found in our current analyses that carnosol increases the GSH
levels after six hours of treatment, and that BSO abolishes p65
translocation after a 12-h incubation with carnosol. In addi-
tion, treatment with GSH alone also inhibits p65 translocation.
Thus, an increased GSH level is essential for carnosol-induced
anti-inflammatory effects. Previous studies have demon-
strated that changes in the thiol redox state of the cell might
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Figure 7. Proposed model of the protective effects of carnosol via Nrf2
activation.

affect the posttranslational modification of p65, including the
phosphorylation of critical residues shown to contribute to the
nuclear import of this molecule®™ *. Moreover, a recent study
has revealed that a number of redox-sensitive transcription
factors are modified by GSH and thereby inhibit their func-
tion®. The p65 modification by GSH is thus implicated as an
inhibitory mechanism by which carnosol regulates NF-xB acti-
vation through the increase in GSH levels.

Our present data thus reveal that carnosol induces cyto-
protective mechanisms that may contribute to its putative
beneficial effects in suppressing the liver cell response to oxi-
dative stress, alcohol or cytokines during inflammation. Our
present results thus expand our understanding of the role of
phytochemicals in cytoprotection and potentially assist in the
identification of new therapeutic strategies for diseases caused
by oxidative damage and other environmental stresses.
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Amelioration of glomerulosclerosis with all-trans
retinoic acid is linked to decreased plasminogen
activator inhibitor-1 and a-smooth muscle actin
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Aim: To examine the effects of all-trans retinoic acid (atRA) on renal morphology and function as well as on renal plasminogen activator
inhibitor-1 (PAI-1) expression and plasmin activity in rats with 5/6 nephrectomy.

Methods: Adult male Sprague Dawley rats were given 5/6 nephrectomy or sham operation. Renal function was measured 2 weeks
later. The nephrectomized rats were assigned to groups matched for proteinuria and treated with vehicle or atRA (5 or 10 mg/kg by
gastric gavage once daily) for the next 12 weeks. Rats with sham operation were treated with vehicle. At the end of the treatments,
kidneys were collected for histological examination, Western blot analysis, and enzymatic activity measurements.

Results: The 5/6 nephrectomy promoted hypertension, renal dysfunction, and glomerulosclerosis. These changes were significantly
reduced in the atRA-treated group. The expressions of PAI-1 and a-smooth muscle actin (a-SMA) were significantly increased in the
vehicle-treated nephrectomized rats. Treatment with atRA significantly reduced the expressions of PAI-1 and a-SMA. However, plasmin

activity remained unchanged following atRA treatment.

Conclusion: Treatment with atRA ameliorates glomerulosclerosis and improves renal function in rats with 5/6 nephrectomy. This is
associated with a decrease in PAI-1 and a-SMA, but not with a change in plasmin activity.

Keywords: nephrectomy; plasminogen activator inhibitor 1; plasmin; retinoids; a-smooth muscle actin
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Introduction

Glomerulosclerosis is a common phenomenon associated with
renal failure that occurs regardless of the primary cause of
damage!”!. It is characterized by the excessive accumulation of
extracellular matrix (ECM) in the glomeruli. When ECM syn-
thesis exceeds its degradation, ECM accumulation occurs™.
In various types of glomerular injuries, mesangial cells are
activated into ECM-producing myofibroblasts that undergo
proliferation. These cells are phenotypically defined by their
expression of a-smooth muscle actin (a-SMA)P*!. Recently,
plasminogen activator inhibitor-1 (PAI-1) has been widely rec-
ognized as a key contributor in fibrosis. Under physiological
conditions, PAI-1 expression is low in the kidney but is upreg-
ulated in response to renal injury”. Transgenic mice overex-
pressing PAI-1 develop severe fibrosis in several experimental
fibrosis models®”. In contrast, PAI-1 deficiency or inhibition
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results in decreased fibrosis®® **°. These studies demonstrate

a role for PAI-1 in fibrogenesis. PAI-1 is a major physiologi-
cal inhibitor of tissue-type plasminogen activator (t-PA) and
urokinase-type plasminogen activator (u-PA), both of which
convert plasminogen to plasmin. Plasmin can activate latent
matrix metalloproteinases (MMPs). Plasmin and MMPs play
key roles in the regulation of ECM degradation”". PAI-1’s
profibrotic effect is presumed to be exerted by inhibiting plas-
min generation. This explanation, however, has been disputed
in some reports!™ %141,

The retinoids are derivatives of vitamin A (retinol) and
include all-trans retinoic acid (atRA), 9-cis RA, and 13-cis RA.
RAs exert strong anti-proliferative and anti-inflammatory
effects. They act via the retinoic acid receptor (RAR) and retin-
oid X receptor (RXR), which serve as transcription factors to
regulate target gene expression. Retinoids have been reported
to be renoprotective in some models of renal fibrosis® . We
have previously shown that exogenous atRA decreases car-
diac fibrosis in spontaneously hypertensive rats (SHR)*! and
inhibits the increases in PAI-1 and the ECM protein fibronec-
tin, which are induced by the key fibrogenic cytokines trans-



forming growth factor-p1 (TGF-$1) and angiotensin II (Ang II)

% However, the mechanisms

in cultured rat mesangial cells
mediating the antifibrotic actions of retinoids remain to be
further clarified. In the current study, we examined the effects
of chronic atRA treatment on renal function and morphology
in a rat model of 5/6 nephrectomy. The renal expressions of
PAI-1 and a-SMA were examined. The activities of plasmin

and MMP-2 were also measured.

Materials and methods

Experimental design and animals

Adult male Sprague Dawley rats that weighed 250-330 g and
were obtained from the Department of Experimental Animals,
Chinese Academy of Sciences (Shanghai, China) were used
in this study. The rats were housed in plastic cages in a room
with a controlled humidity of 40% and a temperature of 22 °C.
Their exposure to light was controlled on a 12:12-h light-
dark cycle. These rats had free access to water and a regular
standard diet (0.6% salt). All experiments were performed
in accordance with the national animal protection law. After
the measurement of baseline blood pressure and renal func-
tion, all rats underwent 5/6 nephrectomy (5/6Nx) or sham
operation. 5/6Nx was performed after ventral laparotomy
under anesthesia with chloral hydrate (300 mg/kg, ip), by
removal of the right kidney and ligation of 2 branches of the
left renal artery, producing a total of 5/6 renal ablation. Rats
that received sham operation underwent anesthesia, ventral
laparotomy, and manipulation of the renal pedicles without
removal of renal mass. Renal function was measured 2 weeks
later, and nephrectomized rats were divided into three groups
matched for proteinuria: 5/6Nx+vehicle (5/6Nx treated with
soybean oil as placebo, 1 mL/kg, n=12), 5/6Nx+atRA1 (5/6Nx
treated with 5 mg atRA /kg suspended in soybean oil at a con-
centration of 5 g/L, n=10), and 5/6Nx+atRA2 (5/6Nx treated
with 10 mg atRA /kg suspended in soybean oil at a concen-
tration of 10 g/L, n=12). Sham+vehicle (sham-operated rats
treated with soybean oil, 1 mL/kg, n=7) served as a normal
control. The dosages of atRA were chosen according to previ-
ous experiments from our laboratory that demonstrated an
effective reduction of cardiac fibrosis in SHR with little toxic
effects™). Fresh suspensions of atRA were prepared under
reduced lighting conditions each day to limit its spontaneous
isomerization to 9-cis RA and 13-cis RA. Oral treatment was
performed by gavage once a day for the next 12 weeks. The
rats were weighed once a week to adjust the amount of orally
administered atRA.

Blood pressure recordings

Prior to operation, blood pressure (BP) was measured by
the tail-cuff method in rats. At the end of the study period,
the rats were anesthetized with chloral hydrate. A polypro-
pylene tube (Portex, London, UK) was inserted into the left
carotid artery and exteriorized behind the neck. The catheters
were filled with a heparinized (10 U/mL) saline solution and
plugged with a stainless steel pin. After catheterization, the
rats were housed individually and had free access to water
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and rat chow. On the following day, the arterial catheters
were attached to a pressure transducer. BP was measured 2-3
h after gavage. After an equilibrium period of 30 min, systolic
BP (SBP), diastolic BP (DBP), mean arterial pressure (MAP),
and heart rate (HR) were recorded in the conscious, freely
moving animals for 30 min. After the hemodynamic param-
eters were recorded, terminal blood samples were collected for
blood chemical analysis.

Assessment of renal function

Renal function was determined every 2 weeks. Rats were
housed individually in metabolic cages to collect urine over 24
h. During this time, they were supplied with food and water
ad libitum. Urine was stored at -20 °C until measurement.
Tail vein blood samples were collected. Urine albumin and
urine and serum creatinine concentrations were measured on
an autoanalyzer, and the creatinine clearance was calculated
accordingly.

Tissue preparation

After hemodynamic measurements at the end of the study
period, rats were anesthetized and kidneys were removed
immediately. After being washed in cold 0.9% saline, each
kidney was blotted dry and cut into two parts. One part was
fixed in 10% neutral buffered formalin, and the other part
of the renal cortex was rapidly frozen in liquid nitrogen and
stored at -80 °C until required for Western blotting and enzy-
matic activity analysis.

Light microscopy studies

Fixed kidney tissues were embedded in paraffin and cut into
4 pm-thick sections. Sections were stained with periodic acid-
Schiff (PAS) reagent and counterstained with hematoxylin.
PAS staining is used as a marker for the glomerular basement
membrane. Sections were examined by two investigators
without previous knowledge of the experimental group of the
animal from which the tissue was taken. The semiquantitative
glomerulosclerosis index was used to evaluate the degree of
glomerular deposition of PAS-positive ECM according to the
method of Raij L et al™. The severity of the lesions for each
kidney was examined in the 100 glomeruli selected at random,
graded from 0-4 points according to the percentage of mor-
phological changes in each glomerulus (0=0%, 1+=1%—-25%,
2+=26%-50%, 3+=51%—-75%, 4+=76%-100%). The number
of glomeruli with lesions of grades 0, 1+, 2+, 3+, and 4+ was
Ny, Ny, Ny, N3, and ny, respectively. The glomerular sclerosis
index was obtained from the following formula: (0xn,+1%
n;+2xn,+3xn,+4xn,)/100.

Western blot analysis

Renal cortical tissue samples were homogenized in lysis buffer
containing 20 mmol/L Tris (pH 7.5), 150 mmol/L NaCl, 1%
Triton X-100, and a 1:50 dilution of a protease inhibitor cocktail
(Roche Applied Science, Penzberg, Germany) on ice followed
by centrifugation (12 000x g, 10 min, 4 °C). The supernatant
was collected and the protein concentration was measured.
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Thirty pg of total protein from samples were loaded and sepa-
rated under reducing conditions with 10% SDS-PAGE and
transferred onto PVDF membranes. Membranes were blocked
in 5% milk in Tris-buffered saline with 0.1% Tween 20 (TBST)
and incubated with the primary antibody against PAI-1 (BD
Biosciences/Pharmingen, San Diego, CA, USA), a-SMA
(Sigma-Aldrich, Saint Louis, MO, USA) or p-actin (Santa Cruz
Biotechnology, CA, USA) followed by incubation with the
corresponding peroxidase-conjugated secondary antibody.
Peroxidase activity was detected using an enhanced chemilu-
minescence detection system.

Assay of plasmin activity

The plasmin activity in total renal cortical tissue homogenates
was measured using the plasmin-specific chromogenic sub-
strate Chromozym PL (Roche Diagnostics, Indianapolis, IN,
USA), as described by Krag S et al"!. This substance is specifi-
cally cleaved by plasmin into a residual peptide and 4-nitrani-
line, which can be detected spectrophotometrically at 405 nm.
A standard linear curve was generated with serial dilutions of
human plasmin (Roche Applied Science, Penzberg, Germany).
Plasmin activity was determined from the standard curve.
Results were expressed as pU/mg total protein.

Assay of MMP-2 activity

The renal cortex was homogenized, quantitated, and analyzed
for MMP-2 activity by a commercial assay kit (Amersham Bio-
sciences, Buckinghamshire, UK). As described in the protocol
supplied, any active MMP-2 present in the sample is captured
by the anti-MMP-2 antibody, and bound MMP-2 is detected
using a specific chromogenic peptide substrate. Standard
MMP-2 (0-16 ng/mL) and experimental samples were placed
in 96-well plates for the detection of endogenous and active
MMP-2. Plates were read at 405 nm at time zero and after 6 h.
Active MMP-2 activity was determined from the standard
curve. Results were expressed as pg/mg total protein.

Blood chemical analysis

To test for potential side effects of atRA, such as liver and
kidney damage, serum parameters were measured using an
autoanalyzer methodology.

Table 1. Effects of atRA on hemodynamic parameters.

Statistical analysis

Data were expressed as the mean+SEM. Statistical analysis
was performed using SigmaStat 2.0 software. The differences
in mean values between groups were analyzed with a one-
way ANOVA followed by a Student-Newman-Keuls test or by
a Kruskal-Wallis nonparametric ANOVA followed by a Dunn
multiple comparison test, as appropriate. Correlation coef-
ficient was tested for statistical significance using the Spear-
man’s rank test and Pearson’s rank coefficients. A P value of
<0.05 was considered statistically significant.

Results

Effects of atRA treatment on blood pressure and renal function
Before the operation, BP measured by the tail-cuff method was
similar in all of the groups used in the current study (Table
1). At week 14 after the operation, the systolic, diastolic, and
mean BPs directly detected in cannulated, conscious rats were
markedly elevated in the 5/6Nx+vehicle group compared
with Sham+vehicle rats (P<0.05). Treatment with either dose
of atRA decreased systolic BP in 5/6 nephrectomized rats
(P<0.05 vs 5/6Nx+vehicle). At the end of the experiment, the
average heart rates were similar for each group. Twenty four-
hour urinary protein excretion was progressively increased in
the 5/6Nx+vehicle group (P<0.05 vs Sham+vehicle) (Figure
1A). Proteinuria was markedly decreased as early as week 2
after atRA administration, and this antiproteinuric effect of
atRA was so effective that urinary albumin was almost nor-
malized to control levels (P<0.05 vs 5/6Nx+vehicle). In the
5/6Nx+vehicle group, the serum creatinine concentration
remained elevated throughout the entire experimental period
(P<0.05 vs Sham+vehicle) (Figure 1B). Treatment with either
dose of atRA decreased the elevated serum creatinine levels
in 5/6 nephrectomized rats (P<0.05 vs 5/6Nx+vehicle). Fol-
lowing 5/6NXx, rats developed renal failure with a marked
decrease in glomerular filtration rate, as estimated by crea-
tinine clearance (P<0.05 vs Sham+vehicle) (Figure 1C). The
creatinine clearance in 5/6 nephrectomized rats was slightly
increased by atRA. However, this increase only reached statis-
tical significance at the time point of week 6 after atRA admin-
istration.

Initial Final (14 week)
Group
Tail-cuff pressure (mmHg) SBP (mmHg) DBP (mmHg) MAP (mmHg) HR (beats/min)
Sham+vehicle (n=7) 12545 144+3 101+4 120+4 34816
5/6Nx+vehicle (n=8) 121+4 189+4° 132+7° 160+5° 339+18
5/6Nx+atRA1 (n=9) 12443 1667 113+7 1387 363+13
5/6Nx+atRA2 (n=10) 125+3 167+8 1168 144+8° 340+10

Values are mean+SEM. n, number of rats. SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; HR, heart rate.

°P<0.05 vs Sham+vehicle; °P<0.05 vs 5/6Nx+vehicle.
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Figure 1. Effects of atRA on urinary albumin excretion (A), serum creatinine level (B), and creatinine clearance (C). The 5/6 nephrectomy provoked
the increases in proteinuria and serum creatinine as well as the reduction in the glomerular filtration rate, as estimated by creatinine clearance.
Treatment with atRA (5 or 10 mg/kg) at week 2 after the 5/6 nephrectomy for 12 weeks reduced the increases in proteinuria and serum creatinine.
This treatment had no effect on the fall in creatinine clearance except at week 6 after atRA treatment. Values are mean+SEM. n=7-10 rats/group.
®P<0.05 vs Sham+vehicle, °P<0.05 vs 5/6Nx+vehicle.

Effect of atRA treatment on glomerulosclerosis

Figure 2A shows representative PAS stains of glomeruli from
sham-operated (Figure 2Aa) and 5/6 nephrectomized rats that
were treated with vehicle alone (Figure 2Ab), or with low-
(Figure 2Ac) or high-dose atRA (Figure 2Ad). The glomerular
sclerosis index was markedly higher in the 5/6Nx+vehicle
group compared to the Sham+vehicle group (P<0.05) (Figure
2B). Treatment with the two doses of atRA lowered the glom-
erulosclerosis index in 5/6 nephrectomized rats (P<0.05 vs
5/6Nx+vehicle).

Effect of atRA treatment on protein expressions of PAI-1 and
a-SMA

Figure 3A shows the protein expression levels of PAI-1 and
a-SMA in renal cortex extract from Western blot analyses.
PAI-1 expression was increased approximately 16-fold in the
5/6Nx+vehicle group compared with the Sham+vehicle group
(P<0.05) (Figure 3B). PAI-1 expression induced by 5/6Nx was
markedly downregulated by atRA treatment in a concentra-

B

tion-dependent fashion (P<0.05 vs 5/6Nx+vehicle). a-SMA ¥ 257
expression was increased more than 4-fold in 5/6Nx+vehicle g
rats compared with Sham+vehicle rats (P<0.05) (Figure § 5 15. be
3C). Treatment with atRA markedly suppressed the eleva- 28 '
tion of a-SMA expression in 5/6 nephrectomized rats in a 3 e 1
dose-dependent manner (P<0.05 vs 5/6Nx+vehicle). The %’ 0.5 1
expression of a-SMA correlated well with that of PAI-1 (r= o - P

. am+ 5/6Nx+ X+ 5/6Nx+
0.759, P<0.0001) (Figure 3D). vehicle vehicle atRAL atRA2
Effect of atRA on the activities of plasmin and MMP-2 Figure 2. Degree of glomerulosclerosis. (A) Representative images of

PAS stains of glomeruli from sham-operated rats treated with vehicle
(a) and 5/6 nephrectomized rats that were treated with vehicle (b) or 5
mg/kg atRA (c) or 10 mg/kg atRA (d) once daily. Magnification, x400.

Figure 4 shows the activities of plasmin and MMP-2 in kidney
cortical homogenates. Somewhat surprisingly, plasmin activ-

1ty remained unchanged in5/6 nephrectomlzed rats (Flgure (B) Glomerulosclerosis index (GSI) (O to 4 score). The GSI was increased

4A). Moreover, plasmin activity was not altered by either '\ cnicie-treated rats with 5/6 nephrectomy. This increase in GSI
dose of atRA, although PAI-1 expression was downregulated. was decreased with atRA treatment. Values are meantSEM. n=7-10

Also unexpectedly, MMP-2 activity was increased in the rats/group. "P<0.05 vs Sham+vehicle. °P<0.05 vs 5/6Nx+vehicle.
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Figure 3. Western blot analysis of protein expressions for plasminogen
activator inhibitor-1 (PAI-1) and a-smooth muscle actin (a-SMA) in the
renal cortex. (A) Representative protein bands of PAI-1, a-SMA, and
B-actin. (B) PAI-1/B-actin protein ratio according to band density. (C)
a-SMA/B-actin protein ratio. The protein ratios of PAl-1/B-actin and
a-SMA/B-actin were markedly increased in vehicle-treated rats with 5/6
nephrectomy. These increases were attenuated by atRA treatment in
a dose-dependent manner. Values are mean+SEM. n=6. °P<0.05 vs
Sham-+vehicle; °P<0.05 vs 5/6Nx+vehicle. (D) Correlation between a-SMA
and PAI-1 expression (r=0.759, P<0.0001).

5/6Nx+vehicle group (P<0.05 vs Sham+vehicle) (Figure 4B).
The low dose of atRA moderately decreased the elevation of
MMP-2 activity in 5/6 nephrectomized rats, but did not reach
statistical significance. The high dose of atRA had no effect on
MMP-2 activity.

Acta Pharmacologica Sinica

A

= 251

©

S

s 20 4

o0

£

S 154

=

2

> 104

S

©

£ 5

£

[}

©

o o
Sham+ 5/6Nx+ 5/6Nx+ 5/6Nx+
vehicle vehicle  atRA1 atRA2

B

£ 120 - b

2 b

o

5 100 4

‘éo 80

2

S 60 4

=

S 40 4

©

20 1

s

S O~
Sham+  5/6Nx+ 5/6Nx+ 5/6Nx+
vehicle vehicle  atRA1 atRA2

Figure 4. Chromogenic assay for activities of plasmin (A) and MMP-2 (B) in
the renal cortex. Plasmin activity was unchanged and MMP-2 activity was
increased in vehicle-treated rats with 5/6 nephrectomy. Treatment with
atRA had no effect on the activity of either plasmin or MMP-2. Values are
mean+SEM. n=7-10 rats/group. °P<0.05 vs Sham+vehicle.

Effect of atRA on body weight and serum parameters

Table 2 shows that there was no statistical difference in the ini-
tial or final body weights of the four groups. There was also
no statistical difference in serum parameters such as alanine
aminotransferase (ALT), glucose (GLU), triglyceride (TG), and
cholesterol (CHO) levels, although at the higher dose of atRA,
a slight increase in serum TG level was observed. It is there-
fore unlikely that either of the two doses of atRA caused any
obvious side effects.

Discussion

The major finding of this study is that the amelioration of
glomerulosclerosis with atRA is associated with a decrease in
PAI-1 and a-SMA, but is not associated with changes in the
activities of plasmin and MMP-2. This study expands our
understanding of the mechanisms of atRA-mediated renopro-
tection and provides further evidence that both a pathogenic
role for PAI-1 induction and a protective role for PAI-1 inhibi-
tion in renal fibrosis might be independent of the effects on the
regulation of plasmin and MMP-2 activity.

It has been reported that renin-dependent and renin-
independent mechanisms are responsible for hypertension in
rats with 5/6Nx">*!. In the present study, hypertension in
5/6 nephrectomized rats was decreased by treatment with two
doses of atRA. This decrease is, at the very least, attributed to
the known inhibitory effects of retinoids on the activity of the
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Table 2. Effects of atRA on body weight and blood chemistry.
Initial Final (14 week)
Group
Body weight (g) Body weight (g) ALT (U/L) GLU (mmol/L) TG (mmol/L) CHO (mmol/L)
Sham+vehicle (n=7) 283112 546114 80.7+10.6 8.531+0.63 0.8310.15 1.91+0.14
5/6Nx+vehicle (n=8) 289+16 538123 75.0+£13.9 7.46+0.94 1.29+0.41 1.87+0.09
5/6Nx+atRA1 (n=9) 284+11 529420 74.846.9 8.08+0.51 1.13+0.11 1.84+0.10
5/6Nx+atRA2 (n=10) 26918 539+13 68.419.0 7.82+0.56 1.75+0.29 1.884+0.08

Values are mean+SEM. n, number of rats. ALT, alanine aminotransferase; GLU, glucose; TG, triglyceride; CHO, cholesterol. There was no statistical

difference in body weight or the blood chemical profile in any group.

renin-angiotensin system, particularly on the expression of
the Ang II type 1 receptor®?!. However, previous work from
our laboratory has shown that identical doses of atRA tended
to lower blood pressure in SHR but failed to reach statistical
significance™. Some possible explanations for this may be the
different model and the different starting time of atRA admin-
istration. Because hypertension is a risk factor for the progres-
sion of renal diseases® a decrease in hypertension underlies
the renoprotective effects of atRA.

Twenty four-hour urinary protein excretion was measured
every 2 weeks to serve as a surrogate marker for glomerular
damage. The time course of proteinuria showed that protei-
nuria in 5/6 nephrectomized rats was so effectively decreased
with atRA treatment that it was almost normalized. This
antiproteinuric effect occurred as early as week 2 after treat-
ment. Treatment with atRA has also been reported to decrease
proteinuria in other models of kidney disease™ . Tt is well
known that defects in the glomerular filtration barrier lead
to proteinuria®™, and that podocytes play a pivotal role in
glomerular barrier function® ¥\ The upregulation of neph-
rin and podocin in podocytes by atRA, in vivo and in vitro,
was proposed as a possible mechanism for its antiproteinuric
effect™ !, Because proteinuria is also a risk factor for the pro-
gression of renal diseases™, a decrease in proteinuria at least
partly mediates the renoprotective effects of atRA.

The glomerular filtration rate, as reflected by creatinine
clearance, was markedly decreased by 5/6Nx. This decrease
is mainly due to a reduction in functional nephron number.
Additionally, with the development of glomerular injury,
mesangial cell proliferation and mesangial matrix deposition
lead to narrowness or obliteration of glomerular capillary
loops[”], which eventually results in the loss of originally func-
tional nephrons and a further decrease in glomerular filtration
rate. A slightly increased creatinine clearance was observed
in atRA-treated 5/6 nephrectomized rats over the period
observed. Although this increase appeared to be insignifi-
cant, it occurred despite severe nephron loss. Obviously, the
increased creatinine clearance in atRA-treated nephrectomized
rats is due to less glomerulosclerosis and less destruction of
renal structure. Accordingly, the increase in creatinine clear-
ance leads to a decrease in serum creatinine level in the atRA-
treated nephrectomized group.

Treatment with atRA decreased glomerulosclerosis in 5/6
nephrectomized rats, as evidenced by the decreased glom-
erular deposition of PAS positive ECM. It is well known
that the cell type responsible for most ECM synthesis is the
myofibroblast, distinguished by the acquisition of a a-SMA
phenotype. In normal kidney, a-SMA is expressed exclusively
in the intrarenal arteries; however, in a number of glomeru-
lonephritis models, mesangial cells are activated into a-SMA
positive myofibroblasts and proliferate, producing excessive
ECM in glomeruli®®. In the present study, Western blot
analysis showed that a-SMA expression was increased in the
renal cortex of nephrectomized rats and that it was decreased
with atRA treatment. Since atRA is a well-known powerful
anti-proliferative drug that can inhibit the proliferation of
many cell types, including mesangial cells'*"*/, we speculate
that atRA can inhibit the proliferation of glomerular a-SMA
positive myofibroblasts, thus limiting ECM production. Addi-
tionally, atRA may inhibit a-SMA expression per cell. Wen X
et al™ showed that 9-cis RA, an isomer of atRA, inhibited the
TGEF-p1-induced a-SMA expression in cultured mesangial cells
without influencing cell number.

Recently, attention has focused on the role of PAI-1 in the
pathogenesis of fibrosis based on its increased expression in
a variety of fibrotic diseases and on the beneficial effects of its
inhibition or depletion in some fibrosis models”""; however,
the mechanism of its action remains controversial. In vitro
studies document that ECM degradation by cultured mesan-
gial cells is inhibited by plasmin inhibitors and increased by
the addition of a PAI-1 monoclonal antibody™. In experi-
mental anti-thy-1 nephritis, glomerulosclerosis is developed
and accompanied by a decrease in plasmin activity in isolated
glomeruli; these changes can be reversed by a mutant nonin-
hibitory PAI-1 that competes with endogenous PAI-1 or by
recombinant t-PA™ *!. Tt seems likely that PAI-1 exerts profi-
brotic effect through inhibiting plasmin generation. However,
this explanation is not supported by our study. In the pres-
ent study, Western blot analysis of renal cortex homogenates
showed a greater than 16-fold increase in PAI-1 expression
in disease controls compared with sham-operated rats. We
expected the activities of plasmin and MMP-2 to decrease.
However, plasmin activity was unchanged and MMP-2 activ-
ity was increased. Moreover, PAI-1 expression was sup-
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pressed by atRA administration. We expected the activities
of plasmin and MMP-2 to increase. However, we observed
that they were unchanged. This is conceivable based on the
fact that PAI-1 is just one of regulators of plasmin activity.
For example, ay-antiplasminis also an inhibitor of plasmin.
Indeed, a,-antiplasmin, the most abundant form in normal
kidneys, was suppressed following ureteral obstruction!!,
Consistent with our results, some reports have shown that the
increase in PAI-1 and fibrosis is not always accompanied by a
11, 12, 14, 16]' Further,

PAI-1 deficiency and decreased fibrosis are not always accom-

decrease in plasmin and MMP-2 activities!

panied by an augmentation of plasmin and MMP-2 activities.
These data and our results suggest that PAI-1, at least, has a
plasmin/ MMP-2-independent fibrogenic function. However,
the mechanism by which it controls fibrosis remains largely
unknown. Oda T et al reported that PAI-1 promoted mac-

rophage chemotaxis in vitro™.

Our results showed an excel-
lent correlation between a-SMA and PAI-1 expression, but the
causal relation between them is not known.

It must be emphasized that PA, plasmin, and MMP are
not always protective and have both beneficial and injurious
effects on fibrogenesis, depending on the model of fibrosis.
Injections with t-PA restored declined glomerular plasmin
activity and ameliorated fibrosis in experimental glomerulo-
nephritis®’. The deficiency of either plasminogen or t-PA in
mice increased the severity of crescentic glomerulonephritis*”,
but decreased the degree of renal interstitial fibrosis after
14841 Active MMP-2 has been

reported to directly lead to a transition of cultured mesangial

unilateral ureteral obstruction

cells from the quiescent phenotype to the activated phenotype,
characterized by an augmentation in the proliferation and syn-
thesis of ECM proteins™. Active MMP-2 or plasmin can pro-
mote the transdifferentiation of murine tubular epithelial cells

to myofibroblasts’®"*.

Plasmin has also been shown to play a
role in leukocyte recruitment™. These data suggest that PA,
plasmin, and MMP-2 have other actions in addition to degrad-
ing the ECM. Together, all these actions determine whether
the net effect is profibrotic or antifibrogenic.

Ang II and TGF-P1 have been established as crucial con-
tributors to ECM expansion and fibrosis in a number of renal
diseases™ ™). PAI-1 is strongly induced by these two cytok-
ines. PAI-1 reduction by atRA treatment in the present study
is likely to be associated with the retinoids’ inhibitory effects
on the activities of Ang II/Ang II type 1 receptor and TGEF-
B1/TGF- receptor®?l. We have recently shown that atRA
directly inhibits PAI-1 production induced by TGF-p1 and
Ang 11 in cultured mesangial cells in vitro™.

The reduction in PAI-1 and a-SMA by atRA was dose
dependent, suggesting that atRA may have direct inhibi-
tory effects on PAI-1 and a-SMA expressions. In contrast,
the beneficial effects of atRA on renal function, including
decreasing proteinuria and serum creatinine concentration,
were inversely dose dependent. This finding may reflect a
toxic effect of the higher dose of atRA, as indicated by a slight
increase in serum triglyceride levels in rats that received the
high dose of atRA (10 mg/kg). Morath C et al showed that

Acta Pharmacologica Sinica

higher doses of retinoids may evoke some side effects?.

The reduction in the glomerular deposition of ECM by atRA
showed no dose-dependent difference. This phenomenon can
be explained because high doses of atRA had a tendency to
reduce the specific beneficial effects of atRA administration
due to its concomitant unspecific toxicity.

Taken altogether, our findings suggest that the beneficial
effects of atRA on glomerular damage in a rat model of 5/6
nephrectomy are, in part, due to the reduction of PAI-1 and
a-SMA expressions, independent of plasmin activity. Treat-
ment with atRA could be a promising intervention for kidney
disease. Further studies are required to determine the atRA
dose that is the most effective without causing harm.
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Enhancement of cytotoxicity of antimicrobial peptide
magainin Il in tumor cells by bombesin-targeted
delivery

Shan LIU, Hao YANG, Lin WAN, Hua-wei CAl, Sheng-fu LI, You-ping LI, Jing-qgiu CHENG, Xiao-feng LU*
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China

Aim: To investigate whether the conjugation of magainin Il (MG2), an antimicrobial peptides (AMPs), to the tumor-homing peptide
bombesin could enhance its cytotoxicity in tumor cells.

Methods: A magainin Il-bombesin conjugate (MG2B) was constructed by attaching magainin Il (MG2) to bombesin at its N-terminus.
The peptides were synthesized using Fmoc-chemistry. The in vitro cytotoxicity of the peptide in cancer cells was quantitatively deter-
mined using the CCK-8 cell counting kit. Moreover, the in vivo antitumor effect of the peptide was determined in tumor xenograft mod-
els.

Results: The ICs, of MG2B for cancer cells (10-15 pmol/L) was at least 10 times lower than the ICs, of unconjugated MG2 (125
pmol/L). Moreover, the binding affinity of MG2B for cancer cells was higher than that of unconjugated MG2. In contrast, conjugation to
a bombesin analog lacking the receptor-binding domain failed to increase the cytotoxicity of MG2, suggesting that bombesin conjuga-
tion enhances the cytotoxicity of MG2 in cancer cells through improved binding. Indeed, MG2B selectively induced cell death in cancer
cells in vitro with the I1C5, ranging from 10 to 15 pmol/L, which was about 6-10 times lower than the IC5, for normal cells. MG2B (20
mg/kg per day, intratumorally injected for 5 d) also exhibited antitumor effects in mice bearing MCF-7 tumor grafts. The mean weights
of tumor grafts in MG2B- and PBS-treated mice were 0.21+0.05 g and 0.59+0.12 g, respectively.

Conclusion: The results suggest that conjugation of AMPs to bombesin might be an alternative approach for targeted cancer therapy.

Keywords: targeted cancer therapy; antimicrobial peptide; tumor-homing peptide; bombesin; magainin
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Introduction

Conventional cancer chemotherapy is limited by the lack of
specificity and multi-drug resistance. Thus, novel approaches
to cancer therapy with a higher degree of selectivity for cancer
cells and a lower risk for induction of resistance is desired! .
Recent attention has focused on membrane-active antimicro-
bial peptides (AMPs) with selective anticancer activity™* .
AMPs are positively charged molecules that exert their cyto-
toxicity by binding to the outer membrane of cancer cells,
which contain 3%-9% anionic phosphatidylserine. In contrast,
membranes of normal cells consist largely of zwitterionic
phospholipids (neutral in net charge) and are therefore less
attractive to cationic AMPsP. AMPs are selectively cytotoxic
in cancer cells and are usually membrane-active, suggest-
ing a low risk for induction of resistance®. Overall, AMPs
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are selective cytotoxic agents for cancer cells with therapeutic
implications.

A great number of AMPs have been isolated from the skin
secretions of amphibians™ ® 7. Of these peptides, the best
studied AMP is magainin II (MG2), which was isolated from
the skin of the African clawed frog Xenopus lacvis'®. MG2 has
been reported to be selectively cytotoxic for hematopoietic and
solid tumor cells” * . However, MG2 only exhibits obvious
cytotoxicity in cancer cells at high concentrations. The average
IG5y of MG2 against many cancer cell lines is greater than 100
pmol/L™> %™, Most likely, this poor potency arises from the
limited cell membrane-binding ability of MG2. Because elec-
trostatic interactions between the peptide’s positive charges
and the negative charges on the cell membrane play a crucial
role in the binding process!*, one strategy for improving pep-
tide binding is to increase the number of positive charges on
the peptide by amino acid substitution. MG2 analogs with
increased positive charges show enhanced membrane binding

affinities™” and cytotoxicity!” ', In addition, conjugation of



www.nature.com/aps
LiuSetal

@

80

the cationic KLA peptide (KLAKLAK), to a carrier peptide sig-

1314 Conse-

nificantly enhanced its cytotoxicity in cancer cells
quently, conjugation of MG2 to a carrier peptide recognizing a
specific surface marker on cancer cells might also improve its
cytotoxicity.

Tumor-homing peptides can bind to tumor cells or tumor
blood/lymphatic vessels with high affinity and specificity> .
In addition, many tumor-homing peptides can be internalized
by tumor cells and accumulate in tumors at high concentra-

tions!"” 18

I, Therefore, these tumor-homing peptides are attrac-
tive drug carriers. Among these peptides, somatostatin and its
analogs have been extensively investigated. The radiolabeled
somatostatin analog ""'In-DTPA-octreotide ('''In-OctreoScan,
Novartis) has been approved by the US Food and Drug

1 In

Administration for scintigraphy in patients with NETs
addition, bombesin and its analogs also show great promise
for tumor targeting. Bombesin is a 14-amino acid tumor-
201 Tts recep-

tors are overexpressed in a variety of common human cancers,

homing peptide that was isolated from frog skin

such as neuroblastoma and small cell lung cancer, as well as
cancers of the prostate, kidney, uterus, ovary, breast, pancreas,

gastrointestinal tract, head and neck, and esophagus %,

1 and chemo-

Bombesin can effectively deliver radioactive
therapeutic agents™ to target cells due to its high affinity for
these receptors. Because bombesin can specifically bind to its
receptors with high affinity, the conjugation MG2 to bomb-
esin might enhance the cytotoxicity of MG2 in cancer cells by
improving its binding affinity.

In this paper, we first measured the binding of fluorescein
isothiocyanate (FITC)-labeled bombesin to solid tumor cells,
malignant hematopoietic cells, and normal cells. Subse-
quently, two conjugates were constructed by attaching MG2 to
bombesin and a mutant form of bombesin lacking the recep-
tor-binding domain. The cytotoxicity and binding ability of
these peptides were further analyzed. Finally, the in vivo anti-
tumor effect of the MG2-bombesin conjugate was evaluated.
It was found that the conjugation to bombesin significantly
enhanced the cytotoxicity of MG2 in cancer cells.

Materials and methods

Peptide synthesis

To probe bombesin-targeted delivery of MG2 to tumor cells,
the MG2-bombesin conjugate (MG2B) was constructed by

Table 1. Peptides and sequences.

attaching MG2 to bombesin at its N-terminus. Another con-
jugate, MG2Ba, which contained MG2 and a bombesin analog
lacking the C-terminal 8-14 amino acids, was also constructed.
Because the C-terminal domain of bombesin is crucial for its
receptor-binding activity™, the attachment of MG2 to the
bombesin analog lacking the receptor-binding domain should
not significantly improve its membrane-binding affinity.
Unconjugated bombesin, unconjugated MG2, and an unrelated
peptide (URP) were synthesized. All peptides (Table 1) were
synthesized using Fmoc-chemistry (Genescript Inc, Nanjing,
China). The purity of these peptides (>95%) was analyzed by
reversed-phase high performance liquid chromatography, and
the mass of the peptide was determined using matrix-assisted
laser desorption ionization time-of-flight mass spectrometry.
FITC labels were linked to the N-terminus of peptides by
introducing 5-carboxyfluorescein during the final synthesis
cycle. All peptides were dissolved in isotonic phosphate-buff-
ered saline (PBS: 137 mmol/L NaCl, 2.68 mmol/L KCl, 8.09
mmol/L Na,HPO,, 1.76 mmol/L KH,PO,, pH 7.4) and stored
at -70 °C until further use.

Cell culture

Unless otherwise mentioned, all cells were purchased from
the American Type Culture Collection, USA. The following
cells were used in this experiment: human breast cancer cells
(MCF-7 and ZR-75-30); human melanoma cells (A375, M14,
and A875); human prostate cancer cells (DU145); human cer-
vical cancer cells (HeLa); human lung adenocarcinoma cells
(A549); human Burkitt’s lymphoma cells (Raji); human pro-
myelocytic leukemia cells (NB4); African green monkey kid-
ney cells (Vero E6) and Ad5 transformed human embryonic
kidney cells (Hek-293A); human fibroblast cells (HSF); and
human vein endothelial cells (HUVECs). Human peripheral
blood mononuclear cells (hPBMCs) were isolated from healthy
volunteers by Percoll density gradient centrifugation. All of
the cells were cultured in either Dulbecco’s modified Eagle’s
medium (DMEM) or RPMI 1640 supplemented with 10% fetal
bovine serum (GIBCO-BRL, USA), 2 mmol/L L-glutamine, 100
U/mL penicillin, and 100 pg/mL streptomycin at 37 °C in a
5% CO, humidified atmosphere.

Cellular peptide uptake
To observe cellular uptake of FITC-labeled peptide under a
fluorescence microscope, 1x10* cells/well were seeded into

Peptide Sequence Length (aa*) Molecular Weight (Da)
MG2 GIGKFLHSAKKFGKAFVGEIMNS 23 2466
Bombesin QRLGNQWAVGHLM 13 1509
MG2B GIGKFLHSAKKFGKAFVGEIMNSGGQRLGNQWAVGHLM 38 4072
MG2Ba GIGKFLHSAKKFGKAFVGEIMNSGGQRLGNQ 31 3277
URP DSHAKRHHGYKRKFHEKHHSHRGY 24 3036

*:amino acid
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96-well plates and the cells were allowed to attach overnight.
After being washed in PBS, the cells were further incubated
with FITC-labeled peptides in 100 pL of medium supple-
mented with 2% bovine serum albumin (BSA) for 1 h at 37 °C.
The cells were then washed and observed under a fluorescence
microscope. To analyze cellular uptake of peptide by fluores-
cence-activated cell sorting (FACS), the adherent cells were
first digested by the addition of 0.25% (w/v) trypsin in serum-
free medium containing 0.02% of EDTA at 37 °C. After being
washed with PBS, the cells (2x10%) were incubated with 300 uL
of FITC-labeled peptides at 37 °C for 1 h. The cells were then
washed three times with 1 mL of PBS and analyzed by FACS.

Cytotoxicity assays

Assays were performed according to the methods of Laak-
konen et al® with some modifications. Adherent cells were
plated in a 96-well plate at a density of 1x10* cells/well and
allowed to attach overnight. The cells in suspension were col-
lected and seeded in a 96-well plate (1x10* cells/well) imme-
diately before use. After being washed once with PBS, 100 pL
peptide diluted in serum-free medium supplemented with 2%
BSA was added to the cells and further incubated at 37 °C for
2 h. Subsequently, 10 pL of CCK-8 solution was added to the
wells and the absorbance was measured 4 h later at 450 nm.
Cytotoxicity was expressed as the percentage of viable cells
after treatment with peptide, which was calculated by assum-
ing 100% survival with the PBS control. Each sample was pro-
cessed in triplicate and the IC;s, value was obtained from the
respective cell viability curves.

The Live/Dead BacLight bacterial viability kit (Molecu-
lar Probe) was used as an additional method to evaluate the
cytotoxicity of peptides. The DNA-binding SYTO 9 and pro-
pidium iodide (PI) are green and red dyes, respectively. The
former, but not the latter, is membrane permeable. Based on
their differences in membrane-permeability, the Syto 9 and PI
mixture stained living cells green and dead cells red. After
treatment with peptide for 2 h, the cells were then double
stained with SYTO 9 and PI for 5 min in the dark followed by
observation under a fluorescence microscope.

Detection of apoptosis using Annexin V and PI staining

Annexin V binds to phosphatidylserine exposed on the outer
cell membrane during the early stages of apoptosis. Thus,
double staining with FITC-Annexin V (appearing green) and
propidium iodide (appearing red) is often used to detect cells
undergoing apoptosis”!. After treatment with peptide, the
cells were then double stained with FITC-Annexin V and PI
according to the manufacturer’s instructions. Exposure of
phosphatidylserine on the outer membrane of cells was first
observed under a fluorescence microscope. Simultaneously,
3x10* events were analyzed by FACS. Cells stained with FITC-
Annexin V alone (Annexin V'/PI") were considered in early
apoptosis, whereas those stained with both FITC-Annexin V
and PI (Annexin V'/PI") were considered in the advanced
stages of apoptosis or necrosis. The FITC-Annexin V and PI
double-negative (Annexin V"/PI’) cells were considered alive.

Detection of apoptosis by monitoring mitochondrial depolari-
zation

The cells were treated with the peptides and stained with JC-1
dye (2 pmol/L) for 30 min at 37 °C in the dark, according to
the manufacturer’s instructions. The cells were subsequently
washed twice with PBS and analyzed using FACS. To observe
the mitochondria using a fluorescence microscope, the cells
were double stained with JC-1 (showing mitochondria) and
DAPI (showing nuclei). The JC-1 dye forms fluorescent
red J-aggregates upon localization to healthy mitochondria,
whereas the monomeric form of the dye fluoresces green in
the cytoplasm. Consequently, a decrease in the ratio of red
to green fluorescence reflects the loss of mitochondrial mem-
brane potential™.

Detection of the caspase-mediated pathway in apoptosis

The assay was performed according to the method of Rege et
al™. The cells were preincubated with the pan-caspase inhibi-
tor z-VAD-Fmk (100 pmol/L) for 2 h and then treated with
peptide for an additional 2 h. Cell viability was determined
using the CCK-8 kit. The cytotoxicity of the peptides to cells
that were preincubated with inhibitor and those that were not
was compared.

Tumor xenograft model

All protocols for the animal models were approved by the
University Animal Care and Use Committee. Six to eight-
week-old female nude mice were obtained from the University
Animal Center. About 1x10” MCF-7 cells suspended in 100 uL
of saline were injected subcutaneously into the right flank of
mice. At the onset of a palpable tumor (about 50-100 mm?), 18
mice were divided into three groups that were intratumorally
injected with 20 mg/kg MG2B, MG2 or an equivalent volume
of PBS every day for a total of five days. The tumor volume
(mm?) was calculated as lengthxwidth®x0.5. At the end of
the experiment, all animals were killed and the tumor masses
were measured.

To probe the death of tumor cells in vivo, a single dose of
peptide (200 pg, 100 uL) was injected into the tumor graft
(<1000 mm®). The same volume of PBS was intratumorally
injected into the mice of the control group. Sixteen hours
post-injection, the mice were killed and the tumor grafts were
excised, paraffin-embedded, sectioned, and stained with
hematoxylin/eosin (H&E) to examine the histological archi-
tecture. Simultaneously, terminal nucleotidyl transferase-
mediated nick end labeling (TUNEL) staining (Invitrogen) was
used to examine the apoptosis of tumor cells.

Statistical analysis
Results are presented as the mean%SD of at least three experi-
ments. Statistical comparisons were made using Student’s ¢ test.

Results

Bombesin specifically binds to tumor cells

As shown in Figure 1, bombesin bound 28-32 times more to
MCEF-7, DU145, and A375 cells than did the negative control
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peptide URP. The amount of bombesin bound to HeLa, A875,
M14, A549, ZR-75-30, Raji, NB4, and K562 is about 12-18 times
greater than the amount of the negative control peptide URP.
In contrast, both bombesin and URP bound to normal cells,
including HUVECs, HSF, hPBMCs, Vero E6, and 293A at simi-
larly low levels. These data indicate that bombesin can bind to
tumor cells with high affinity.
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Figure 1. Binding of bombesin to tumor cells and normal cells. In
preparation, about 2x10° cells were collected and incubated with the
FITC-labeled bombesin peptide (10 pymol/L, 300 pL) at 37 °C for 1 h.
After being washed with PBS, 3x10* cells were analyzed using FACS in
each assay. The FITC-labeled URP peptide was used as a control. The
binding of bombesin is shown relative to the binding of the negative
control peptide URP, for which the value of mean fluorescence was set to 1.
The data are expressed as means+SD.

Bombesin enhances cytotoxicity of MG2 in tumor cells

The unconjugated MG2 peptide only showed mild cytotoxic-
ity in cancer cells at high concentrations. As shown in Figure
2A, the mixture containing unconjugated MG2 and uncon-
jugated bombesin induced about 20% cell death in MCEF-7
and A375 cells at 125 pmol/L. The ICs, of the unconjugated
MG2 for these cells was over 200 pmol/L. However, the
MG2-bombesin conjugate MG2B induced approximately
30%-40% cell death in MCF-7 and A375 cells at a low concen-
tration of 10 pmol/L. Moreover, MG2B induced over 80%
cell death in these cells when the concentration was increased
to 20 pmol/L. The ICs, of the MG2B peptide for MCF-7 and
A375 cells was within the range of 10-15 pmol/L, which is
about 13-16 times lower than that for unconjugated MG2 in
these cells. However, another conjugate MG2Ba, in which the
MG2 peptide was conjugated to a bombesin analog lacking
8-14 amino acids at the C-terminus of bombesin, was similar to
unconjugated MG2 in terms of cytotoxicity in MCF-7 and A375
cells (Figure 2A). These results suggest that the attachment to
bombesin, but not the bombesin analog lacking the receptor-
binding domain, at its N-terminus significantly increases the
cytotoxicity of MG2 in tumor cells.
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Further analysis demonstrated that MG2B is different than
unconjugated MG2 in its binding ability. Figure 2B shows that
20 pmol/L of unconjugated MG2 bound to 2% MCF-7 and
8.1% A375 cells, respectively. In contrast, MG2B bound over
80% of both cells at the same concentration, as determined by
FACS (Figure 2B). MG2B and unconjugated MG2 are different
in efficacy of cellular translocation. Compared to unconju-
gated MG2 peptide, MG2B was internalized to a higher extent
by MCF-7 cells (Figure 2C). In addition, the internalized
MG2B peptide was uniformly distributed in the cytoplasm
and rich in the nucleolus of MCEF-7 cells (Figure 2D). The cyto-
toxicity of MG2B and MG2 was closely related to their binding
and cellular translocation efficacy. These data suggest that
conjugated bombesin contributes to the enhancement of cyto-
toxicity through improved binding and cellular translocation
of MG2.

The MG2-bombesin conjugate MG2B selectively induces cell
death in tumor cells

Cell viability assays using CCK-8 demonstrated that MCF-
7, DU145, and A375 cells were most sensitive to MG2B. As
shown in Figure 3A, the survival rates of these three cells were
lower than 20% after treatment with MG2B at 20 umol/L for 2
h. Other tumor cells including HeLa, A875, M14, A549, ZR-75-
30, Raji, NB4, and K562 were also sensitive to MG2B. Twenty
pmol/L MG2B induced approximately 60%-70% cell death
in these tumor cells. When the concentration of MG2B was
increased to 30 umol/L, the survival rates of these tumor cells
were reduced by 80%-90%. The ICs5, of MG2B for these tumor
cells was within the range of 10-15 umol /L. However, normal
cells including HUVECs, HSF, hPBMCs, Vero E6, and 293A
were relatively resistant to MG2B. The ICs, of MG2B for these
normal cells was within the range of 80 to 100 pmol/L, which
is about 6-10 times higher than the 1Cs;, of MG2B for tumor
cells.

The selective cytotoxicity of MG2B in tumor cells was also
proven by live/dead assays. As shown in Figure 3B, over 80%
MCEF-7 cells were indicated as dead (appearing red) after treat-
ment with 20 umol/L MG2B. However, over 90% of normal
HSF cells were indicated as live (appearing green) after treat-
ment with MG2B at the same concentration. These results
demonstrate that tumor cells, but not normal cells, are sensi-
tive to MG2B. The selectivity of MG2B in other tumor cells
and normal cells was also detected using the live/dead assay
(data not shown). FACS analysis demonstrated that MG2B
bound to tumor cells with greater affinity than to normal
cells. Figure 3C shows that 20 pmol/L MG2B binds to 81.9%
of MCF-7 tumor cells compared to 6.1% of normal HSF cells.
These results suggest that the selectivity of MG2B in tumor
cells and normal cells is closely related to its binding prefer-
ence in these cells.

Involvement of the caspase-dependent pathway in MG2B-
induced cell death

Under phase contrast microscopy, we observed that MG2B-
dependent cell death in adherent tumor cells was accompanied
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MCF-7 cells is indicated. (C) Cellular translocation of MG2B in

by condensed nuclei, rounding, cell detachment, and clumping
(data not shown). After treatment with peptide and double
staining with Annexin V and PI, we observed many Annexin
V*/PI" and Annexin V*/PI' MCE-7 cells under fluorescence
microscopy (Figure 4A). Annexin V*/PI" cells were consid-
ered necrotic cells or apoptotic cells at an advanced stage of
apoptosis. Annexin V'/PI cells were considered apoptotic
cells at an early stage of apoptosis. Consequently, the observa-
tion of Annexin V*/PI cells demonstrates that MG2B induced
apoptosis in MCF-7 cells. Further FACS analysis also revealed
numerous Annexin V' /PI cells in MG2B-treated MCF-7 cells.
The percentage ratio of apoptotic/necrotic cells resulting

MCEF-7 cells. The cells were seeded into 96-well plates
(1x10* cells/well) and allowed to attach overnight. After
incubation with FITC-labeled peptide (20 umol/L, 100 L)
and being washed once with PBS, the cells were observed
under a fluorescence microscope (original magnification,
x160). (D) Distribution of FITC-labeled MG2B in MCF-7
cells. After incubation with FITC-labeled peptide, the cells
were observed under a phase-contrast microscope (PCM)
and a fluorescence microscope (original magnification,
x320).

from 0, 30, and 50 pmol/L MG2B was 2.2/4.0, 21.2/18.1, and
22.1/21.8, respectively (Figure 4B). JC-1 staining showed rich
granule-like mitochondria (indicating healthy mitochondria)
in cells treated with PBS. However, the MG2B-induced cell
death was accompanied by the disappearance of the granule-
like mitochondria in most peptide-treated cells (Figure 4C).
Simultaneously, significant loss in mitochondrial membrane
potentials in MG2B-treated cells was reflected by changes in
the ratio of red/green fluorescence cells from 89.2/10.8 to
43.4/56.6 (Figure 4C). Moreover, preincubation of cells with
the pan-caspase inhibitor z-VAD-Fmk before the addition
of peptide reduced MG2B-induced cell death by 15%-30%
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(Figure 4D). These results demonstrate that MG2B induces
caspase-dependent apoptosis in tumor cells.

MG2B suppresses tumor growth in vivo

Figure 5A shows that MG2B exerts an obvious antitumor
effect in vivo. When the average volume of tumor masses
reached approximately 50-100 mm®, MG2B or MG2 was intra-
tumorally injected into mice bearing a MCF-7 tumor graft
at 20 mg/kg every day for a total of five days. The mice in
the control group were injected with an equal volume of
PBS. Rapid growth of tumor grafts in PBS-injected mice was
observed as early as 10 days post-injection. However, tumor
grafts in MG2B-injected mice grew slowly over the course of
the experiment. Beginning on day 14 post-injection, the mean
volume of tumor grafts in MG2B-treated mice was signifi-
cantly different (P<0.01) from the tumor volume of MG2- and
PBS-treated mice. At the end of this experiment, the average
volume of tumor grafts in MG2B-injected mice was about
1724136 mm?®, compared to 9444295 mm® and 10814264 mm?®
in MG2- and PBS-treated mice, respectively (Figure 5A). The
tumor masses excised from MG2B-treated mice were smaller
than the tumor masses of PBS-treated mice. The mean weights
of tumor masses in MG2B-treated mice, MG2-treated mice and
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Figure 3. Selective cytotoxicity of MG2B in cancer cells. (A)
Comparison of cytotoxicity in MG2B in tumor cells and normal cells.
Increasing concentrations of peptide in 100 yL serum-free medium
supplemented with 2% BSA was added into cells (1x10* cells/well)
and incubated at 37 °C for 2 h. Cell viability was determined using the
CCK-8 reagent. (B) Live/dead assays for MG2B-treated MCF-7 tumor
cells and normal HSF cells. After treatment with peptide (20 pmol/L,
100 L), the cells (1x10* cells/well) were double stained with Syto 9
and Pl. The Syto 9 and Pl mixture shows live cells in green and dead
cell reading red, respectively. (C) Cellular uptake of MG2B in tumor
cells MCF-7 and normal cells HSF. About 1x10° cells were collected
and incubated with FITC-labeled peptide (40 pmol/L, 300 uL) at 37 °C
for 1 h. After being washed with PBS, the cells were analyzed by FACS.

PBS-treated mice were 0.21£0.05 g, 0.51+0.16 g and 0.59+0.12 g,
respectively (Figure 5B).

Further histological examination demonstrated that MG2B
caused extensive necrosis in tumor cells. As shown in Fig-
ure 5C, H&E staining shows a large number of cells with a
condensed and fragmented nucleus in tumor tissues at the
injection sites. Rich TUNEL-positive stained cells were also
observed in these tumor tissues (Figure 5C). These results
demonstrate that MG2B induces apoptosis of tumor cells in
vivo. However, no obvious histological damage was observed
in the liver, kidney, and heart of mice injected with the pep-
tides (data not shown).

Discussion

Here, we report the enhanced cytotoxicity of the MG2-bomb-
esin conjugate MG2B compared to the unconjugated MG2
peptide. The ICs, of the MG2B for cancer cells was at least 10
times lower than the ICs, of unconjugated MG2 for these cells.
The enhancement of cytotoxicity of MG2 is closely related to
its improved binding affinity. In contrast, conjugation of MG2
to a bombesin analog lacking the receptor-binding domain
failed to increase its cytotoxicity. These results demonstrate
that conjugated bombesin enhances binding and thus enhances
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Figure 4. MG2B induced caspase-dependent apoptosis in tumor cells. (A) Microscope view of MG2B-induced apoptotic cells. After treatment with
MG2B, the cells were double stained with FITC-Annexin V (Green) and Pl (Red) and then observed under a fluorescence microscope. Annexin V*/PI”
cells were considered apoptotic cells at early stages of apoptosis. Annexin V'/PI* cells were considered apoptotic cells at an advanced stage of
apoptosis or necrotic cells. (B) FACS analysis for MG2B-induced apoptotic cells. About 1x10° cells were pooled and incubated with 0, 30, and 50
pumol/L MG2B at 37 °C for 1 h. Peptide-treated cells were then double stained with FITC-Annexin V and Pl and assayed by FACS. The percentage of
apoptotic (Annexin V*/PI) and necrotic (Annexin V*/PI”) cells is indicated. (C) MG2B-induced loss of mitochondrial membrane potential in MCF-7 cells.
To observe the mitochondria in cells, the adherent MCF-7 cells (1x10” cells/well) were incubated with 100 uL MG2B (20 umol/L) at 37 °C for 2 h
followed by staining with JC-1 and observed under a fluorescence microscope. To analyze the mitochondrial membrane potential by FACS, 1x10° cells
were collected and incubated with 100 yL MG2B (0O, 75 umol/L) at 37 °C for 1 h followed by staining with JC-1 and washing with PBS. The percentage
of red and green cells is indicated. (D) Inhibition of the MG2B-induced cell death by pan-caspase inhibitor. Cells (1x10*cells/well) were preincubated
with 100 pmol/L of pan-caspase inhibitor z-VAD-Fmk for 2 h at 37 °C before addition of peptide. The cytotoxicity of MG2B (15-30 umol/L) in MCF-
7 cells was then determined using the CCK-8 reagent. The cytotoxicity of MG2B in MCF7 cells in the presence of z-VAD-Fmk is significantly (°P<0.05)
different from the cytotoxicity of MG2B in the absence of z-VAD-Fmk.

cytotoxicity of MG2 in cancer cells. Due to the specificity of
conjugated bombesin, MG2B showed selective cytotoxicity in
cancer cells by inducing caspase-dependent apoptosis in vitro.
Furthermore, MG2B exerted obvious antitumor effects in an
animal model. Our data suggest that conjugation of cationic

AMPs to bombesin increases their cytotoxicity in cancer cells
and thus present a potential novel approach to targeted cancer
therapy.

Membrane-active AMPs are potential cancer therapies due

(4

to their low risk for induction of resistance Electrostatic
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7 tumor grafts in mice administered

0 L
26 28 3032 3436 38 3941 4243 44 45
Time (d)

H&E
Staining

TUNEL
Staining

v

ﬁ&"n

interactions between the peptide’s positive charges and the
membrane’s negative charges contribute to the binding of
AMPs to the cell membrane, which is crucial for the cytotoxic-
. Increasing the number
of positive charges by amino acid substitution is an effective

ity of these peptides in cancer cells"!

way to enhance the membrane-binding ability and cytotoxicity
of AMPs® 12,
to improve the anticancer activity of AMPs by conjugating the

In this work, we tried an alternative method

peptide to a tumor-homing peptide that can bind to its recep-
tors.

We first constructed an MG2-bombesin conjugate MG2B by
attaching MG2 to bombesin at its N-terminus. As expected,
MG2B showed greater cytotoxicity in cancer cells compared
to unconjugated MG2 peptide. We found that the ICs, of
MG2B for cancer cells was within the range of 10-15 pmol/
L, which is over 10 times lower than the ICs, of unconjugated
MG2 (Figure 2A). Further investigation demonstrated that
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with MG2B. (B) Tumor masses excised
from mice in treatment group and
control group. The average mass of
tumor grafts from MG2B-treated mice
is significantly (°P<0.05) different than
the average mass in PBS-treated mice
and in MG2-treated mice. Tumors
were established in BALB/c nude mice
by subcutaneous injection of 100 pL
of saline containing 1x10" MCF-7
cells. MG2B peptide (20 mg/kg) was
intratumorally injected into mice bearing
tumor grafts every other day for a total
of 5 days. The mice in the control group
were injected with equivalent volumes
of PBS. The tumor volume (mm®) was
calculated as lengthxwidth?x0.5. (C)
Histological examination of MG2B-
induced necrosis in vivo. Peptide (200
ug, in 100 pL PBS) was intratumorally
injected into mice bearing MCF-7
xenografts (<1000 mm?). Approximately
16 h later, the tumor masses were
excised. We then performed H&E and
TUNEL staining on paraffin-embedded
tumor tissues. Original magnification:
x400.

MG2B MG2 PBS

MG2B

conjugated bombesin contributes to the binding affinity of
MG2B to cancer cells. MG2B, but not unconjugated MG2, can
bind and enter about 80% of cancer cells at a concentration of
20 umol/L (Figure 2B). These results suggest that conjuga-
tion to bombesin at its N-terminus enhances the cytotoxicity
of MG2 by increasing its membrane binding/translocation
ability. However, conjugation of MG2 to a bombesin ana-
log lacking the C-terminal 8-14 amino acids (WAVGHLM)
failed to increase the cytotoxicity of MG2 in cancer cells. The
C-terminal domain of bombesin is critical for its receptor bind-
ing affinity!™. Therefore, conjugation of MG2 to a bombesin
analog lacking this receptor-binding domain does not enhance
cytotoxicity in cancer cells.

Bombesin receptors are overexpressed in numerous human
cancer cells. Spectrum analysis demonstrates that the cyto-
toxicity of the MG2-bombesin conjugate MG2B in cancer cells
and normal cells is positively related to the binding affinity of
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bombesin to these cells. Bombesin binds to cancer cells with
10-30 times greater affinity than to normal cells (Figure 1). The
1G5 of MG2B for cancer cells was about 6-10 times lower than
the IC5 for normal cells (Figure 3A). Because the conjugation
to a bombesin analog lacking receptor-binding domain failed
to enhance the cytotoxicity of MG2 (Figure 2A), we conclude
that bombesin conjugation enhances the cytotoxicity and selec-
tivity of MG2B. Bombesin shows high affinity to its receptors
including the neuromedin B preferring receptor (BB1), gastrin-
releasing peptide preferring receptor (BB2), orphan bombesin
receptor subtype-3 (BB3), and BB4 receptor®'l,
possible for bombesin to enhance the cytotoxicity of MG2 by

Therefore, it is

improving its ability to bind to the membrane of cancer cells.
During the preparation of this paper, we also constructed
many other AMPs-bombesin conjugates including attach-
ment of the cationic KLA peptide™, BMAP27(1-18)*, and
BMAP28(1-18)*! to bombesin. We found that all AMPs-bomb-
esin conjugates enhanced the binding affinity and cytotoxicity
in cancer cells. Moreover, bombesin receptors are overex-

222l Therefore, a

pressed in a variety of primary cancer cells
bombesin-directed peptide such as MG2B might be potential
target in spontaneous tumors.

Because the MG2 has been suggested to form pores on cell
membranes®”, the MG2-bombesin conjugate MG2B might
induce necrosis in cancer cells by cell membrane-disruption.
After treatment with the MG2B peptide, numerous necrotic
cells (Annexin V*/PI") with compromised membranes were
observed under a microscope (Figure 4A) or detected by FACS
analysis (Figure 4B). Although Annexin V*/PI" cells might be
apoptotic cells at advanced stages of apoptosis, the possibility
of MG2B to induce necrosis in cancer cells cannot be excluded.
Some cationic AMPs also induce apoptosis by binding to the
mitochondrial membrane!. Imura et al observed that internal-
ized MG2 peptide mainly accumulates in the mitochondria®”.
Westerhoff et al showed that MG2 can dissipate the membrane

Bl These observations

potential of isolated rat mitochondria
suggest that MG2 might also trigger the apoptosis in cancer
cells through mitochondrial disruption. In our experiment,
we observed numerous cells at an early stage of apoptosis
(Annexin V'/PI') in MG2B-treated cells (Figure 4A and 4B).
MG2B-induced cell death was accompanied by the disap-
pearance of healthy granule-like mitochondria and the loss of
mitochondrial membrane potential (Figure 4C). Moreover,
the involvement of caspase-dependent pathways in MG2B-
induced cell death was revealed using a pan-caspase inhibitor
(Figure 4D). These results demonstrate that MG2B induces
caspase-dependent apoptosis by triggering mitochondrial
disruption in cancer cells. Due to the rapid disruption of mito-
chondria by MG2B, it is difficult for us to capture a picture
with high quality to show the peptide accumulation in mito-
chondria with a mitochondrial trace marker. However, it is
understandable that the uniform distribution of MG2B in the
cytoplasm (Figure 2D) allows it to bind and disrupt mitochon-
dria.

To date, 65 AMPs have been identified as anticancer pep-
tides®. In addition to MG2, many other cationic AMPs such

as Cecropin A and Cecropin B also exhibit weak cytotoxicity

in cancer cells®.

Conjugation of these peptides to tumor-
homing peptides might also enhance their cytotoxicity. Com-
pared to antibody-directed immunotoxins with high molecu-

lar weights[34]

, a tumor-homing peptide may offer advantages
in the penetration of tumors. In addition, the peptide can be
synthesized economically by chemical synthesis, thus avoid-
ing the use of potentially hazardous biomolecules. Moreover,
D-amino acids might be used to enhance the resistance of
peptides to proteolytic degradation and increase its in vivo effi-

ciency.

Conclusions

Magainin II shows weak cytotoxic efficacy in tumor cells due
to its limited membrane binding affinity. The tumor-homing
peptide bombesin can bind specifically to tumor cells with
high affinity. Thus, conjugation to bombesin at its N-terminus
significantly enhanced the cytotoxicity of magainin II in tumor
cells through improved cell binding. Moreover, the magai-
nin II-bombesin conjugate MG2B selectively induces cell
death in cultured tumor cells. MG2B exerts promising anti-
tumor effects in vivo. These results suggest that more novel
approaches to targeted cancer therapy might be developed by
the conjugation of antimicrobial peptides to the tumor-homing
peptide bombesin.
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WJ9708012 exerts anticancer activity through PKC-a
related crosstalk of mitochondrial and endoplasmic
reticulum stresses in human hormone-refractory

prostate cancer cells
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Aim: To investigate the anticancer mechanism of a methoxyflavanone derivative, WJ9708012, highlighting its role on a crosstalk

between endoplasmic reticulum (ER) and mitochondrial stress.

Methods: Cell proliferation was examined using sulforhodamine B assay. Cell-cycle progression, Ca®* mobilization and mitochondrial
membrane potential (AW,,) were detected using flow cytometric analysis. Protein expression was detected using Western blot.
Results: WJ9708012 displayed an antiproliferative and apoptotic activity in human hormone-refractory prostate cancer cells with 1Csq
values of 6.4 and 5.3 ymol/L in PC-3 and DU-145 cells. WJ9708012 induced a prompt increase of cytosolic Ca®" level and activation
of protein kinase C (PKC)-a. The cleavage of p-calpain was also induced by WJ9708012. Furthermore, WJ9708012 induced cell-cycle
arrest at G;-phase associated with down-regulation of cyclin D1, cyclin E and cyclin-dependent kinase-4 expressions. It also caused

a rapid and time-dependent decrease of phosphorylation level of mTOR (Ser®**%), 4E-BP1 (Thr®"/Thr*®/Thr’®) and p70S6K (Thr*®9),
indicating the inhibition of mMTOR-mediated translational pathways. The ER stress was activated by the identification of up-regulated
GADD153 and glucose-regulated protein-78 protein levels. The subsequent mitochondrial stress was also identified by the observation
of a decreased Bcl-2 and Bcl-xL expressions, an increased truncated Bid and Bad and a loss of AW,...

Conclusion: WJ9708012 induces an increase of cytosolic Ca?* concentration and activation of PKC-a. Subsequently, a crosstalk
between ER stress and mitochondrial insult is induced, leading to the inhibition of mMTOR pathways and arrest of the cell-cycle at G,
phase. The apoptosis is ultimately induced by a severe damage of mitochondrial function.

Keywords: methoxyflavanone; Ca®* mobilization; protein kinase C-«; endoplasmic reticulum stress; mitochondrial stress
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Introduction

Endoplasmic reticulum (ER) is the major organelle respon-
sible for folding and maturation of transmembrane, secretory
and ER-resident proteins. ER stress is originally an adaptive
response that can be induced by various perturbations in nor-
mal ER function, including the accumulation of unfolded/
misfolded proteins, lipid or glycolipid imbalances, or changes
of ER Ca*" homeostasis. ER stress triggers several signaling
pathways to cope with the abnormal load in ER lumen. The
unfolded protein response pathway causes an up-regulation
of ER chaperones, such as GRP78 through C/EBP homologous
transcription factor GADD153 and the ER overload response

*To whom correspondence should be addressed.
E-mail jhguh@ntu.edu.tw
Received 2010-07-25 Accepted 2010-09-13

pathway induces the activation of nuclear factor kB (NF-«B),
leading to production of cytokines!?. However, ER stress
may also contribute to cell suicide when abnormalities become
extensive. GADD153, NF-kB and caspase-12 have been impli-
cated in the apoptotic regulation! *. Besides, ER stress can
crossly react with mitochondrial stress, resulting in an increase
of cytochrome c release and subsequent caspase-dependent
apoptotic reaction!**. Recently, the ER stress caused by exog-
enously applied stimuli has been considered a potential strat-
egy in anticancer approach®® 7.

Intracellular Ca™" is an essential element in the control of cel-
lular function and a lot of physical events. However, an over-
load of intracellular Ca®* may cause stresses on target organ-
elles, leading to oxidative stress and massive activation of a lot
of enzymes and an ultimate cell death. ER and mitochondria
play crucial roles in the maintenance of intracellular Ca*
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8101 The evi-

dence suggests that sufficient extracellular Ca®" influx causes

homeostasis and, therefore, regulate cell death!

Ca’*-activated ER stress, which contributes predominantly
to apoptosis in many types of cells including prostate can-

01121 Notably, an increase of cytosolic Ca** can also

cer cells
impair protein processing, promoting ER stress and inhibiting
translation pathways™ ' that explain the down-regulation
of cell-cycle regulators and arrest of the cell cycle by several

(13151 Ca?" also serves as an effector commu-

anticancer agents
nicating between ER- and mitochondria-mediated signaling
cascades. Bcl-2 has been revealed to be associated with the ER

and outer mitochondrial membrane!™® '

and plays a central
role on negative regulation of Ca* homeostasis since Bcl-2
overexpression is capable of reducing the Ca® level released
from the ER and diminishes cell apoptosis'”. Bax and Bak, are
two pro-apoptotic members of Bcl-2 family that impair mito-
chondrial function, also localize to the ER. Scorrano and col-
leagues provided evidence that both ER-released Ca>" and the
presence of mitochondrial Bax or Bak were required to fully
restore apoptosis by several apoptotic stimuli™®. Altogether,
these data support that Ca** mobilization is a key regulator
in the crosstalk between ER and mitochondria in propagating
apoptotic signals.

Flavonoids are a family of polyphenolic phytochemicals
including flavones and isoflavones. A large body of evi-
dence shows that diet high in flavonoids is associated with
the reduced incidence of some cancers"”. Flavonoids are
extensively studied to display anticancer activity through
numerous signaling pathways®®?**1. Of note, most of the

flavonoids exhibit antioxidant activities?.

This activity has
been implicated to reduce anticancer capability of flavonoids
since reactive oxygen species (ROS) acts as important apop-
totic mediators. It appears that ROS generation is important
for stimulation of apoptotic cell death that is crucial protective
effects in the body for killing cancer cells. This oxidative stress
is also critical for effective cancer chemotherapy and radiation
treatment®™ . Furthermore, Salganik and colleagues reported
that antioxidant-depleted diets, but not antioxidant-enriched
diets, were capable of increasing ROS levels and dramatically
increased apoptosis occurs within tumors®. To avoid the
interruption of antioxidant effect, we synthesized methoxyfla-
vanone derivatives and found that WJ9708012 [6-(3-Hydroxy-
3-methylbutyl)-2’-(7-hydroxy-3,7-dimethyloctyl)-3",4",5,7-
tetramethoxyflavanone] displayed effective anticancer activity
without antioxidant effect in human hormone-refractory pros-
tate cancer cells. The anticancer mechanisms of WJ9708012
were identified to be related to Ca** and protein kinase C
(PKC)-a involved interaction of ER and mitochondria stresses.
This study provides evidence that flavonoids, in the absence
of antioxidant effect, may have potential as a cancer therapy
against human prostate cancers.

Materials and methods

Materials

RPMI 1640 medium, fetal bovine serum (FBS), penicillin,
streptomycin, and all other cell culture reagents were obtained
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from GIBCO/BRL Life Technologies (Grand Island, NY, USA).
Antibodies to cyclin D1, cyclin E, cyclin-dependent kinase 4
(Cdk4), Bcl-2, Bel-xL, Bak, Bax, Bid, Bad, glucose-regulated
protein-78 (GRP78), cytochrome ¢, protein kinase C (PKC)-a,
and anti-mouse and anti-rabbit IgGs were obtained from Santa
Cruz Biotechnology, Inc (Santa Cruz, CA, USA). Antibod-
ies to AMP-activated protein kinase (AMPK)-a, phospho-
AMPKa™"”?, mammalian target of rapamycin (mTOR),
phospho-mTOR"*, phospho-p70S6K™?*, phospho-4E-
BP1™7, phospho-4E-BP1™%/™ nrocaspase-3, procaspase-7,
PARP, GADD153 (growth arrest and DNA damage-inducible
gene 153), apoptosis-inducing factor (AIF), endonuclease G,
and a-tubulin were from Cell Signaling Technologies (Boston,
MA, USA). Fluo-3/AM and 2',7’-dichlorofluorescin diacetate
(DCF-DA) were from Molecular Probes Inc (Eugene, OR,
USA). Sulforhodamine B (SRB), propidium iodide (PI), phe-
nylmethylsulfonylfluoride (PMSF), leupeptin, dithiothreitol,
rhodamine 123, EDTA, carbonylcyanide-m-chlorophenylhy-
drazone (CCCP), W7, N-acetylcysteine (NAC), trolox, Go 6983,
Compound C (6-[4-(2-Piperidin-1-ylethoxy)phenyl]-3-pyridin-
4-ylpyrazolo[1,5-a]pyrimidine) and all of the other chemical
reagents were obtained from Sigma-Aldrich (St Louis, MO,
USA). Ro-318220 was purchased from Calbiochem (La Jolla,
CA, USA). WJ9708012 [6-(3-Hydroxy-3-methylbutyl)-2'-(7-
hydroxy-3,7-dimethyloctyl)-3’,4’,5,7-tetramethoxyflavanone]
(Figure 1A) was synthesized and provided by our colleagues
(Dr Wei-jan HUANG). The purity is more than 95% by the
examination using high-resolution MS and nuclear magnetic
resonance.

Cell lines and cell culture

The cancer cell lines including PC-3 and DU-145 were from
American Type Culture Collection (Rockville, MD, USA). The
cells were cultured in RPMI-1640 medium with 10% FBS (v/
v) and penicillin (100 units/mL)/streptomycin (100 pg/mL).
Cultures were maintained in a humidified incubator at 37 °C
in 5% CO,/95% air.

SRB assays

Cells were seeded in 96-well plates in medium with 5% FBS.
After 24 h, cells were fixed with 10% trichloroacetic acid (TCA)
to represent cell population at the time of compound addition
(Ty). After additional incubation of DMSO or WJ]9708012 for
48 h, cells were fixed with 10% TCA and SRB at 0.4% (w/v) in
Unbound SRB was
washed out by 1% acetic acid and SRB bound cells were solu-
bilized with 10 mmol/L Trizma base. The absorbance was
read at a wavelength of 515 nm. Using the following absor-
bance measurements, such as time zero (T), control growth
(C), and cell growth in the presence of the compound (Tx), the

1% acetic acid was added to stain cells.

percentage growth was calculated at each of the compound
concentrations levels. Percentage growth inhibition was calcu-
lated as: 100-[(Tx-Ty)/(C-T)]*100. Growth inhibition of 50%
(ICs) is determined at the compound concentration which
results in 50% reduction of total protein increase in control
cells during the compound incubation.
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Annexin V-PI staining of apoptotic cell

Cells were cultured in 6-well plate for 24 h and then treated
with vehicle or 30 pmol/L WJ9708012 for 12 or 24 h. After the
treatment, cells were washed twice with phosphate-buffered
saline (PBS) and stained with fluorescein isothiocyanate
(FITC) annexin V and PI as per the manufacturer’s directions
(Annexin V-FITC Apoptosis Detection Kit, R&D Systems Inc,
Minneapolis, MN, USA). The stained cells were evaluated by
flow cytometry. The cells binding FITC-annexin V (excitation,
488 nm; emission, 520 nm) but not PI (excitation, 540 nm; emis-
sion, 630 nm) were termed annexin V-positive (early apopto-
sis) and the cells permeant to PI (regardless of FITC-annexin V
binding) were deemed necrosis or late apoptosis™..

In situ labeling of apoptotic cells

In situ detection of apoptotic cells was performed using
TUNEL (terminal dUTP nick-end labeling) apoptosis detection
methods. The TUNEL method identifies apoptotic cells using
TdT to transfer biotin-dUTP to the free 3’-OH of cleaved DNA.
The biotin-labeled cleavage sites were then visualized by reac-
tion with fluorescein conjugated avidin (avidin-FITC). After
the treatment of cells with or without WJ9708012 (30 pumol/L)
or taxol (0.1 pmol/L) for 12 or 24 h, the cells were washed,
fixed and stained for apoptotic detection according to the
protocol provided by the suppliers (Promega, Madison, WI,
USA). The photomicrographs were obtained by a fluorescence
microscopic examination (Nikon).

FACScan flow cytometric assay

After the indicated treatment, the cells were harvested by
trypsinization, fixed with 70% (v/v) alcohol at 4 °C for 30 min
and washed with PBS. After centrifugation, cells were incu-
bated in 0.1 mL of phosphate-citric acid buffer (0.2 mol/L
Na,HPO,, 0.1 mol/L citric acid, pH 7.8) for 30 min at room
temperature. Then, the cells were centrifuged and resus-
pended with 0.5 mL PI solution containing Triton X-100 (0.1%
v/v), RNase (100 ng/mL) and PI (80 pg/mL). DNA content
was analyzed with FACScan and CellQuest software (Becton
Dickinson, Mountain View, CA, USA).

Western blotting

After the treatment, cells were harvested with trypsinization,
centrifuged and lysed in 0.1 mL of lysis buffer containing 10
mmol/L Tris-HCI (pH 7.4), 150 mmol/L NaCl, 1 mmol/L
EGTA, 1% Triton X-100, 1 mmol/L PMSF, 10 pg/mL leupep-
tin, 10 pg/mL aprotinin, 50 mmol/L NaF and 100 pmol/L
sodium orthovanadate. In some experiments, the mitochon-
drial/cytosol fractionation kit (Biovision, Mountain View, CA,
USA) was used to separate mitochondrial and cytosolic frac-
tion. Total protein was quantified, mixed with sample buffer
and boiled at 90 °C for 5 min. Equal amount of protein (30 pg)
was separated by electrophoresis in 8% or 12% SDS-PAGE,
transferred to PVDF membranes and detected with specific
antibodies. The immunoreactive proteins after incubation
with appropriately labeled secondary antibody were detected
with an enhanced chemiluminescence detection kit (Amer-

sham, Buckinghamshire, UK).

Measurement of intracellular Ca** level

Cells were pre-incubated with fluo 3-AM (5 umol/L) for 30
min. Then, the cells were washed twice and incubated in fresh
medium. Vehicle (0.1% DMSO) or WJ]9708012 was added to
the cells for the indicated times and the intracellular Ca* level
was measured by flow cytometric analysis.

Measurement of mitochondrial membrane potential (AW,,) and
ROS

Cells were treated without or with the agent for the indicated
times. Thirty minutes before the termination of incubation,
a rhodamine 123 solution (final concentration of 5 pmol/L,
for AW, measurement) or DCF-DA (final concentration of 10
pmol/L, for ROS measurement) was added to the cells and
incubated for the last 30 min at 37 °C. The cells were finally
harvested and the accumulation of rhodamine 123 or ROS was
determined using FACScan flow cytometric analysis.

Immunofluorescence microscopic examination

Cells were seeded in 8-well chamber slides. After the com-
pound treatment, the cells were fixed with 100% methanol at
-20 °C for 5 min and incubated in 1% bovine serum albumin
(BSA) containing 0.1% Triton X-100 at 37 °C for 30 min. The
cells were washed twice with PBS for 5 min and incubated
with primary antibodies at 37 °C for 1 h. The cells were
washed three times with PBS for 10 min and incubated with
FITC-conjugated secondary antibody at 37 °C for 40 min. The
nuclei were recognized by the staining with DAPI (1 pg/mL).
The labeled targets in cells were detected by a confocal laser
microscopic system (Leica TCS SP2).

Data analysis

The compound was dissolved in dimethyl sulfoxide (DMSO).
The final concentration of DMSO was 0.1% in cell culture
media. Data are presented as the mean+SEM for the indicated
number of separate experiments. Statistical analysis of data
was performed with one-way analysis of variance (ANOVA)
followed by a t-test and P-values less than 0.05 were consid-
ered significant.

Results

Anti-proliferative and apoptosis-inducing activities in prostate
cancer cells

The antiproliferative effect of WJ9708012 was examined in
human hormone-refractory prostate cancer PC-3 and DU-145
cell lines by SRB assay. WJ9708012 inhibited cell proliferation
in a concentration-dependent manner with ICs, values of 6.4
and 5.3 pmol/L in PC-3 and DU-145 cells, respectively (Figure
1B). WJ9708012 also induced a time-dependent apoptotic
cell death by the detection of positive annexin V-staining and
TUNEL-positive cells (Figures 1C and 1D). Besides, the flow
cytofluorometric analysis of cell cycle by PI staining showed
that WJ9708012 induced an increase of cell population at G,
phase and a time-dependent apoptosis in PC-3 cells. The data
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Figure 1. Identification of anti-proliferative and apoptotic effects. (A) Chemical structure of WJ9708012. (B) The graded concentrations of WJ9708012
were added to cells for 48 h. Then, the cells were fixed and stained with SRB and the data were analyzed as described in the Materials and methods

section.

Data are expressed as mean+SEM of four determinations (each in triplicate). (C and D) PC-3 cells were treated with the indicated agent.

Then, the cells were harvested for annexin V-PI double staining of apoptosis or in situ detection of apoptotic cells by using TUNEL apoptosis detection

methods. Data are expressed as mean+SEM of three determinations. Scale

revealed that the cells were more susceptible to arrest at G,
phase than the induction of apoptosis to WJ9708012 action
(Figure 2).

Effect of WJ9708012 on Ca>" mobilization and PKC-a activity

The Ca** mobilization was examined in the present work. The
data in Figure 3A demonstrated that W]J9708012 triggered a
significant increase of Ca®* influx in extracellular Ca**-contain-
ing medium other than Ca**-free solution. In a parallel experi-
ment, the Ca*-free solution supplemented with EGTA signifi-
cantly inhibited WJ9708012-induced loss of AW, indicating
that the influx of extracellular Ca** served as an upstream
initiator to cause cellular stresses (Figure 3B). Furthermore,
several pharmacological inhibitors were used to study the
related target proteins. As a result, W7 (a membrane-per-
meable calmodulin inhibitor), Ro-318220 and Go-6983 (PKC
inhibitors) significantly reduced WJ9708012-induced apoptotic
effect (Figure 3C). Since PKC-a is the only conventional (Ca*"-
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dependent) PKC isoform detected in PC-3 cells™, the effect of
WJ9708012 on PKC-a translocation was identified. The immu-
nofluorescence microscopic examination showed that PKC-a
translocated to plasma membrane after the exposure of cells
to WJ9708012. The data were confirmed by Western blot that
detected the plasma membrane fraction and demonstrated a
time-dependent increase of PKC-a protein expression (Figure
3D). The data suggest that W]9708012 induces the activation
of PKC-a in PC-3 cells.

Effect of WJ9708012 on several cellular stresses

Numerous lines of evidence suggest that Ca®* plays a cen-
tral role not only on the induction of ER stress and mito-
chondrial insult but also on the communication of these
two events® 1% 1 Accordingly, several cellular stresses
were determined in this study. The data demonstrated that
W]J9708012 induced an early and sustained ER stress by the
identification of up-regulated GADD153 and GRP78 protein
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Figure 2. Effect of WJ9708012 on cell-cycle progression. PC-3 cells
were treated without or with WJ9708012 for the indicated times. After
the treatment, the cells were fixed and stained with propidium iodide to
analyze DNA content by FACScan flow cytometer. Data are expressed
as mean+SEM of three determinations. °P<0.01 compared with the
respective control.

levels (Figure 4). The mitochondrial stress was also induced
by the alteration of mitochondria-related signals, including the
down-regulation of Bcl-2 and Bcl-xL expressions and the deg-
radation of Bid and Bad associated with the formation of their
truncated active fragments (tBid and tBad), two more potent
inducers of apoptosis than the wild-type proteins® *! (Figure
4). As expected, the activation of caspase-3 and caspase-7, and
the cleavage of downstream effector PARP were induced by
WJ9708012 (Figure 4).

Effect of WJ9708012 on mitochondrial stress

Excessive generation of ROS renders a cell oxidatively stressed
and impairs membrane proteins, leading to mitochondrial
dysfunction and apoptotic cell death. A lot of flavonoids
have been reported to exhibit antioxidant activities™, which
reduce apoptotic capability of these compounds. WJ]9708012
did not show antioxidant effect. Instead, it induced a moder-
ate but significant increase of ROS production (Figure 5A), an
effect prior to a loss of AW, (Figure 5B). Cytochrome ¢, AIF
and endonuclease G are three pro-apoptotic proteins and are
frequently found in the cytosol after apoptotic induction. In
this study, WJ9708012 induced a dramatic increase of cyto-
solic level of cytochrome ¢ and AIF (Figure 5C) in the time
comparable to the impact on Bcl-2 family proteins (Figure 4).
Additionally, we examined if W]J9708012 played a role on cal-
pain activity. As a result, the cleavage of p-calpain other than
m-calpain was induced by WJ9708012 (Figure 5D).

Effect of WJ9708012 on the expression of cell-cycle regulators
and mTOR pathway signals

The cell-cycle progression is regulated by periodic activa-
tion of various Cdk/cyclin complexes. Accordingly, several
cyclins and Cdks that regulate G, phase of the cell cycle were
examined. The data demonstrated that the protein expres-
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sions of cyclin D1, cyclin E and Cdk4 were down-regulated by
WJ9708012 (Figure 6) that correlated with the cell-cycle arrest
at G; phase. The data also showed a rapid down-regulation of
cyclin D1 expression reflecting a short half-life of this protein
(Figure 6). To examine if translational signaling pathways
were affected by WJ9708012-induced stress, we detected sev-
eral related protein expressions and the phosphorylation state,
including mTOR, 4E-BP1 and p70S6K. mTOR, a serine/ threo-
nine kinase, is a key regulator of protein translation/synthesis.
The phosphorylation of mTOR at Ser****
activation, which transmits positive signals to activate p70S6K
(phosphorylation at Thr*®)

is a marker of mTOR

and inactivate the translation
repressor protein 4E-BP1 through sequential phosphorylation
at Thr¥/Thr*® and Thr”°. The data showed that WJ]9708012
induced a rapid and time-dependent decrease of phosphoryla-
tion level of mTOR (Ser**), 4E-BP1 (Thr” and Thr”/ Thr*’) and
p70S6K (Thr*®), suggesting the inhibition of mTOR-mediated
translational pathways (Figure 6).

Discussion

The signaling pathways that control cell proliferation have
been extensively studied in recent decades. Cell cycle pro-
gression is delicately controlled in cells responsive to diverse
mitogenic signals, which stimulate sequential signaling
cascades and regulate various cell cycle proteins through
transcriptional control, posttranslational modifications and
protein degradation. Cells are prone to arrest of the cell cycle
in response to a variety of cellular stresses, including radia-
tion, chemicals, oxidants and metabolite signals. This study
showed that WJ9708012, a methoxyflavanone derivative,
posed a cellular stress, leading to an arrest of the cell cycle at
G, phase and a subsequent apoptosis in prostate cancer cells.
The impact on several G;-phase regulatory proteins was obser-
ved during the stress response, such as the down-regulation
of cyclin D1, cyclin E and Cdk4. The data provided evidence
that WJ9708012 reduced the protein levels of these regula-
tors through an inhibition of mTOR-mediated translational
pathways. Of note, cyclin D1 was the most susceptible protein
to this inhibitory activity. It can be explained by the impair-
ment of cyclin D1 stability since it has been suggested that
a constitutive activation of phosphatidyl inositol 3-kinase/
Akt that keeps glycogen synthase kinase (GSK)-3f inhibited
increases cyclin D1 stability. Rapamycin, an mTOR inhibitor,
blocks the inhibitory action on (GSK)-3p, leading to a nuclear
export of cyclin D1 and a decrease of cyclin D1 stability™".

Ca™ is a double-edged sword in physiological control of cel-
lular function as well as an inducer of cell death. Calcium has
been implicated in propagating apoptotic signaling cascades
in many types of cancer cells including prostate cancers®.
However, a massive and acute influx of Ca** may cause cell
necrosis without programmed death mechanism that is not
an appropriate anticancer strategy. Classical PKC isoforms,
including PKC-a, -B;, -py, and -y, are Ca2+-dependent and are
activated by diacylglycerol and phorbol esters through the
cysteine-rich C1 domains™. Classical PKC isoforms are also
well-known downstream effectors of Ca® in signaling cell

Acta Pharmacologica Sinica
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Figure 3. Effect of WJ9708012 on Ca**-related function and PKC-a membrane translocation. (A) PC-3 cells were treated with WJ9708012 (30 pmol/L)
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agent for 30 min. WJ9708012 (30 pumol/L) was added for another 6 h (B) or 24 h (C).
123 or PI staining were used to detect the change of mitochondrial membrane potential (AW,,) or cell-cycle progression.

After the treatment, the flow cytometric analysis of rhodamine
Data are expressed as

mean+SEM of three determinations. °P<0.05, °P<0.01 compared with the respective control. (D) PC-3 cells were treated without or with WJ9708012
(30 umol/L) for the indicated time. After the treatment, the cells were fixed for the detection of PKC-a by confocal microscopic examination or the
cells were harvested and the cell membrane was separated for the detection of PKC-a expression by Western blot. The data are representative of two
independent experiments. The expressions were quantified using the computerized image analysis system ImageQuant (Amersham Biosciences).

Scale bar, 20 ym.
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proliferation, differentiation and apoptosis. PKC-a is the pre- results have been described in PKC-a-mediated cell survival

dominant isoform in many types of cancer cells™,

Depend- and apoptosis. For example, PKC-a knockout mice have

ing on the tumor type and different treatment, contradictory ~been demonstrated to increase the tendency of developing
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Figure 6. Effect of WJ9708012 on several protein expressions. PC-3 cells were treated without or with WJ9708012 (30 umol/L) for the indicated time.
After the treatment, the cells were harvested and lysed for the detection of the indicated protein expressions by Western blot. The expressions were
quantified using the computerized image analysis system ImageQuant (Amersham Biosciences).

spontaneous intestinal tumorsP¥. In contrast, Varga and the

colleagues provided the data showing that the expression of
PKC-a gradually increased with increasing tumor grades®"
The data in this study showed that WJ9708012 induced an
increase of intracellular Ca®* level through extracellular ori-
gin. The increased Ca®* subsequently induced cell apoptosis
through a PKC-a-dependent pathway. Our data also showed
the induction of ER stress to WJ9708012. Recent studies reveal
that PKC is involved in the induction of GRP78"", a major ER
chaperone and a crucial regulator of ER homeostasis. Fur-
thermore, PKC-a has been reported to mediate growth arrest
in human embryonal rhabdomyosarcoma cells by inducing
an activation of c-Jun N-terminal protein kinases (JNKs), p38
kinase and extracellular signal-regulated kinases (ERKs)"",
which are involved in the induction of ER stress™ *!. These
reports support the present study that WJ9708012 activates
PKC-a which in turn, directly or indirectly, induces ER stress
in PC-3 cells.

Permeabilization of the outer mitochondrial membrane
and release of pro-apoptotic proteins are the most extensively
characterized pathways to cell apoptosis and make the mito-
chondria an attractive target for cancer chemotherapy™.
Recently, a crosstalk between ER and mitochondria that rein-
forces the efficacy and efficiency of anticancer agents has been
widely addressed®. Several pathways have been suggested
to connect the interaction between ER and mitochondria. The
electron tomographic examination shows that the ER network
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forms close or direct contacts with the mitochondria!® ** !,

Several studies also reveal that ER may communicate with
mitochondria via mitochondria-associated membranes®". In
addition to direct network connection, a large body of evi-
dence points to the Ca™ as a central player that is released
from the ER store and, in turn, causes a load in mitochondria,
leading to necessary biochemical activities. However, an
overload of mitochondrial Ca** induces the release of apop-
totic proteins from the mitochondria, including cytochrome c,
AIF and endonuclease G. Cytochrome c is a central co-factor
in intrinsic apoptotic pathways. AIF and endonuclease G are
also responsible for the nuclear DNA fragmentation upon
numerous apoptotic stimuli®**\. In this study, WJ9708012
induced an increase of intracellular Ca* and ER stress, leading
to the down-regulation of Bcl-2 and Bcl-xL expressions and a
dramatic increase of cytosolic level of cytochrome c and AIF.
The data reveal a crosstalk between ER and mitochondria
in communicating WJ9708012-mediated apoptotic signaling
pathways.

Calpains are consisted of a class of intracellular cysteine
proteases that are activated by Ca*' "3, yu-Calpain (calpain-I)
and m-calpain (calpain-II) are two major forms that are acti-
vated by micromolar and millimolar concentrations of Ca*,
respectively. Several Bcl-2 family members, such as Bcl-2, Bid,
and Bcl-xL, are reported to be processed by calpain®. Fur-
thermore, calpain-mediated cleavage of Bid to an active frag-
ment has been implicated in mitochondrial permeabilization



and cell death™!. Recently, Polster and the colleagues used
isolated mitochondria model and demonstrated that p-calpain
induced the cleavage and release of AIF™.. In this study,
WJ9708012 also induced the cleavage and release of AIF. The
effect may be explained by the activation of p-calpain.

Taken together, the data suggest that WJ9708012 induces
an increase of cytosolic Ca™ concentration and the activation
of PKC-a in PC-3 cells. Subsequently, a crosstalk between ER
stress and mitochondrial insult is induced, leading to the inhi-
bition of mTOR translational pathways and arrest of the cell
cycle at G; phase. Moreover, the summation of W]J9708012-
mediated stress results in the down-regulation of Bcl-2 and
Bcl-xL protein expressions and an increased release of cyto-
chrome c and AIF, leading to apoptotic cell death. The data
also demonstrate that WJ9708012 is an effective methoxyfla-
vanone worth further investigation and development.
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The distinct role of guanine nucleotide exchange
factor Vavl in Bcl-2 transcription and apoptosis
inhibition in Jurkat leukemia T cells
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Aim: To investigate a novel function of proto-oncogene Vavl in the apoptosis of human leukemia Jurkat cells.

Methods: Jurkat cells, Jurkat-derived vav1-null cells (J.Vavl) and Vavl-reconstituted J.WT cells were treated with a Fas agonist anti-
body, IgM clone CH11. Apoptosis was determined using propidium iodide (Pl) staining, Annexin-V staining, DNA fragmentation, cleav-
age of caspase 3/caspase 8, and poly (ADP-ribose) polymerase (PARP). Mitochondria transmembrane potential (AW,,) was measured
using DiOCg4(3) staining. Transcription and expression of the Bcl-2 family of proteins were evaluated using semi-quantitative RT-PCR and
Western blot, respectively. Bcl-2 promoter activity was analyzed using luciferase reporter assays.

Results: Cells lacking Vavl were more sensitive to Fas-mediated apoptosis than Jurkat and J.WT cells. J.Vav1 cells lost mitochondria
transmembrane potential (AW,,) more rapidly upon Fas induction. These phenotypes could be rescued by re-expression of Vavl in
J.Vav1l cells. The expression of Vavl increased the transcription of pro-survival Bcl-2. The guanine nucleotide exchange activity of Vavl
was required for enhancing Bcl-2 promoter activity, and the Vavl downstream substrate, small GTPase Rac2, was likely involved in the

control of Bcl-2 expression.

Conclusion: Vav1 protects Jurkat cells from Fas-mediated apoptosis by promoting Bcl-2 transcription through its GEF activity.
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Introduction

Vavl1 is a member of the guanine nucleotide exchange factors
(GEFs) for Rac/Rho small GTPases, and it is predominantly
expressed in hematopoietic cells"!. The other two members of
the Vav family, Vav2 and Vav3, are ubiquitously expressed? .
The functional importance of Vavl has been demonstrated in
thymocyte development, T cell activation, and tumor malig-
nancy. Mice deficient in Vavl exhibit decreased numbers of
double positive and single positive T cells™®. This phenotype
is more profound when all three Vav genes are eliminated'.
T cells isolated from Vav knock-out mice or genetically
derived from human leukemia Jurkat T cells show obvious
defects in T cell receptor (TCR)-mediated activation! ”!
humans, reduced expression of Vavl1 is associated with com-

. In

mon variable immunodeficiency with defective T-cell function
(T-CVID), which is characterized by hypogammaglobulinemia
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due to impaired T cell function!. By contrast, overexpression
of Vavl is associated with B cell chronic lymphocytic leuke-
mial. The aberrant expression of Vav1 has also been reported
in non-hematopoietic cancer malignancies, such as neuro-
blastoma™” M and melanoma?,
indicating an indispensable role for Vavl in cell growth and

survival.

, pancreatic adenocarcinoma

Vav proteins contain multiple structural motifs, including a
Dbl homology domain for activation of Rho family GTPases, a
calponin homology domain (CH), an acidic motif, a pleckstrin
homology domain (PH), a cysteine-rich domain (CRD), and
two SH3 domains flanking a single SH2 region™. Upon T cell
activation, Vav1 is rapidly tyrosine phosphorylated and uses
its GEF activity on several small GTPases, including Racl,
Rac2, and Cdc42, leading to the recruitment of signaling mol-
ecules and the formation of the immune synapse!* . Vavl
also plays GEF-independent roles, such as modulating TCR-
stimulated calcium flux"® and potentiating calcium release by
association with calmodulin”. Vav1 is activated upon liga-
tion of the co-stimulatory receptor, CD28, which leads to the
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nuclear translocation of Vav1™} the nuclear function of Vav1l
has yet to be addressed. The structural complexity of Vavl
suggests its involvement in diverse cellular processes.
Apoptosis is an essential process in both the develop-
ment of lymphocytes and the contraction phase of immune
responses™. Accumulating evidence suggests that Vav1 is
involved in the regulation of cell apoptosis. For example,
during negative selection, Vavl promotes antigen-induced
thymocyte apoptosis, and inhibitors of the actin cytoskeleton
or protein kinase C (PKC) reverse the effect™. In activated
CD4" T cells, the Vavl-Rac pathway is a critical component
of TCR-induced cell death".
reported to be a pro-survival molecule in different signaling

However, Vav1 has also been

contexts. For instance, overexpression of Vavl counteracts
CD4-mediated apoptosis of T cells by reducing mitochondrial
damage and inhibiting Bax expression™. Deletion of all three
Vav members decreases the number of mature B cells™. The
pro-survival function of Vavl is also evident in studies that
treated leukemia with Vavl antisense oligonucleotides™ or
by blocking the Vav1-Rac signaling pathway™'. In addition,
Vavl expression in non-hematopoietic cells is associated with

cancer malignancy™™

. Overall, Vavl participates in regulat-
ing cell survival, but the mechanisms of Vav1 association with
the apoptotic pathway remain to be elucidated. Because Vavl
possesses promiscuous substrates and various functional
motifs that overlap with Vav2 and Vav3, it is important to
identify the unique role of Vavl.

Using leukemia Jurkat T cells and vavI-null cells (J.Vav1)”,
we investigated the function of Vavl in T cell apoptosis with-
out evoking signals from the TCR and CD28. We found that
the expression of Vavl promotes Bcl-2 transcription. We fur-
ther showed that Rac2 is likely to be the downstream effector
of Vav1 in this signaling context.

Materials and methods

Antibodies and reagents

The anti-Vavl and anti-Bax antibodies were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). The anti-
ZAP70 antiserum was raised against residues 326 to 341 of
human ZAP70". The anti-Fas (human, activating) IgM clone
CH11 was purchased from Upstate (Lake Placid, NY, USA).
The anti-a tubulin and anti-flag antibodies were purchased
from Sigma (St Louis, MO, USA). The antibodies for caspase
3, caspase 8, poly (ADP-ribose) polymerase (PARP), Bcl-2, Bcl-
xL, and Bim were purchased from Cell Signaling Technology
(Danvers, MA, USA). PE-conjugated anti-Fas IgG was pur-
chased from Jingmei Biotech (Beijing, China). PE-conjugated
human Annexin-V recombinant protein was purchased from
Bender MedSystems (Vienna, Austria). Proteinase K was
obtained from Merck (Darmstadt, Germany). RNase A and
the transfection reagent, polyethylenimine (PEI) were pur-
chased from Sigma (St Louis, MO, USA). The TRIzol RNA
extraction reagent was purchased from Invitrogen (Carlsbad,
CA, USA). RNase-free DNase I was purchased from Promega
(Madison, WI, USA). The RNA LA PCR kit (AMV) was pur-
chased from Takara (Otsu, Shiga, Japan). Tag polymerase was
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purchased from Tiangen (Beijing, China).

Cell lines and cell culture
Jurkat T leukemia cell line E6 was obtained from ATCC
(Manassas, VA, USA). ].Vavl cells were derived from Jurkat
cells by knocking out vav1 alleles with somatic gene targeting
as described previously”. The J.WT cell line was generated
from a single clone of J.Vavl cells transfected with a plasmid
encoding wild-type Vavl and selected using a drug resistance
marker. HeLa and MCF7 cell lines were also from ATCC.
Jurkat, J.Vavl, and J.WT cells were grown in RPMI 1640
medium containing 10% (v/v) fetal bovine serum and 1% (v/v)
penicillin/streptomycin. Cervical cancer HeLa cells were cul-
tured in DMEM medium containing 10% (v/v) newborn calf
serum and 1% (v/v) penicillin/streptomycin. Breast cancer
MCF7 cells were kept in RPMI 1640 medium containing 10%
(v/v) fetal bovine serum and 1% (v/v) penicillin/streptomycin.
All cells were incubated at 37 °C with 5% CO,.

Plasmid constructs

The coding region of full-length Vav1l (FL), deletion of the
calponin homology domain (Del-CH), and deletion of the
C-terminal SH3 domain (Del C-SH3) were subcloned into
pcDNA4/HisMax vectors and designated Vavl (FL), Vavl
(ACH), and Vavl (AC-SH3), respectively, as described previ-
ously”. The plasmids, pEF-Vav1 (L213A) and pEF-c-myc-
Vavl (Y174F), were kindly provided by Dr Altman’s lab (La
Jolla Institute for Allergy & Immunology, USA) and used as
described previously”. Flag-tagged human Vav2 and Vav3
expression plasmids were prepared by subcloning the coding
region of human Vav2 and Vav3 cDNAs, respectively, into
the pCMV-Tag2B vector at EcoRI-HindIII restriction sites.
The Bcl-2 expression plasmid, pSG5-Bcl-2, was provided by
Dr Quan CHEN (College of Life Science, Nankai University,
China). The reporter plasmid, pBcl-2-Luc (Bcl-2 promoter
region from ATG to -3934), was obtained from Addgene
(http:/ /www.addgene.org/) and originated from Dr Boxer’s
lab (Stanford School of Medicine, USA). The flag-tagged
human Rac2 expression construct was prepared by subclon-
ing the human Rac2 cDNA into the pCMV-Tag2B vector as
a BamHI-EcoRI restriction fragment. Rac2 mutations, Rac2
(Q61L) and Rac2 (D57N), were generated by overlap PCR with
the pCMV-Tag2B plasmid.

DNA transfection and luciferase reporter assay

Transfections were performed with 2x10” Jurkat cells or
J.Vavl cells by electroporation with a BTX Electro Square
Porator, model ECM 830 (BTX Inc, San Diego, CA, USA) at
310 mv, 10 ms with 40 pg of total plasmid DNA. For HelLa
and MCEF7 cells, PEI transfection was performed with 3 pg
of total plasmid DNA per 1x10° cells. Transfected cells were
harvested 24 h later and prepared for luciferase assay. Firefly
and pRL-TK-derived Renilla luciferase (RL) activities were
measured according to the manufacturer’s protocol with a
Dual Luciferase Assay kit (Promega, Madison, WI, USA). The
promoter activity was recorded as the ratio of firefly luciferase



to the RL activity and expressed as normalized relative light
units (RLU). Results are presented as the meantstandard
deviation (SD) of triplicate samples. All reporter gene assays
were repeated independently a minimum of three times. The
expression of transfected genes was analyzed by Western blot.

Western blot analysis

Unless otherwise specified, cells (1x10°) were collected
and lysed with RIPA buffer (20 mmol/L Tris-HCI, pH 7.5,
150 mmol/L NaCl, 0.5 mmol/L EDTA, 1% Triton X-100, 1
mmol/L PMSF, 1 mmol/L NaF, 1 pg/mL leupeptin) at 4 °C.
Protein concentration was determined by Bradford assay.
Equal amounts of protein from each cell lysate were subjected
to 10% or 15% SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) as indicated. The resolved proteins were transferred to
PVDF membranes and blotted with indicated antibodies.

Flow cytometry analysis
Cells were collected, and 1x10° cells per mL were resuspended
in 1xPBS (pH 7.4) containing 1% FBS and incubated with PE-
conjugated Annexin-V or propidium iodide (PI) in the dark
for 20 min at room temperature. Cells were then washed once
with 1 mL of PBS and resuspended in 500 uL of PBS contain-
ing 1% FBS. Flow cytometric analysis was performed on a
flow cytometer (FACS Calibur, Becton Dickinson, Franklin
Lakes, NJ, USA) using CellQuest software (Becton Dickinson).
For mitochondrial transmembrane potential (AW,,) measure-
ment, cells were treated with 10 ng/mL CH11 or left untreated
for 6 h. The AW, indicator, DiOC¢(3) (2 pL of a 2 pmol/L stock
solution in DMSO), was added to a 400 uL cell suspension in
PRMI-1640 medium and incubated at 37 °C for 5 min. AW,
was analyzed by flow cytometry with excitation at 488 nm. A
decrease in DiOC(3) fluorescence (530£30 nm) indicates a loss
of AW,,..

DNA fragmentation

One million cells were collected by centrifugation (room tem-
perature, 110xg, 5 min), washed briefly with 1xPBS (pH 7.4)
and centrifuged again. Cell pellets were then treated with 50
pL lysis buffer (1% NP40 in 20 mmol/L EDTA, 50 mmol/L
Tris-HCI, pH 7.5), and supernatants were collected by centrif-
ugation (room temperature, 1600xg, 5 min). The supernatants
were then sequentially incubated with RNase A (5 pg/uL,
37 °C, 2 h) and proteinase K (2.5 ng/uL, 58 °C, 2 h) to elimi-
nate RNA and protein contamination. The extracted DNA
was obtained by ethanol precipitation, dissolved in gel loading
buffer, and separated by agarose gel eletrophoresis.

RNA isolation and semi-quantitative RT PCR

Total RNA was isolated from 1x10 cells as indicated with
TRIzol reagent following the manufacturer’s instructions
(Invitrogen, Carlsbad, CA, USA). The RNA was then resus-
pended in DEPC-treated TE (pH 8.0) and treated with RNase-
free DNase I (Promega) for 1 h. Two micrograms of total
RNA was reverse-transcribed at 42 °C using the Takara RNA
LA PCR kit (AMV) with oligo dT primers. Semi-quantitative
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PCR was performed by 30 cycles of denaturation at 94 °C
for 30 s, annealing at 60 °C for 30 s, and extension at 72 °C
for 20 s. Hypoxanthine guanine phosphoribosyl transferase
(HPRT) was used as an internal control for gene expression.
The primers used for semi-quantitative PCR were as fol-
lows: Bcl-2 5’-TTCTTTGAGTTCGGTGGGGTC-3’ (forward)
and 5-AGCCAGGAGAAATCAAACAGAGG-3 (reverse);
HPRT 5-TGACACTGGCAAAACAATGCA-3’ (forward) and
5-GGTCCTTTTCACCAGCAAGCT-3 (reverse). The PCR
products were resolved by 1.5% agarose gel electrophoresis.
The net intensity of each band was quantified using Quantity
One software (BIO-RAD, Hercules, CA, USA).

Statistical analysis

Most of our results are representative of at least three inde-
pendent experiments and are presented as the meantstandard
deviation (SD) of triplicate samples.

Results

Loss of Vav1l leads to high sensitivity of cells to apoptosis
Fas-mediated apoptosis is the main mechanism of T cell
homeostasis. Here, we used the Fas agonist antibody, CH11,
to induce apoptosis in cells in the presence or absence of Vavl
(Figure 1A). After treatment with 10 ng/mL of CH11 for 8 h,
50% of J.Vav1 cells underwent apoptosis, whereas 70%—-80%
of Jurkat or ]. WT cells were viable based on PI analysis (Figure
1B), indicating a protective role for Vavl against Fas-mediated
cell death. To exclude possible variations in expression of
Fas due to the cloning process, we stained the three cell lines
with a PE conjugated Fas-specific antibody (IgG) that does
not induce apoptosis. Flow cytometry analysis showed the
same shift in PE fluorescence intensity (Figure 1C), indicating
the same level of surface Fas molecules on these cells. One
of the characteristic early events of apoptosis is the reversed
location of phosphatidylserine. When treated with CH11
for 12 h, nearly 50% of J.Vavl cells were Annexin-V positive
in comparison with 30% of Jurkat or JJWT cells that were
Annexin-V positive (Figure 1D). The final event of apoptosis,
DNA fragmentation, was also found to be higher in J.Vavl
(Figure 1E) versus Jurkat and J.WT cells. The above results
indicate that cells lacking Vav1 are more sensitive to apoptosis
by CH11. Similar trends of cell death were also seen with
other apoptotic stimuli, such as serum starvation and oxidation
(Supplementary Figure 1). These data indicate that the loss of
Vavl results in cells being more sensitive to apoptotic stimuli.
We also examined the cleavage of the terminal molecule in
the caspase pathway, caspase 3, and its substrate, PARP, and
observed an earlier cleavage and activation pattern of caspase
3/PARP in ].Vavl cells (Figure 1F).

Fas engagement leads to the formation of the DISC (death
inducing signaling complex) and the activation of caspase
8, and Vavl could negatively regulate DISC formation by
competing for actin binding sites with Ezrin, a linker between
Fas and the actin cytoskeleton!”.
kinetics of caspase 8 cleavage in the presence or absence of
Vav1l upon anti-Fas CH11 treatment. We found detectable

Thus, we examined the
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Figure 1. Effect of Vavl on Fas-mediated cell death. (A) Vavl protein expression in the indicated cells was determined by immunoblot using an antibody
against Vavl, and ZAP70 was used as a loading control. (B) Cells with or without Vavl were treated with increasing concentrations of CH11 for 8 h,
and percentages of live cells were determined by flow cytometry using Pl staining. Data represent the mean with standard deviation of 3 experiments.
(C) Expression of surface Fas was analyzed by flow cytometry with PE-conjugated anti-Fas IgG (darker lines). The pre-immune IgG was used as control
(lighter lines). (D) Comparison of Fas-mediated apoptosis with or without Vavl. Cells were treated with CH11 (10 ng/mL) for 12 h and stained with
Annexin-V PE. The apoptotic cells (AV") were analyzed by flow cytometry, and percentages of AV' cells are quantitatively displayed in the graph. (E) Cells
were treated with CH11 for the indicated time, and extracted DNA was subjected to agarose gel electrophoresis. Cleavage of caspase 3, PARP (F) and
caspase 8 (G) in cell lysates was examined after treatment with CH11 (10 ng/mL) for the indicated times. Tubulin was used as a loading control. (A), (C),
(D), (E), (F), and (G) are representative of at least three independent experiments.

cleavage of caspase 8 1 h after treatment in J.Vavl and JWT
cells and 2 h after treatment in Jurkat cells (Figure 1G). The
decreased expression of Vavl in J.JWT compared to Jurkat cells
may not provide enough Vavl to compete with Ezrin and
thus cannot block the formation of the DISC. On the other
hand, the rescue of caspase 3 and PARP in ] WT (Figure 1F)
also indicates that caspase 8 is not the upstream mediator of
caspase 3 cleavage.

As Jurkat cells are type II cells in which the FasL-induced
apoptosis is mitochondria-dependent!®], the above data
suggest that Vav1 plays an anti-apoptotic role in mitochondria-
dependent apoptosis.

Vav1 maintains mitochondrial membrane integrity

The disintegration of the mitochondrial membrane marks
the earliest event of apoptosis upon CH11 treatment. We
determined the change in mitochondrial transmembrane
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potential (AW,,) in Jurkat, J.Vavl, and J.WT cells by flow
cytometry using the fluorescent dye, DiOC¢(3), as a tracer. We
found that in the absence of Vavl (J.Vav1l), more than 62%
of cells had lower AW,, compared with that of Jurkat (35%)
and J.WT cells (39%) (Figure 2). Thus, the integrity of the
mitochondrial membrane is severely impaired in the absence
of Vavl upon treatment with CH11.

Vav1 sustains Bcl-2 transcription in T cells

T cell fate is precisely controlled by the balanced expression
of the Bcl-2 family of proteins. In activated T cells, Bcl-2
levels are reduced by nearly 50%, allowing them to undergo
activation-induced apoptosis in the contraction phase of T
cell response®. We therefore asked whether there were
differences in the expression of Bcl-2-related proteins. A
panel of pro-apoptotic proteins (Bax, Bim, Bmf, Puma, and
Bok) and anti-apoptotic proteins (Bcl-2, Bcl-xL, and Mcl-
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Figure 2. Effect of Vavl on mitochondrial membrane integrity. Changes
in mitochondrial membrane potential (AW,,) in the three cell lines were
detected by DiOCg(3) staining after CH11 treatment. The percentages of
cells shifting to lower fluorescence intensity are shown in the bar graph.
These data are representative of three independent experiments.

1) were examined. Among these proteins, the expression
of Bcl-2 was significantly reduced in J.Vav1 cells, but not in
Jurkat or J.WT cells. No significant differences in expression
of the other family members, such as pro-survival Bel-xL, pro-
apoptotic Bax, or BH3 only Bim, were observed (Figure 3A).
This experiment demonstrated that loss of Vavl decreased
the expression of Bcl-2, and reconstitution of cells with Vavl
restored the levels of Bcl-2. Therefore, Vavl is required for
maintaining the expression of Bcl-2 in Jurkat T cells. Because
the level of Bcl-2 proteins in cells is strictly regulated, the
transcription of Bcl-2 was examined. Semi-quantitative RT-
PCR showed that the level of Bcl-2 mRNA in ]J.Vav1 cells was
only half of that in Jurkat or J.WT cells (Figure 3B), in agree-
ment with the observed reduction in Bcl-2 protein expres-
sion (Figure 3A). The Bcl-2 synthesis and degradation rates
were unchanged in the presence or absence of Vavl (data not
shown). Therefore, Vavl affects the transcription of Bcl-2.

To confirm the effect of Vavl on Bcl-2 transcription, we
performed a reporter assay in which the luciferase gene was
under the control of the full promoter region (from ATG to
-3934) of Bcl-2P. Transient expression of Vav1 increased Bcl-2
promoter activity to the level as that in Jurkat cells (Figure
3C), whereas J.Vav1 cells transfected with control empty vec-
tors displayed only 50% of the promoter activity observed in
Jurkat cells (Figure 3C), consistent with the mRNA analysis
(Figure 3B). This suggests that Vavl promotes Bcl-2 tran-

scription in Jurkat cells. In addition, Bcl-2 transcription was
further enhanced in Jurkat cells overexpressing Vavl (Figure
3C), implying a dose-dependent transcription of Bcl-2 by
Vavl. In agreement with this, the ectopic expression of Vavl
or Bcl-2 could rescue J.Vavl from CH11-induced cell death
(Figure 3D), suggesting that the amount of Vav1 influences the
transcription of Bcl-2.

The GEF activity of Vavl is specifically required for maintaining
Bcl-2 transcription

Vav1 contains multiple structural domains that permit its
function as a GEF and a scaffold protein®™ 3. To explore
the possible mechanisms by which Vavl enhances the tran-
scription of Bcl-2, we constructed a series of Vavl mutations
(Figure 4A). As previously reported, disruption of the Dbl
homology domain by the L213 mutation, referred to as Vavl
(L213A), abolishes the GEF activity of Vav1l. By contrast, Vavl
(Y174F) and Vav1l (ACH) possess constitutive GEF activity due
to the unmasked DH domain!™ *!. Deletion of the C-terminal
SH3 domain, Vavl (AC-SH3), eliminates the interaction of

Vav1l with many nuclear proteins®™

. Expression of the Bcl-2
reporter gene was measured in the presence of the above
Vav1 mutations. Whereas the expression of wild-type Vavl in
J.Vav1 cells increased luciferase expression by more than two-
fold of that in the control sample (pcDNA4), Vav1l (Y174F) and
Vavl (ACH) further enhanced Bcl-2 transcription (Figure 4B).
By contrast, GEF-deficient Vav1 (L213A) failed to induce Bcl-2
transcription (Figure 4B). Vav1l (AC-SH3) promoted Bcl-2 tran-
scription to levels similar to wild-type Vav1 (Figure 4B), ruling
out the effect of nuclear interactions of Vavl. Taken together,
the mutation analyses demonstrate that the GEF activity of
Vav1 is required for maintaining Bcl-2 transcription.

Vav family members (Vavl, 2, and 3) possess highly
homologous DH domains and redundant GEF functions.
Because of the presence of Vav2 and Vav3 in Jurkat cells, we
examined their effect on Bcl-2 transcription and found that
overexpressed Vav2 or Vav3 had no significant influence
on Bcl-2 promoter activation (Figure 4C). Thus, among Vav
family members, only Vavl is responsible for promoting the
transcription of Bcl-2 in Jurkat T cells. We further tested the
effect of Vavl expression on Bcl-2 transcription in the non-
hematopoietic cancer cell lines, HeLa and MCF7, and found
similar trends in Bcl-2 promoter activity (Figure 4D).

Vavl enhances Bcl-2 transcription via the small GTPase, Rac2

Vav family proteins function as GEFs for many small GTPases
with nonspecific and overlapping specificity™. Vavl can
activate the GDP/GTP exchange for Racl, Rac2, and RhoG;
Vav2 is a GEF for RhoA, RhoB, and RhoG; and Vav3 prefer-
entially activates RhoA, RhoG, and to a lesser extent, Rac1%.
Among these small GTPases, Rac2 is predominantly expressed
in hematopoietic cells and is activated by Vav1®!. To inves-
tigate whether Rac2 was downstream of Vavl in the regula-
tion of Bcl-2 transcription, we examined cells with mutations
in Rac2. The results showed that full-length Vavl enhanced
reporter activity, whereas Rac2 alone had no detectable effect
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Figure 3. Expression of the Bcl-2 family of proteins in the presence or absence of Vavl. (A) Expression of indicated Bcl-2 family members was analyzed
by Western blot with tubulin as the loading control. (B) Bcl-2 transcripts in Jurkat, J.Vavl, and J.WT cells were analyzed by semi-quantitative RT-
PCR. The relative amount of Bcl-2 mRNA was calculated as a ratio of the control HPRT mRNA (bar graph). (C) Jurkat cells (solid bars) and J.Vav1 cells
(open bars) were co-transfected with the pBcl-2-Luc reporter and pTK-RL plasmids, together with the empty vector (pcDNA4) or the indicated amount
of the Vavl plasmid. Twenty-four hours post-transfection, cells were collected, and Bcl-2 promoter activity was measured as firefly luciferase activity
normalized to the Renilla luciferase activity and presented as relative light units (RLU). Bars indicate the mean£SD from triplicate samples. The lower
panel shows the expression of Vavl protein in each sample, with tubulin as the loading control. (D) J.Vavl cells were co-transfected with pEGFP plus
control vector (pcDNA4) and the Vavl expression vector or Bcl-2 expression plasmid. Twenty-four hours later, each transfection group was divided
into two groups with one group treated with 20 ng/mL CH11 and the other left untreated for 5 h, and cells were then analyzed by flow cytometry. The
percentage of live cells was obtained by dividing the percentage of GFP positive cells in the CH11-treated group by that in the untreated group. Bars
indicate the meanxSD from triplicate samples. Protein expression was determined by immunoblot with lysates from total transfected cells (lower panel).
Data in (A) and (B) are representative of three independent experiments

on promoter activity and the constitutively active Rac2 (Q61L)
increased Bcl-2 transcription to levels similar to Vavl (FL)
(Figure 5A). Expression of a dominant negative form of Rac2,
Rac2 (D57N), further suppressed Bcl-2 promoter activity (Fig-
ure 5A) and suppressed 64% and 51% of the Bcl-2 promoter
activity enhanced by Vavl and Vavl (Y174), respectively
(Figure 5B). For comparison, we also tested the small GTPase
Racl, a major downstream effector of Vavl during TCR acti-
vation, and the constitutively active form of Racl failed to
increase Bcl-2 transcription (data not shown). These data
indicate that Rac2 is a molecule downstream of Vav1 for Bcl-2
transcription.

Discussion

Apoptosis is important for maintenance of T cell homeostasis.
Vav1 has been implicated in the regulation of T cell survival
in both physiological and pathological processes"® in addi-
tion to its essential role in T cell activation. Here, the use of
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a vav] genetically knocked-out cell line, ].Vavl, enabled us to
address the distinct role of Vav1 in the regulation of apoptosis;
this role is not compensated by the co-existing Vav2 and Vav3.
In our model, Vavl promotes Bcl-2 transcription through its
GEF activity and the downstream small GTPase, Rac2. The
increased Bcl-2 expression protects mitochondrial membrane
integrity against apoptotic stimuli (Figure 6). Vavl has also
been reported to promote antigen-induced thymocyte apop-
tosis during negative selection, and the Vav1-Rac pathway
is a critical component for TCR-induced CD4+ T cell death™".
We speculate that Vavl may play opposing roles in different
contexts; Vavl has a pro-survival role in quiescent T cells to
maintain homeostasis and a pro-apoptotic role during T cell
responses. In support of this, we found that Vavl promoted
Bcl-2 transcription in non-hematopoietic cells, which may con-
tribute to cancer malignancy in conjunction with Vavl overex-
pression.

As one of the GEFs for the Rho family of small GTPases,
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Figure 4. Effect of Vavl mutations on Bcl-2 promoter activity. (A) A schematic depiction of Vavl and its mutations. The structural domains of Vavl
are indicated on the top line. Solid bars indicate the mutated forms of Vavl, and point mutations were indicated with stars. The plasmids, pBcl-2-Luc
and control reporter pTK-RL, were transfected into J.Vavl cells (B), Jurkat cells (C), or non-hematopoietic HeLa or MCF7 cells (D) with control pcDNA4
or protein expression plasmids as indicated. Luciferase activity in each sample was measured and presented either as RLU (B) or as fold induction
over the control group (C and D). The results show the mean+SD from triplicate samples. The expression of transfected proteins was analyzed by

immunoblot with tubulin as the loading control.

the function of Vavl is important in TCR-mediated signal
transduction and actin polymerization®. There are GEF-
dependent and GEF-independent activities modulating cel-
lular signaling. As all three Vav proteins are present in T cells,
the high structural similarity and overlapping functions of
Vav proteins suggest that they may compensate for the loss of
another. The significance of Vav1 GEF activity in T cell activa-
tion has been recently challenged because TCR-mediated actin
polymerization and Racl activation were rescued by intro-
duction of a GEF-inactive Vavl in J.Vavl or primary T cells
lacking all Vav members™!. Thus, the GEF function of Vavl
is not required for T cell activation. This raises the question
of the genuine cellular function of the Vavl GEF. Our data
demonstrated the requirement of the GEF activity of Vavl,
but not Vav2 or Vav3, in inducing Bcl-2 transcription. Vavl
dose-dependently promoted the increase in Bcl-2 transcription
(Figure 3C), and neither endogenous nor transiently expressed
Vav2 or Vav3 affected Bcl-2 transcription in Jurkat cells (Fig-
ure 4C). These results suggest that one of the functions of the
Vav1 GEF lies in the activation of its downstream GTPase(s) to
induce Bcl-2 transcription.

Small GTPases are critical for regulating cell survival, and
one of their functional mechanisms is to induce the transcrip-
tion of the Bcl-2 family of proteins. We identified Rac2 as
the likely downstream effector of Vavl in the context of Bcl-2
transcription rather than the commonly recognized Racl in T
cell activation. Rac2 has been reported to participate in apop-

tosis. Mast cells from Rac2 knock-out mice are deficient in
growth factor-induced survival and have increased expression
of Bad and decreased expression of Bcl-xL at basal levels®™.
Because Vavl and Rac2 are both predominantly expressed in
hematopoietic cells, it is very likely that the transcriptional
control of Bcl-2 by Vavl-Rac2 is also specific for hematopoietic
cells. However, we cannot rule out the participation of other
Vav1 substrates in this context.

The involvement of Vavl in transcription has been sug-
gested in previous studies by its nuclear localization and
binding to nuclear proteins using its C-SH3 domain®*". The
nuclear function of Vavl has been further emphasized by its
association with DNA as a transcriptional complex, We
tested Bcl-2 transcription in the presence of different muta-
tions of Vav1 using a reporter assay and found that the C-SH3
domain had no obvious effect on the promoter activity of Bcl-2
(Figure 4B). Evidence from vav triple knock-out mice has indi-
cated that reduced NFxB activity may be responsible for the
decrease in Bcl-2 expression. Indeed, we previously showed
decreased NFxB activity in the absence of Vavl (J.Vav1), and
reconstituted expression of Vavl could counteract this defi-
ciency”l. Furthermore, caspase 3 has been found to cleave
Vavl at the DLYD''C site during apoptosis, and the cleaved
Vavl displayed a severely impaired ability to activate NFxB
and AP-1"?. Therefore, the transcriptional control of Bcl-2 by
Vavl does not occur directly via its predicted transcriptional
activity, rather it involves signaling pathways that control the
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Figure 6. A model for Vav1 function in apoptosis.

balance between cell survival and cell death.

In conclusion, our results showed that the loss of Vavl led to
a higher sensitivity of Jurkat cells to the induction of apopto-
sis, including via Fas activation. We further found that mRNA
levels of Bcl-2 were significantly reduced in J.Vavl cells. The
GEF activity of Vavl was essential to the transcription of Bcl-

Acta Pharmacologica Sinica

2, probably via the Vavl substrate, Rac2. The transcriptional
control of Bcl-2 was exclusive to Vavl despite the presence of
the other Vav family proteins, Vav2 and Vav3. This finding
suggests that Vav1, in addition to its importance in TCR-medi-
ated T cell activation, plays a distinct role in controlling the
transcription of Bcl-2 and thus protects T cells from apoptosis.
Unveiling these mechanisms helps to better understand the
homeostatic control of lymphocytes. As Vavl is specifically
expressed in hematopoietic cells, control of Vavl expression
and its GEF activity may be a potential therapeutic strategy for
the treatment of T-CVID and lymphoma.
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Mixed micelles loaded with silybin-polyene
phosphatidylcholine complex improve drug solubility

Rui-ling DUAN, Xun SUN, Jie LIU, Tao GONG™, Zhi-rong ZHANG*

Key Laboratory of Drug Targeting and Drug Delivery Systems, Ministry of Education, West China School of Pharmacy, Sichuan Univer-
sity, Chengdu 610041, China

Aim: To prepare a novel formulation of phosphatidylcholine (PC)-bile salts (BS)-mixed micelles (MMs) loaded with silybin (SLB)-PC com-
plex for parenteral applications.

Methods: SLB-PC-BS-MMs were prepared using the co-precipitation method. Differential scanning calorimetry (DSC) analysis was used
to confirm the formation of the complex and several parameters were optimized to obtain a high quality formulation. The water-solubil-
ity, drug loading, particle size, zeta potential, morphology and in vivo properties of the SLB-PC-BS-MMs were determined.

Results: The solubility of SLB in water was increased from 40.83+1.18 pyg/mL to 10.14+0.36 mg/mL with a high drug loading (DL) of
14.43%+0.44% under optimized conditions. The SLB-PC-BS-MMs were observed by transmission electron microscopy (TEM) and scan-
ning electron microscopy (SEM) and showed spherical shapes. The particle size and zeta potential, as measured by photon correlation

spectroscopy (PCS), were about 30+£4.8 nm and -39+5.0 mV, respectively. In vivo studies showed that incorporation of the SLB-PC
complex into PC-BS-MMs led to a prolonged circulation time of the drug.
Conclusion: This novel formulation appears to be a good candidate for drug substances that exhibit poor solubility for parenteral

administration.

Keywords: silybin; bile salts; phospholipid complex; mixed micelles; solubility
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Introduction

The solubility of active pharmaceutical ingredients (APIs) has
always been a concern for formulations because inadequate
aqueous solubility may hamper the development of paren-
teral products and limit their bioavailability™. To solve this
problem, several approaches have emerged to improve API
solubility, such as salt formation™, crystal engineering®), nano-
sizing!, lipid formulation®, cyclodextrin complexation® and
prodrug strategies”. Among these, we focused on the mixed
micelle systems due to their synergistic properties, such as
increased micelle stability and drug loading efficiency, which
are superior to those of the individual components™.

In the current study, we selected silybin (SLB) as the model
drug to validate the feasibility of mixed micelle systems. Sily-
bin, a flavolignane that represents approximately 60%-70%
of silymarin, is an antioxidant isolated from the fruits of milk
thistle, Silybum marianum Gaertn. Interest in this agent has

*To whom correspondence should be addressed.

E-mail gongtaoy@126.com (Tao GONG);
zrzzl@vip.sina.com (Zhi-rong ZHANG)

Received 2010-06-20 Accepted 2010-10-12

grown in recent years due to its wide array of beneficial phar-
macological effects, including antioxidative, anti-lipid-perox-
idative, antifibrotic, anti-inflammatory, immunomodulating
and even liver regenerating effects”""l.

Despite the promising biological effects of SLB, its poor
water solubility (about 40 pg/mL) and oral bioavailability
(about 0.73%) in both rodents and humans, as reported by sev-
eral researchers!>"?), has restricted its clinical application. To
improve this situation, there have been many contributions to
the development of SLB formulations™""). However, few have
produced a marked effect, and a majority of them are based on
oral drug delivery systems. Because no proper formulation of
silybin has been approved for intravenous administration, our
goal was to develop a novel mixed micelle system for its par-
enteral application that could dramatically improve its solubil-
ity.

Upon consideration of its physiological compatibility and
solubilizing capacity, the phosphatidylcholine-bile salts-
mixed micelle system (PC-BS-MM) seems to be a good candi-
date for intravenous drug administration™ . Bile salts (BS),
detergent-like chemicals produced by the liver and stored in
the gall bladder, are able to solubilize phosphatidylcholine



(PC) to a large extent, forming a clear mixed micellar solution
that is able to solubilize substances with poor water solubil-
ity?l,
of bile salts can be neutralized by solubilized phospholipids

Previous studies have shown that the hemolytic effect
[21]

In addition, PC-BS-MMs can be locally and systemically toler-
ated with no embryotoxic, teratogenic or mutagenic effects'®.
Therefore, these PC-BS-MMs might be the ideal drug carrier of
SLB for parenteral administration.

Despite the encouraging potential applications of PC-BS-
MMs mentioned above, preparing formulations of SLB with
poor solubility enveloped in these carriers remains a chal-
lenge. Thus, it is expected that the SLB-PC complex, with
changed solubility, would be better incorporated into PC-BS-
MMs.

To examine the potential of our model (PC-BS-MMs) as a
novel delivery vehicle for water-insoluble drugs, the specific
objectives of this work were (i) to formulate an SLB-PC com-
plex in PC-BS-MMs for parenteral application by screening
different formulation factors, (ii) to investigate the character-
istics of the optimized SLB-PC-BS-MM formulation and (iii) to
compare the pharmacokinetic parameters in vivo between the
SLB-PC-BS-MMs and silybin-N-methylglucamine.

Materials and methods
Silybin (SLB) was purchased from Xi’an Sino-herb Bio-tech-
nology Co Ltd (Xi’an, china), purity 98.32%. Polyene Phos-
phatidylcholine (PPC) was obtained from Lipoid GmbH (Ger-
many), purity 94%. Sodium deoxycholate (SDC) was supplied
by Beijing Aoboxing Biotechnologies Co Ltd (Beijing, China).
The other chemical reagents were of analytical grade or better.
Male Wistar rats were provided by the West China Experi-
mental Animal Center of Sichuan University (China). The
protocol was approved by the Institutional Animal Care and
Use Committee of Sichuan University.

Preparation of SLB-PPC complex

The preparation of SLB-PPC complex was carried out as previ-
ously described™ with slight modifications. The complex was
prepared with SLB and PPC at a molar ratio of 1:1. Weighed
amounts of SLB and PPC were placed in a round bottom flask
and dissolved in acetone. The mixture was then refluxed at
50 °C for 2 h. After the acetone was evaporated off under vac-
uum (Btichi, R-144 rotary evaporator, Switzerland), the dried
residues were collected and placed in desiccators.

Structure validation of SLB-PPC complex by differential scanning
calorimetry (DSC)

DSC was performed on an EXSTAR 6000 thermogravimet-
ric analyzer (EIKO, Japan), and a scan speed of 5 °C from 0
to 250 °C was employed. DSC thermograms of SLB, PPC, a
physical mixture of SLB and PPC, and the SLB-PPC complex
were compared to identify formation of the complex.

Preparation of PPC-BS-MMs loaded with the SLB-PPC complex
(SLB-PPC-BS-MMs)
Because the SLB-PPC complex exhibited good solubility in
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anhydrous ethanol, the complex was easily loaded into PPC-
BS-MMs using the co-precipitation method™. In brief, the
complex, PPC and sodium deoxycholate (SDC) at certain
molar ratios were dissolved in anhydrous ethanol. A film was
formed after evaporation of the organic solvent at 50 °C. The
resulting films were dispersed in double distilled water. To
remove unsolubilized drug, the solutions were centrifuged at
16000xg (Allegra X-22R Centrifuge, F2402H rotor, Beckman
Coulter Inc, CA, USA) for 10 min. The supernatant contained
the freshly formed mixed micelles. To increase the stability
of the MMs, they were pre-frozen at -40 °C for at least 4 h and
then lyophilized under a vacuum for 24 h.

Determination of drug solubility and drug loading (DL%) in
different micelle systems

The content of the SLB solubilized by MMs was determined by
reverse-phase HPLC. SLB-PPC-SDC-MMs were diluted with
methanol to a certain concentration and injected into an HPLC
system. The stationary phase, a Kromasil C18 column (150
mmx4.6 mm, 5 um), was kept at 35 °C. The mobile phase con-
sisted of a mixture of acetonitrile and double distilled water
(35:65) [pH adjusted to 3-4 using 10% phosphoric acid (v/v)].
The injection volume of the samples and standards was 20 pL.
The flow rate was 1.0 mL/min and the detection wavelength
was 288 nm.

The drug loading (DL%) was calculated as follows:

Amount of drug in prescription

Amount of Amount of
drugadded ° excipentadded

DL% = x100% (1)

Determination of particle size and Zeta potential of SLB-PPC-
SDC-MMs

After suspending the freeze-dried SLB-PPC-SDC-MMs in
double distilled water, photon correlation spectroscopy (PCS)
(Malvern Zetasizer Nano ZS90, Malvern instruments Ltd, UK)
was used to measure the particle size and zeta potential of the
MMs. Each sample was then analyzed in triplicate.

Morphology of SLB-PPC-SDC-MMs determined by scanning
electron microscopy (SEM) and transmission electron microscopy
(TEM)

One drop of the diluted SLB-PPC-SDC-MMs was placed on
a graphite surface. After being oven-dried, the sample was
coated with gold using an ion sputter and examined with
a conventional scanning electron microscope (JSM-5900LV,
JEOL, Japan).

Before analysis by transmission electron microscopy, diluted
samples were placed on copper grids with films and then
stained with 2% (w/v) phosphotungstic acid; the excess stain-
ing solution was removed with filter paper. After being air
dried, the films were observed with a transmission electron
microscope (H-600, Hitachi, Japan).

In vivo studies in rats
Ten rats (20020 g) were divided into 2 groups at random.

Acta Pharmacologica Sinica



www.nature.com/aps
Duan RL et al

®

110

Silybin-N-methylglucamine solution or SLB-PPC-SDC-MMs
(corresponding to a dose of 80 mg/kg) was injected into the
tail vein of the rats of each group, respectively. After adminis-
tration, blood was collected from the end of the tail at specific
time points. Blood was immediately processed for plasma by
centrifugation at 1500xg for 10 min. The obtained plasma was
stored at -20 °C until analysis.

The plasma samples were prepared as follows to deter-
mine the SLB. One hundred microliters of internal standard
(andrographolide: 200 pg/mL) and 100 pL of 0.1 mol/L
phosphate buffer (pH 8.0) were added to 100 nuL of plasma,
followed by agitation for 30 s. Then, 2.5 mL of absolute ether
was added, and this mixture was shaken for 15 min and then
centrifuged at 1500xg for 5 min. Two milliliters of the organic
phase was quantitatively transferred into clear centrifuging
tubes and evaporated under nitrogen at 40 °C. The residues
were resuspended in 100 uL of methanol and centrifuged at
9200xg for 10 min. Next, 20 pL of the supernatant was injected
for HPLC analysis. The HPLC conditions were the same as
the determination of drug solubility.

Statistical analysis

The results were analyzed by Drug and Statistics (DAS) soft-
ware. Significance was tested by a two-tailed f-test and a
value of P<0.05 was considered statistically significant.

Results
Structure identification of SLB-PPC complex by DSC
Differential scanning calorimetry (DSC) is a fast and reli-
able method to identify the formation of phospholipid
complexes™ . Figure 1 shows the DSC thermograms of pure
silybin (SLB), polyene phosphatidylcholine (PPC), the SLB-
PPC complex and a physical mixture of SLB and PPC.

The melting point of SLB was 136.5 °C. The DSC profile of

136.5 °C
/x
\
_ K SLB
2 \
o
= 232.1 °C\
©
E \
@
= PPC
[}
he}
[
wl
92.0 °C
/“u94.6 (G
236.9 °C
N
R \ Complex
Mixture

50 100 150 200 250
Temperature (°C)

Figure 1. DSC thermograms of SLB, PPC, the SLB-PPC complex and a
physical mixture of SLB and PPC.
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PPC showed two different types of endothermal peaks. The
first mild endothermal peak at approximately 109.4 °C was
probably due to movement of the polar regions of the PPC
molecule. The second endothermal peak at 232.1 °C was very
sharp, and its appearance was likely due to a phase transition
from a gel to a liquid crystalline state. The non-polar hydro-
carbon tail of PPC may melt during this phase, yielding a
sharp peak.

The thermogram of a physical mixture of SLB and PPC was
almost the overlap of each individual component, except for
some slight differences. Specifically, the peak at 135.9 °C,
which should be the melting point of SLB, was a little lower
than that of pure SLB. The second peak of PPC disappeared,
indicating that the PPC melted and the drug dissolved in the
PPC at higher temperature. It is likely that a SLB-PPC com-
plex was partially formed.

The thermogram of the SLB-PPC complex showed that the
endothermal peaks of SLB and PPC had almost disappeared
with the exception of a small peak at 236.9 °C, which was
probably due to a very small amount of unreacted PPC. Two
more new peaks at 92.0 and 194.6 °C were present, indicating
the formation of a SLB-PPC complex. The peak at 92.0 °C was
attributed to interactions of the polar groups of SLB and PPC
in the form of hydrogen bonds, which occur through the -OH
groups of the phenol rings of SLB!"> !
supposed to be the dominant factor in the complexation pro-
cess, as the peak at 92.0 °C in the DSC curve absorbed more
energy than the others. The peak at 194.6 °C, which absorbed
less energy, might be associated with the changed spatial
structure of the hydrocarbon chains.

. Such interactions are

Determination of drug solubility and drug loading (DL%) in
different micelle systems

The influence of the SDC concentration on SLB solubility in
the mixed micelles and the drug loading efficiency is shown in
Figure 2. Upon increasing the SDC concentration from 8 to 40
mg/mL, a significant increase in SLB solubility was observed,
but a further increase in SDC concentration led to saturation.
As for the drug loading efficiency, an enhanced SDC concen-
tration (from 8 to 20 mg/mL) led to an increased drug load-
ing of up to 14.43%. However, a continuous increase in SDC
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Figure 2. Influence of the SDC concentration on SLB solubility and drug
loading at 10 °C (PPC conc, 40 mg/mL) (n=3).



concentration did not improve the solubilization efficiency.
Therefore, an SDC concentration of 20 mg/mL, at which con-
centration the PPC-SDC molar ratio was 1 and solubilized sily-
bin could be up to 10.14+0.36 mg/mL, was adopted for further
investigations.

The influence of the PPC concentration on SLB solubility
and drug loading efficiency was also investigated. As shown
in Figure 3, SLB solubility was enhanced by incorporating
increasing amounts of PPC in the MM system. After reach-
ing a concentration of 60 mg/mL, continuously increasing the
PPC concentration resulted in a relatively stable solubiliza-
tion of SLB and eventually decreased solubility. However,
a further increase in the PPC amount (after 40 mg/mL) led
to a dramatic decrease in drug loading efficiency. Hence, to
ensure higher solubilization efficiency and lower viscosity, a
PPC concentration of 40 mg/mL was chosen for further inves-
tigations. At this concentration, the PPC-SDC molar ratio was
1, which agrees with the results regarding the influence of the
SDC concentration.

—o— Solubilized silybin (mg/mL)
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Figure 3. Influence of total PPC concentration on SLB solubility and drug
loading at 10 °C (SDC conc, 20 mg/mL) (n=3).

The effect of the pH value on the solubility of SLB in PPC-
SDC-MMs is shown in Figure 4. The results showed that
enhancing the pH value of the mixed micellar solvent can
dramatically increase the solubility of SLB when the pH is
between 2 and 8. However, SLB was not stable at pH val-

Solubilized silybin (mg/mL)

0 T T T 1
2 4 6 8 10

pH value of dispersed medium

Figure 4. Effect of pH on SLB solubility in PPC-SDC-MMs at 10 °C (PPC/
SDC molar ratio=1; PPC conc 40 mg/mL; dispersion medium: 0.05 mol/L
phosphate buffer) (n=3).
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ues above 9 or even 8. Hence, the optimum condition was
between pH 7 and 8, which was exactly the pH value of the
mixed micelles. Therefore, it was not necessary to use an
additional pH regulator in this delivery system.

Other factors that affect the solubility of mixed micelles,
such as ionic strength and temperature, were investigated, and
the results are shown in Table 1. A rapid decrease in the solu-
bility of silybin occurred with increasing ionic strength and
temperature. Therefore, a low ionic strength and temperature
are recommended for the preparation of SLB-PPC-SDC-MMs.

Table 1. Effect of ionic strength and temperature on silybin solubility in
PPC-SDC-MMs (PPC/SDC molar ratio=1; PPC conc 40mg/mL) (n=3).

Temperature Dispersion medium SLB solubility
(°C) (mg/mL)
10 Water 10.34+0.29
10 Phosphate buffer, pH 7.4, 25 mmol/L 8.73+0.37
10 Phosphate buffer, pH 7.4, 50 mmol/L 6.46+0.31
25 Water 9.57+0.24
40 Water 8.22+0.25

Particle size and morphology of SLB-PPC-SDC-MMs
SLB-PPC-SDC-MMs were characterized by PCS and exhib-
ited an average diameter of (30.7+4.8) nm. SEM and TEM
images of SLB-PPC-SDC-MMs are presented in Figures 5 and
6, respectively. Both techniques confirmed that the mixed
micelles were spherical in shape with a diameter of about 30
nm.

20 kV x40 000 500 nm

Figure 5. Scanning electron micrographs of SLB-PPC-SDC-MMs at
x40 000 magnification; scale bar: 500 nm.

Zeta potential

Zeta potential is an important factor in evaluating the stabil-
ity of a colloidal dispersion™. Generally speaking, the par-
ticles were stable when the absolute value of the zeta poten-
tial was above 30 mV due to the electric repulsion between
particles®™ . The average zeta potential of the SLB-PPC-
SDC-MMs was (-39£5.0) mV, which suggests that the MMs
obtained in this study could be a dynamic stable system.
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Figure 6. Transmission electron micrographs of SLB-PPC-SDC-MMs at
x60 000 magnification; scale bar: 100 nm.

In vivo studies in rats

As seen in Figure 7, the internal standard (andrographolide)
and silybin in plasma were completely separated under our
analytical conditions, with retention time of 5 and 7 min,
respectively. Figure 8 and Table 2 show the main pharmacoki-
netic parameters in rats after intravenous injection of silybin-
N-methylglucamine or SLB-PPC-SDC-MMs (equivalent to 80
mg/kg of silybin), respectively (n=5). From the profile, we
could see the mean retention time (MRT) and AUCy_,, of the
SLB-PPC-SDC-MMs group were 29.8 min and 2190 mg/L-min,
respectively. In comparison, the MRT and AUCy_,, of the
silybin-N-methylglucamine group were 14.8 min and 1517
mg/L-min, respectively, which were significantly lower
(P<0.05) than that of the SLB-PPC-SDC-MMs group. How-
ever, these two groups achieved approximately the same C,,,
value (P>0.05). These results suggested the SLB-PPC-SDC-
MMs could remain in circulation in vivo longer than silybin-
N-methylglucamine, which results in a higher AUC,_., (1.44-
fold).

Discussion
The phosphatidylcholine-bile salts-mixed micelle system has
demonstrated great potential as a novel delivery vehicle for

0.03

0.03 0.03

Volts

0.00 —ﬁ

0.00 0.00

10 0
Time (min)

10

Figure 7. Typical chromatograms of silybin. (A) Blank rat plasma; (B)
Blank rat plasma spiked with internal standard (andrographolide) and
silybin; (C) A sample after intravenous administration of the SLB-PPC-SDC-
MMs.
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Figure 8. Mean plasma concentration-time curve of silybin in rats after
intravenous administration of silybin-N-methylglucamine and SLB-PPC-
SDC-MMs (n=5).

Table 2. The main pharmacokinetic parameters of silybin-N-methyl-
glucamine and SLB-PPC-SDC-MMs in rats (n=5).

Silybin-N- SLB-PPC-

Parameters methylglucamine  SDC-MMs test
AUCy_y) (mg/L:min) 1508+131 2128+234 P<0.05
AUCy_) (Mmg/L:min) 1517+130 2191+266 P<0.05
t1/> (Min) 13.0+0.83 36.1+6.61 P<0.05
MRT oy (Min) 14.2+0.18 25.0+1.57 P<0.05
MRT ..,y (Min) 14.8+0.11 29.8+3.79 P<0.05
Crnax (Mg/L) 74.6+5.66 80.7+6.47 P>0.05
Relative bioavailability (%) 144

parenteral administration to overcome the obstacles of inad-
equate aqueous solubility and oral bioavailability. However,
researchers are facing challenges associated with encapsulat-
ing drug substances that are neither lipophilic nor hydrophilic
into such carriers. The development of a drug-phospholipid
complex is expected to overcome this problem. In the current
study, the complex greatly enhanced the lipophilicity of the
drug substances, which proved to be well incorporated in the
mixed micelles. Additionally, polyene phosphatidylcholine,
the phospholipid we employed in the complexation process,
has the same biological effect as SLB in maintaining liver
health and treating liver disorders™. This suggests that the
use of a SLB-PPC complex is a promising strategy for the sys-
temic delivery of SLB.

In order to optimize the SLB-PPC-SDC-MM preparation,
different process variables were evaluated, and the water-sol-
ubility and drug loading efficiency were employed as evalu-
ation parameters. First, the influence of SDC concentration
was investigated, and the results are shown in Figure 2. An
increase of SDC concentration of up to 20 mg/mL resulted in
a significant enhancement of drug solubility and drug loading
efficiency. However, a further increase of SDC concentration
led to dramatic reduction in drug loading efficiency, although
SDC could still solubilize the drug to some extent. This under-
lying process accounts for achievement of the highest combi-
nation rate of SDC and PPC when the SDC concentration was



increased to 20 mg/mL. Although excess free SDC micelles
could also solubilize SLB, the solubilizing capacity was weaker
than that of the mixed micelles.

Another important factor in the SLB-PPC-SDC-MM formu-
lation was PPC concentration. When the molar ratio of PPC/
SDC was below 1.0 (PPC concentration at 40 mg/mL), the
increase in solubility and drug loading efficiency of SLB was
dramatic, which was due to the dual increase of both the size
and the lipophilicity of PPC-SDC-MM upon the incorporation
of PPC". Continuously increasing the PPC concentration
resulted in a relatively stable solubilization of SLB and a rapid
decrease in drug loading efficiency. This was also because the
strongest binding force between PPC and SDC was achieved,
similar to the influence of the SDC concentration. In addi-
tion, an increase in the PPC concentration resulted in a higher
viscosity and, consequently, less partition of the drug into the
mixed micellar space.

As for the effect of pH on the solubility of SLB, the results
showed that the optimum condition for the SLB-PPC-SDC-
MMs was between pH 7 and 8. This could be attributed to the
different surface charges of the mixed micelles under different
conditions. The lipid carrier displayed a less negative zeta
potential at pH 2 than pH 8 and led to aggregation and further
precipitation of the mixed micelles at lower pH values, which
resulted in less solubilization of SLB under these conditions.
However, some interactions between silybin and phospho-
lipids, such as the combination of hydrogen bonds or van der
Waals forces™ **!, may not be very stable in highly charged
environments (above pH 8). Therefore, a moderate pH value
of medium is recommended for the preparation of the SLB-
PPC-SDC-MMs.

Other factors such as increased ionic strength and tempera-
ture resulted in a rapid decrease in the solubility of silybin.
This may be due to an increased critical micelle concentration
under those conditions. Consequently, fewer micelles were
available for the solubilization process. These findings are in
good agreement with previous reports®*,

After different parameters were screened to obtain the opti-
mized formulation, some characteristics of the SLB-PPC-SDC-
MMs were investigated, such as particle size, zeta potential
and morphology. The results showed the particles were
30 nm, -39 mV and spherical in shape, indicating it was a
dynamic, stable and uniform system. Hence, it was necessary
to develop a schematic representation of the structure of this
formulation.

As mentioned in the identification of the SLB-PPC complex
by DSC, hydrogen bonding played a major role in SLB-PPC
complexation™"> 3, the -OH groups of the phenol rings of
SLB were engaged in hydrogen bonding with the phospho-
lipids. This indicated that it was the polar part of PPC that
interacted with the silybin. The structure of the PC-BS-MMs,
09341 i widely
accepted to be a ‘mixed disk model’ ™. In this model, the

studied systematically by many researchers

mixed micelle consists of a disk-like portion of a phospholipid
bilayer surrounded at its perimeter by bile salt molecules,
exposing their hydrophilic surfaces to the aqueous solvent
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and their lipophilic surfaces to the hydrocarbon tails of the
phospholipid molecules. However, our observations by SEM
and TEM indicated that the SLB-PPC-SDC-MMs were spheri-
cal in shape, which may be due to the presence of the SLB-
PPC complex. Therefore, based on our experimental results, a
schematic representation of the structure of the SLB-PPC-SDC-
MM is presented in Figure 9. Silybin first combines with the
polar head group of PPC, forming a SLB-PPC complex. Then,
using the co-precipitation method, the hydrocarbon tails of the
PPC bind to the hydrophobic surface of SDC, forming spheres
and exposing the hydrophilic surfaces of SDC to contact with
the aqueous solvent.

'5‘:\\\’//

= &
%21 SO

Figure 9. Schematic representation of the structure of the SLB-PPC-SDC-
MMs.

2

\

To further understand the characteristics of the SLB-PPC-
SDC-MMs in vivo, pharmacokinetic studies were also per-
formed. The results showed that the SLB-PPC-SDC-MMs
remained in circulation in vivo longer than silybin-N-methyl-
glucamine, which resulted in a higher AUC. Theoretically,
the increased MRT and AUC were attributed to interac-
tions between the drug and PPC-SDC-MMs when the mixed
micelles were above the CMCP* ¥ at the beginning of admin-
istration. These combined forces would prolong the release of
SLB into the blood. However, once the mixed micelles were
diluted below the critical micelle concentration, the entrapped
drug would be released into circulation. At this time, the
released SLB-PPC complex, with different lipophilicity and
solubility behavior, would play a major role in enhancing the
MRT and AUC of SLB in vivo. This assumption is also verified
by other literature™, which found that oral administration of
a SLB-phospholipid complex could greatly enhance the MRT
and AUC of SLB. In conclusion, it was the PPC-SDC-MMs
and SLB-PPC complex combined that influenced the behavior
of SLB in vivo.

Therefore, the SLB-PPC complex could not only improve the
lipophilicity of SLB to be better enveloped in the PPC-SDC-
MM, but also increase its circulation time in vivo. The mixed
micelle system, which remarkably improved the solubility of
the SLB-PPC complex in water, could be used as a formulation
for intravenous administration. PPC-SDC-MMs have been
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B8 Never-

investigated for the oral administration of silybin
theless, we encapsulated the SLB-PPC complex in this carrier
for intravenous administration because the oral bioavailability
of SLB in rats was estimated to only be 0.73%"?. To maximize
the drug efficacy, it was necessary to develop a delivery sys-
tem that can directly distribute into each organ, thereby avoid-
ing the absorption process. Therefore, the obtained SLB-PPC-
SDC-MMs in the current study should provide a dramatic

increase in bioavailability compared to oral administration.

Conclusions

In this paper, we have shown that silybin, a poorly soluble
behavior drug, can be successfully enveloped into PPC-SDC-
MDMs after the formation of an SLB-PPC complex. The novel
formulation with optimized formulation parameters dra-
matically improved both the water-solubility and the mean
retention time of the drug in vivo. As a result, a new pattern
of mixed micelles loaded with a phospholipid complex was
proposed. This novel strategy was believed to be attractive for
the development of drug substances that exhibit poor solubil-

ity.
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Race differences: modeling the pharmacodynamics
of rosuvastatin in Western and Asian
hypercholesterolemia patients
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Aim: To evaluate race differences in the pharmacodynamics of rosuvastatin in Western and Asian hypercholesterolemia patients using
a population pharmacodynamic (PPD) model generated and validated using published clinical efficacy trials.

Methods: Published studies randomized trials with rosuvastatin treatment for at least 4 weeks in hypercholesterolemia patients were
used for model building and validation. Population pharmacodynamic analyses were performed to describe the dose-response rela-
tionship with the mean values of LDL-C reduction (%) from dose-ranging trials using NONMEM software. Baseline LDL-C and race were
analyzed as the potential covariates. Model robustness was evaluated using the bootstrap method and the data-splitting method, and
Monte Carlo simulation was performed to assess the predictive performance of the PPD model with the mean effects from the one-
dose trials.

Results: Of the 36 eligible trials, 14 dose-ranging trials were used in model development and 22 one-dose trials were used for model
prediction. The dose-response of rosuvastatin was successfully described by a simple E,,., model with a fixed E,, which provided a
common E,.,, and an approximate twofold difference in EDg, for Westerners and Asians. The PPD model was demonstrated to be sta-
ble and predictive.

Conclusion: The race differences in the pharmacodynamics of rosuvastatin are consistent with those observed in the pharmacokinetics
of the drug, confirming that there is no significant difference in the exposure-response relationship for LDL-C reduction between West-
erners and Asians. The study suggests that for a new compound with a mechanism of action similar to that of rosuvastatin, its efficacy
in Western populations plus its pharmacokinetics in bridging studies in Asian populations may be used to support a registration of the

new compound in Asian countries.

Keywords: rosuvastatin; LDL; dose-response relationship; race difference; clinical trial; hypercholesterolemia
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Introduction

Rosuvastatin, the seventh drug in the statin class, is a syn-
thetic and orally active inhibitor of HMG-CoA reductase used
for the treatment of hypercholesterolemia. Early research
indicated that rosuvastatin may achieve better outcomes than
the other drugs in its class". The pharmacokinetics of rosu-
vastatin were evaluated and reported previously. Both the
maximum plasma concentration (C,,) and the area under the
plasma concentration curve (AUC) are proportional to the
dosel™. Age, gender, smoking status, weight, body surface
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Received 2010-06-04 Accepted 2010-08-23

area, and lean body mass had no significant effect on rosuvas-
tatin pharmacokinetics'” ', A population pharmacokinetic
analysis revealed no clinically relevant differences in phar-
macokinetics among Caucasian, Hispanic, and Black or Afro-
Caribbean groups!"'. Nevertheless, pharmacokinetic studies
of rosuvastatin, including one conducted in North America,
have demonstrated an approximate twofold elevation in
median exposure (AUC and C,,,) in Asian subjects compared
with Caucasians ™. In dose-ranging studies, rosuvastatin
produced dose-dependent mean reductions in LDL-C in both
Western and Japanese hypercholesterolemia patients!" '*.
Nevertheless, whether there are similar race differences in
rosuvastatin pharmacodynamics is unknown because of a lack
of clinical research directly comparing Western and Asian



patients. At present, considering the potential for increases
in systemic exposure, it is recommended in the rosuvastatin
product monograph that the dose range of rosuvastatin be
5 to 40 mg orally once a day, that the starting dose be 10 mg
in Western patients and 5 mg in Asian patients, and that the
maximum dose be 40 mg in Western patients and 20 mg in
Asian patients"”. Therefore, studies of the pharmacodynam-
ics of rosuvastatin in Western and Asian patients are of clinical
interest, and the results would improve clinical outcomes and
optimize drug development.

This study attempted to pool the mean values of LDL-C
reduction (%) from the eligible trials to develop a population
pharmacodynamic (PPD) model for evaluating race differ-
ences in the pharmacodynamics of rosuvastatin in Western
and Asian hypercholesterolemia patients.

Materials and methods

Clinical studies included

A comprehensive literature search in the Medline database
was performed from January 1990 to June 2009, with the
MeSH terms “rosuvastatin”, “hypercholesterolemia” and
“clinical trials”. There were no language restrictions. Stud-
ies were eligible for inclusion if the following conditions
were met: (1) the study was a randomized trial to investigate
treatment with daily dosing of rosuvastatin in patients with
hypercholesterolemia; (2) the percentage change in LDL-C
from baseline was reported and the number of patients in each
group was greater than 10; (3) the intervention duration was
at least 4 weeks. Trials including statin-naive and switched-
to-rosuvastatin patients were not eligible when they reported
the pooled efficacy from only the two groups of patients. In
addition, two Chinese clinical trials were available from our
department. Of the eligible studies, the dose-ranging trials
were used for model development and the one-dose trials
were used for model prediction.

Data extraction and data sets

The mean percentage change in LDL-C from baseline, ie, the
primary efficacy endpoint, was extracted from each eligible
study. In the case of a force-titrated trial, only the efficacy
of the starting dose with intervention duration greater than
4 weeks was used in this investigation. Variables for which
data were collected included intervention duration, baseline
LDL-C, race (Western or Asian), and year of publication. The
Western patients consisted predominantly of Whites/Cauca-
sians and the Asian patients comprised Chinese, Japanese, and
South Asian subjects.

Population model construction

Population pharmacodynamic analysis of rosuvastatin dose-
response data was performed using the nonlinear mixed-effect
modeling program NONMEM (Version V, Level 1.1; Globo-
Max LLC, Hanover, MD, USA) and DAS version 3.0 (Bontz
Inc, Beijing, China). A previously reported sigmoidal E,,,,
model was used to characterize the dose-response relationship
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for rosuvastatin™:

oo E.ox X DoseY +E,

EDsy" + DoseY
where E,, is the maximal drug effect, reflecting the maximal
difference in response between placebo and rosuvastatin; Dose
is the dose of rosuvastatin; EDs, is the drug dose associated
with an effect equal to 50% of E,..; and y is the Hill coefficient
reflecting the steepness of the dose-response curve. The term
E, represents the placebo effect.

The following model structure was used for the PPD analy-

sis:

Yops=E+n+e

where Y, is the observed effect (the percentage change in
LDL-C), 1) is a trial-specific random effect assumed to be nor-
mally distributed with a mean of 0 and an unknown variance
of @2 and ¢ is the residual error assumed to be normally dis-
tributed parameter with a mean of 0 and a variance of 0.

The model was established using the forward inclusion-
backward elimination method™ 7. In the first step, the PPD
analysis was conducted without any covariates in the basic
model. In the second step, each candidate covariate (baseline
LDL-C and race) was screened in turn by incorporating it into
the basic model parameters to develop the intermediate and
full models and by observing the decrease in the objective
function value (OFV). Covariates were cumulatively added
to the PPD model in a forward, stepwise manner in order of
their contribution to the reduction in the OFV and until there
was no further reduction in OFV. The difference in the OFV
was maintained as a X2 distribution, and an OFV greater than
3.84, associated with a P value of 0.05 (1 degree of freedom),
was used for statistical significance. There were also many
indicators of improved fit due to the addition of the follow-
ing parameters to the model: decrease in standard error of the
parameter estimates, reduction in intertrial variability, agree-
ment between the observed and predicted effects, reduction
in weighted residuals, and uniformity of the scatter plot of
weighted residuals (WRES) versus predicted effects. Finally,
a backward elimination step was performed by removing
covariates one by one that already exited in the model. In the
refinement of the PPD analysis, more stringent cutoff values
were applied when determining whether to include a certain
covariate or not. Covariates were retained in the model if
their removal increased the OFV by 6.63, corresponding to a P
value of 0.01 (1 degree of freedom).

Baseline LDL-C was included in the model as a continuous
covariate. For the categorical covariate race (RACE), the cova-
riate modeling was described by the following example:

P=TVPxpQRACE

where P is one of the pharmacodynamic parameters and TVP
is the typical population parameter value of P. The covari-
ate RACE equals 0 for Westerners and 1 for Asians. If 0% is
significantly different from 1, it indicates that a race difference
exists in the two populations.
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Validation and prediction method

Model validation and prediction were used to test the robust-
ness of the parameter estimates and the predictive capacity of
the model. Validation of the PPD model was performed by
the bootstrap method" and the data-splitting method™. The
means of parameter estimates calculated from the 1000 boot-
strap replications with successful runs (ie, both the estimation
and covariance steps successfully converged) were compared
with the final parameter estimates obtained from the original
data set. For the data-splitting method, data (subsets) were
obtained by deleting one trial at a time in the full data set.
Each subset was analyzed by NONMEM with the final model
to obtain the parameter estimates, which were compared with
those resulting from the full data set.

Monte Carlo simulations were performed 1000 times to pre-
dict the 50th percentile LDL-C reduction (as an estimator of
the population predicted effect) and the 2.5th and 97.5th per-
centile LDL-C reductions. The predictive performance of the
PPD model was evaluated by observing the mean effects with
95% intervals for Westerners and Asians.

Results
Data

The literature search yielded 93 trials (Figure 1). Of the 54
trials retrieved for detailed assessment, 20 were excluded:
one because it focused on a special population (postmeno-
pausal women receiving hormone replacement therapy), one
because it included a small number of subjects, two because
they reported without number of subjects, four because they
included patients whose medications had been switched,
five for duplicate reporting, and seven for lack of reduc-
tion in LDL-C outcomes. Therefore, 34 eligible studies were
identified, 12 of which were dose-ranging trials (9 examined
Westerners and 3 examined Asians)’ > 14 20-2¢l

one-dose trials (18 comprising Westerners and 4 comprising
[27-48]

and 22 were
Asians) . In addition to the eligible published studies, two
eligible dose-ranging trials in Asians were available from our
department. All 14 of the dose-ranging trials were random-
ized, parallel-group studies; among them, 12 were double-
blind, three were placebo-controlled, and the majority were
multicenter studies. Tables 1 and 2 summarize the Western
and Asian dose-ranging trials. A total of 46 effect samples
from the 14 dose-ranging trials were available for the devel-
opment of the PPD model. A summary of the one-dose trials
used for model prediction is presented in Table 3.

Population pharmacodynamics

In this study, the previously reported sigmoidal E,,., model
described the dose-response relationship for rosuvastatin with
incorrect pharmacodynamic parameters. Then, y was fixed
at 1; that is, a simple E,,,, model was used and the estimated
parameters were acceptable except for a large relative standard
error (RSE) in E,. Therefore, E,was presumed to be -0.802%

based on the literature value™

,and the simple E,,,, model was
used successfully as the basic model for subsequent covariate

analysis. Only the covariate race on EDs, produced a small but
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7 were excluded due to no abstract available
32 excluded by review of abstract

(not clinical trials, no reductions in LDL-C
outcomes)

93 potentially relevant reports
identified and screened

20 were excluded due to
1 special population (postmenopausal
women)
1 small number of patients
2 no number of patients
4 including switched patients
5 duplicate report
7 no reductions in LDL-C outcomes

A 4

54 literatures retrieved
for detailed assessment

\4

34 literatures included
in this study

22 trials (18 in Western patients and 4
in Asian patients) used in model validation
A

A 4

12 trials (9 in Western patients
and 3 in Asian patients)

used in model development Prediction

Population pharmacodynamic model

Figure 1. Flow of literatures through the dose-response relationship
analysis.

significant decrease in the OFV (7.095). The resulting popula-
tion model with the covariate EDs, was as follows:

ED5,=1.74x0.564F

The PPD parameters in the final model are listed in Table
4. The RSE values for the parameters were acceptable, with
a range from 3.86% to 28.55%. Figure 2 shows the fits of
the observed effects with the parameters obtained from the
final model. Figure 3 shows the final model-predicted dose-
response curves for Westerners and Asians.

The goodness-of-fit plots for the final PPD model are pre-
sented in Figure 4. Generally, there was good agreement
between observed (OBS) and population model-predicted
(PRED) effects, as well as between OBS and individual model-
predicted (IPRED) effects, with the magnitude of the WRES
being small and randomly distributed over the entire range
of PRED. Moreover, the goodness of fit to the model did not
vary significantly among the trials.

Validation and prediction

Analysis of each of the 1000 bootstrap samples resulted in 928
samples that successfully converged. The mean values of the
parameters after 928 repetitions of the bootstrap estimation
were consistent with the parameter estimates of the origi-
nal data set (Table 5), and the 95% CI was within reasonable



Table 1. Overview of Western dose-ranging trials for model building.
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Reference Year Duration Dose (mg) No of patients LDL-C baseline Reductions in LDL-C (%)
(week) (mg/dL) Mean SE
1 2001 6
0 29 197.2 3.6 1.7
1 13 189.4 34.3 2.6
2.5 13 189.4 40.7 2.6
5 17 193.4 42.5 2.4
10 16 189.4 50.5 2.4
20 13 181.7 57 2.7
40 34 185.6 62.6 1.5
80 31 189.4 64.8 2
2 2001 12
5 119 190 42 1.3
10 111 186 49 1.3
3 2002 12
5 135 188.0 46 1.3
10 132 185.9 50 1.3
20 2002 12
0 132 187 0 1.2
5 128 188 40 1.3
10 129 185 43 1.3
21 2002 12
5 121 187.3 39.1 1.3
10 115 187.0 474 1.3
22 2003 6
5 38 193 41.5 1.4
10 45 190 46.6 11
20 38 188 51.7 0.9
40 44 188 56.8 11
80 42 198 61.9 1.4
5 2003 6
10 156 188 45.8 1.0
20 160 187 52.4 11
40 157 194 55 11
23 2004 12
5 127 188 39.8 1.1
10 128 186 471 1.1
24 2006 6
10 475 172 45.8 0.5
20 478 173 52.3 0.5
40 475 173 56.7 0.5
SE, standard error. Dose=0, placebo.
limits. Discussion

The values of E,.,, EDsj, and 0 (race on EDs) in the full data
set and in the subsets are shown in Figure 5. The results indi-
cated that the parameter values for subsets were within the
range of the SE of the full data set estimates except for 0 (race
on EDs) in subset 11.

The visual predictive check using Monte Carlo simulations
showed the mean values of LDL-C reduction (%) from the
one-dose trials were distributed, in most cases, within the 5th-
to 95th-percentile boundaries of the dose-response profiles for
both Westerners and Asians (Figure 6).

Rosuvastatin is widely used for the treatment of hypercholes-
terolemia and the recommended doses for Western and Asian
patients are different because of a reported race difference in
rosuvastatin pharmacokinetics. However, whether there are
race differences in rosuvastatin pharmacodynamics remains
unclear. In the absence of randomized, controlled studies
directly comparing race differences in rosuvastatin pharma-
codynamics, an indirect comparison through a model-based
meta-analysis was used, characterizing the dose-response
relationship for rosuvastatin in Western and Asian patients.

119

Acta Pharmacologica Sinica



®

www.nature.com/aps

Yang J et al

120

Table 2. Summary of Asian dose-ranging trials for model building.

Reference Year Duration Dose (mg) No of patients LDL-C baseline Reductions in LDL-C (%)
(week) (mg/dL) Mean SE
25 2002 8
1 19 219.4 30.0 3.3
2 16 217.8 36.5 2.2
4 18 203.8 41.5 3.5
14 2003 6
0 12 190.0 3.2 3.2
1 15 184.0 35.8 2.7
2.5 17 184.9 45.0 2.6
5 12 181.3 52.7 31
10 14 182.2 49.7 2.8
20 18 185.8 58.2 2.5
40 13 181.0 66.0 2.9
26 2007 6
10 183 157 44.7 1.3
20 171 153 49.5 1.3
NP 2007 8
5 82 168.7 42.3 1.8
10 82 180.3 48.2 1.7
NP 2008 8
5 85 157.7 44 1.7
10 91 163.8 47.4 1.7
SE, standard error. Dose=0, placebo. NP, not published.
Table 3. Summary of one dose trials for model validation.
Reference Race Year Duration No of patients Dose (mg) LDL-C baseline  Reductions in
(week) (mg/dL) LDL-C (%)
27 Western 2004 4 12 10 167.6 45.4
28 Western 2004 12 627 10 173.7 46.92
29 Western 2004 6 153 40 257 52.2
30 Western 2005 16 521 10 164.9 475
31 Western 2005 12 358 10 171 40.9
32 Western 2005 12 482 10 178.4 45.6
33 Western 2007 8 428 40 189.3 55.9
34 Western 2007 6 230 40 191 57
35 Western 2007 6 152 40 194 54
36 Western 2008 24 17 10 254 47
37 Western 2008 4 25 40 137.8 60
38 Western 2007 8 240 10 131 51
39 Western 2007 12 1230 40 216 54
40 Western 2008 12 252 10 188 42.9
41 Western 2008 48 13 5 153.6 38.2
42 Western 2008 6 498 10 189.2 46.5
43 Western 2008 48 52 10 >200 44.32
44 Western 2009 4 32 10 206.7 37
45 Asian 2004 6 23 10 177.5 43.4
46 Asian 2006 8 40 40 181.73 48.22
47 Asian 2007 12 515 10 166.8 47.5
48 Asian 2009 12 35 10 157.25 47.5
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Table 4. Final population pharmacodynamic parameter estimates of
rosuvastatin.

Table 5. Summary of bootstrap validation on the present population
pharmacodynamic model.

Parameters TVP SE RSE (%) 95%Cl
E nax (%) 57.0 2.2 3.86 52.7,61.3
EDsg, (Mg) 1.74 0.38 21.8 1.00, 2.48
\% 1
Eo (%) -0.802
6 (race on EDsg) 0.564 0.161 28.55 0.248, 0.880
Inter-trial variability 3.0
Residual error (SD) 3.1

TVP, typical population parameter value. SE, standard error. RSE, relative
standard error, calculated as SE/TVP and expressed as a percentage.
95% Cl, lower and upper limits of the 95% confidence interval, calculated
as parameter estimates +1.96 SE. Inter-trials variability was calculated
by taking the square root of n. Residual error was expressed as standard
deviation. y was fixed at 1 and E, was presumed to be -0.802% based on
the literature value.
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Figure 2. The fits through the observed effects with the parameters
obtained from the final model. e, the observed effects in Western
patients; o, the observed effects in Asian patients. The solid curve is the
model-predicted dose-response curve in Western patients and the dashed
curve is the model-predicted dose-response curve in Asian patients.
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Figure 3. The dose-response logarithmic curve of rosuvastatin in Western
and Asian hypercholesterolemic patients. The solid line, LDL-C% change
in Western patients; the dashed line, LDL-C% change in Asian patients.

Final Results of bootstrap Bootstrap

Parameters estimates simulations mean/final

Mean 95% CI estimate

ratio (%)
E nax (%) 57.0 57.2 54.8, 59.6 100.4
EDs, (Mg) 1.74 1.79 1.22,2.37 102.9
6 (Race on EDsp) 0.564 0.600 0.334, 0.866 106.4

TVP, typical population parameter value. SE, standard error. RSE, relative
standard error, calculated as SE/TVP and expressed as a percentage.
95% ClI, lower and upper limits of the 95% confidence interval, calculated
as parameter estimates +1.96 SE. Inter-trials variability was calculated
by taking the square root of n. Residual error was expressed as standard
deviation. y was fixed at 1 and E, was presumed to be -0.802% based on
the literature value.

Because the mean percentage change in LDL-C from baseline
is generally accepted as the primary efficacy endpoint for
lipid-lowering drugs, the PPD analysis in this study focused
on the relationship between dose and LDL-C reduction (%).
The final model in this study successfully provided the phar-
macodynamic profile of rosuvastatin in Western and Asian
patients. The rosuvastatin-induced reductions in LDL-C were
best described by the simple E,,, model fixing E,at -0.802.
Race was found to affect the parameter ED5, and has a value
of 1 for Westerners and 0.564 for Asians. No other signifi-
cant covariate was found. This finding showed that the EDs
was approximately twofold higher in Western patients com-
pared with Asian patients. The result was consistent with the
reported race difference in rosuvastatin pharmacokinetics: the
AUC, values were 2.31-, 1.91-, and 1.63-fold higher and the
Cax Values were 2.36-, 2.00-, and 1.68-fold higher in Chinese,
Malay, and Asian Indian subjects, respectively, compared with
white subjects!. The pharmacodynamics of rosuvastatin with
a common E,.,, and a different ED5, for Westerners and Asians
confirmed that there is no significant difference between these
two populations in the exposure-response relationship for
LDL-C reduction. It supports the current dosing recommen-
dation for Westerners (10 to 40 mg) and Asians (5 to 20 mg)
that was based on pharmacokinetic exposure!™. Although the
dose in Asians is half that in Westerners, the LDL-C reduc-
tions (%) are similar in the two populations. In other words,
the two populations exhibit no difference in the LDL-C-lowing
effect of rosuvastatin. The findings of this study imply that
for a new compound with a similar mechanism of action as
rosuvastatin, its efficacy (LDL-C-lowering effect) in Western
populations plus its pharmacokinetics in bridging studies™”
T in Asian populations may be used to support a registration
of the new compound in Asian countries, or vice versa. This
will avoid unnecessary duplication of efficacy trials in differ-
ent races, reduce the cost of drug development, and minimize
the exposure of patients to doses with uncertain safety and
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Figure 5. The values of E,,, EDs, and 6 (race on EDs) in the full data set (®) and for 14 different subsets (o).
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efficacy.

Because of the limited amount of data (46 effect samples)
available for this study, a previously reported sigmoidal
E...x model was not suitable for estimating the four required
parameters. Therefore, a simple E,,,, model was used and the
values of E,.., EDsy, Ey, and 0 were 55.5%, 1.84 mg, 1.21%, and
0.571. In that case, however, the RSE for the estimated E,was
greater than 900%. To reduce the RSE, E,; was fixed based on
literature values. In fact, the estimated values of E,..,, EDs,
and 0 (race on EDs)) were not affected by fixing E,. Conse-
quently, the final model, a simple E,,,, model with a fixed E,
(-0.812%), was successfully used to describe rosuvastatin phar-
macodynamics. Moreover, the robustness of the final model
was evaluated by the nonparametric bootstrap and the data-

(L 521 which indicated that selected combi-

splitting methods
nations of data yielded results very similar to those obtained
using the original full data set. The predictive performance of
the final model was confirmed by the visual predictive check
using Monte Carlo simulations, which showed that the mean
values of LDL-C reduction (%) from the one-dose trials were
mostly distributed within the 5th- to 95th-percentile boundar-
ies of the predictive dose-response profiles for both Western-
ers and Asians.

It has been reported that the maximum response is usually
obtained within 2-4 weeks and is maintained during chronic
therapy for a fixed dose of rosuvastatin. For this reason, only
the mean values of LDL-C reduction (%) that were observed
at least 4 weeks after administration were used in the model
development. Therefore, it should be noted that the final
model in this study was developed to describe the steady state
for the LDL-C-lowering effect of rosuvastatin.

In conclusion, the race difference in the pharmacodynamics
of rosuvastatin is consistent with that in the pharmacokinetics
of the drug, which confirms that there is no significant differ-
ence in the exposure-response relationship for LDL-C reduc-
tion between Asians and Westerners. This study suggests that
for a new compound with a mechanism of action similar to
that of rosuvastatin, its efficacy in Western populations plus
its pharmacokinetics in bridging studies in Asian populations
may be used to support a registration of the new compound in
Asian countries.
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Effects of formoterol-budesonide on airway
remodeling in patients with moderate asthma
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Aim: To evaluate the effect of inhaled formoterol-budesonide on airway remodeling in adult patients with moderate asthma.

Methods: Thirty asthmatic patients and thirty control subjects were enrolled. Asthmatic subjects used inhaled Symbicort 4.5/160

ug twice daily for one year. The effect of formoterol-budesonide on airway remodeling was assessed with comparing high-resolution
computer tomography (HRCT) images of asthmatic patients and controls, as well as expression levels of cytokines and growth factors,
inflammatory cell count in induced sputum, and airway hyper-responsiveness.

Results: The differences in age and gender between the two groups were not significant. However, differences in FVC %pred, FEV,
%pred, and PC,, between the two groups were significant. After treatment with formoterol-budesonide, the asthma patients’ symp-
toms were relieved, and their lung function was improved. The WT and WA% of HRCT images in patients with asthma was increased,
whereas treatment with formoterol-budesonide caused these values to decrease. The expression of MMP-9, TIMP-1, and TGF-B, in
induced sputum samples increased in patients with asthma and decreased dramatically after treatment with formoterol-budesonide.
The WT and WA% are correlated with the expression levels of cytokines and growth factors, inflammatory cell count in induced sputum,
and airway hyper-responsiveness, while these same values are correlated negatively with FEV,/FVC and FEV,%.

Conclusion: Formoterol-budesonide might interfere in chronic inflammation and airway remodeling in asthmatic patients. HRCT can be
used to effectively evaluate airway remodeling in asthmatic patients.

Keywords: asthma; hyper-responsiveness; airway remodeling; high-resolution computer tomography; formoterol-budesonide; induced

sputum; single-center, open-label study

Acta Pharmacologica Sinica (2011) 32: 126-132; doi: 10.1038/aps.2010.170; published online 20 Dec 2010

Introduction

Bronchial asthma is a chronic inflammatory disease of the
airways that is characterized by respiratory symptoms associ-
ated with variable airflow obstruction, airway hyper-respon-
siveness, and airway remodeling™.. Airway remodeling refers
to airway structural alterations that likely have clinical con-
sequences. Epithelial shedding, goblet cell and submucosal
gland hyperplasia, increased accumulation of smooth muscle
bundles and extracellular matrix (ECM), microvascular altera-
tions, cartilage changes, and airway wall edema are the main
histological features of asthmatic airways™. The ECM remains
in a state of dynamic equilibrium of new synthesis and degra-
dation due to the action of matrix metalloproteinases (MMPs)
and tissue inhibitors of metalloproteinases (TIMPs)*! as well
as growth factors such as transforming growth factor p,

*To whom correspondence should be addressed.
E-mail wenfugiang@126.com
Received 2010-07-10 Accepted 2010-09-04

(TGF-B))". Of the MMP family, MMP-9 is one of the major
proteinases involved in airway inflammation and bronchial
remodeling in asthmal ®.. TIMP-1, the major inhibitor of
MMP-9, has also been postulated to act in airway remodeling.
In addition, TGF-B, induces ECM deposition and thus contrib-
utes critically to fibrosis in the airways and lungs™.

High-resolution computed tomography (HRCT) has made it
possible to accurately measure airway dimensions. Quantita-
tive analysis of bronchial wall thickness (WT), airway narrow-
ing, and bronchodilation can be performed for patients with
pulmonary diseases, such as bronchial asthma, by measuring
airway dimensions”.. Numerous image analysis techniques
have been developed for measurement of airway dimen-
sions® . These techniques make it possible to accurately
measure changes in airway dimensions longitudinally or after
intervention by matching CT sections of the same airways in a
non-invasive way.

Corticosteroids are effective in controlling asthma. Corticos-
teroids reduce airway eosinophilic inflammation and expres-
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sion of GM-CSF, IL-4, IL-5, IL-11, and IL-17"""l. The combina-
tion of inhaled corticosteroids (ICSs) with long-acting inhaled
B,-agonists (LABAs) has been recommended to improve the

t*. Formoterol-budesonide

effectiveness of asthma treatmen
is preferentially delivered and deposited in the distal airways.
However, it is not clear whether formoterol-budesonide depo-
sition in peripheral airways can influence airway remodeling.

The present study evaluated whether formoterol-budesonide
can influence airway remodeling. To this end, we examined
the expression levels of MMP-9, TIMP-1, and TGFEp, in the spu-
tum of patients with asthma compared to those treated with
formoterol-budesonide. Thin-section CT was used to evaluate

the degree of airway remodeling.

Materials and methods

Study design

A single-center, open-label study was conducted in adult
patients with moderate asthma to evaluate the effect of
inhaled formoterol-budesonide on peripheral remodeling.
The Ethics Committee of West China Hospital, Sichuan Uni-
versity, approved the study, and all subjects gave written
informed consent. Patients and control subjects who met the
inclusion and exclusion criteria had a baseline thin-section CT
scan, an induced sputum collection, and a lung function exam.
Patients were then treated with formoterol-budesonide (Sym-
bicort, AstraZeneca, Lund, Sweden; 4.5/160 ng twice daily) for
one year. After treatment for one year, another thin-section
CT scan, induced sputum collection, and lung function exam
were conducted. The effect of formoterol-budesonide on air-
way remodeling was measured by comparisons of CT images,
expression levels of cytokines and growth factors in induced
sputum, and airway hyper-responsiveness.

Subjects

Thirty patients were diagnosed with moderate asthma accord-
ing to the Global Initiative for Asthma (GINA) 2006 [http://
www.ginasthma.org], and thirty more were used as control
subjects. Patients with chronic bronchitis or any major comor-
bid disease that might affect asthma disease activity, such
as HIV, metastatic cancer, and congestive heart failure were
excluded from the study. Subjects with moderate asthma had
to fulfill the following criteria: daily symptoms; exacerbations
that may affect activity and sleep; nocturnal symptoms more
than once a week; daily use of inhaled short-acting (3,-agonist;
FEV, or PEF 60% to 80% predicted; and PEF or FEV, variabil-
ity >30%. Asthmatic subjects had not used any steroids within
the 180 d preceding the beginning of the study. Healthy
control subjects were recruited from hospital personnel who
answered in a screening questionnaire that they did not have
respiratory symptoms and who had FEV, values of more than
80% of the predicted value, PCy, methacholine of more than
10 mg/mL, and normal findings on simple chest radiograms.
All subjects were nonsmokers or ex-smokers of at least 2 years
with a smoking history of less than 15 pack-years. None of the
subjects had respiratory tract infections in the 2 weeks preced-
ing the two follow-ups.

Sputum collection and procession

Induced sputum was obtained according a previously
described method, with slight modification”
was examined within 1 h. The entire sputum sample was

. The sputum

inspected for salivary contamination under an inverted micro-
scope; all portions that appeared free of salivary contamina-
tion were placed in a 15-mL polystyrene tube using forceps.
Dithiothreitol (a final concentration of 1 mmol/L) was freshly
diluted in distilled water equal to 4 times the sputum weight
and added to the sputum sample. The mixture was vortexed
for 30 s and then placed on a bench rocker and rocked for 15
min. A further 4 volumes of Dulbecco’s phosphate-buffered
saline was added to stop the effect of dithiothreitol and rocked
for 5 min. The suspension was filtered through a 70-pm cell
strainer. The resulting suspension was centrifuged at 800xg
for 10 min and the supernatant was aspirated and stored in
Eppendorf tubes at -70°C in the presence of aprotinin. All
subjects produced an adequate specimen of sputum; a sample
was considered adequate if the patient was able to expectorate
at least 2 mL of sputum.

Total cell counts were performed in a hemocytometer and
expressed as millions per milligram of selected induced spu-
tum. The proportion of salivary squamous cells was noted.
Differential cell counts were performed by counting 400
cells on May Griinwald Giemsa-stained slides. Results were
expressed as a percentage of the total cell count. Slides were
coded and cell counts were performed by an expert observer
who did not know the clinical characteristics of the patients.
Only samples with cell viability >70% and squamous cell con-
tamination <20% were considered adequate.

TGEF-B;, MMP-9, and TIMP-1 concentrations were measured
with enzyme-linked immunosorbent assay kits (R&D Systems
Inc, Minneapolis, MN, USA; Bender MedSystems GmbH,
Vienna, Austria; BioSource International Inc, Camarillo, CA,
USA) according to the manufacturer’s guidelines. The mini-
mum detectable levels of TGF-f3;,, MMP-9, and TIMP-1 in these
assay systems were 1.7 pg/mL, 0.8 ng/mL, and 1 ng/mL,
respectively. All results were corrected for the volume and
dilution of sputum or saliva.

High-resolution computed tomography (HRCT) protocol
HRCT was performed using a multi-detector row spiral CT
scanner (Sensation 16, Siemens Medical System, Erlangen, Ger-
many) with sixteen detector arrays. Patients were scanned in
the supine position during one breath hold at deep inspiration.
The scans were obtained with 16x1 mm collimation at 10 mm
intervals, with a table feed of 11 mm per 0.5 s scanner rotation.
Scanning was performed at 120 kV and 80 mAs, regardless
of patient size, using a 512x512 matrix. Images were recon-
structed with a bone algorithm and a 512x512 matrix. Images
were viewed at a window level of -450 HU and a width of
1500 HU. CT scans were interpreted by two radiologists who
were unaware of the clinical history of the patients and control
subjects.

Bronchial wall thickening was assessed as follows. All
visible sections of bronchi were counted at five levels in the
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pulmonary fields (right and left lungs), and all circular (com-
plete circles or at least two thirds of a circle) and longitudinal
bronchi except the hilar bronchi were included. The five levels
were 1 cm above the carina (Level 1), 1 cm below the carina
(Level 2), the right pulmonary vein (Level 3), 3 cm below the
top of the pulmonary vein (Level 4), and above the right side
of the diaphragm (Level 5). The bronchial wall thickness at
these five levels was measured. The following parameters
were determined with semiautomatic image-processing pro-
gram: luminal area (LA), total airway area (TA), short axis of
lumen (LSD), and short axis of total airway (TSD). In airways
in which an adjacent vessel or a branching of a small bronchus
abutted the boundary of the airway, an extrapolated line was
traced. Airway wall area (WA) was calculated as TA-LA and
WT was calculated as (TSD-LSD)/2. Relative WA (WA% =
[WA/TA]*100) was also calculated.

Statistical analysis

All data are expressed as the mean+SEM. Statistical analy-
ses were performed using SPSS 12.0 software. Statistical
significance was analyzed with one-way analysis of variance
(ANOVA) followed by the Student-Newman-Keuls test to iso-
late significant difference. Chi-square test and Pearson corre-
lation analysis were also used. A P value less than 0.05 (two-
tailed test) was considered statistically significant.

Results

Subjects

The sixty patients were divided into an asthma group and a
control group. The patients” demographic characteristics are
listed in Table 1.

Table 1. Demographic characteristic of study subjects. Data are
presented as mean+SEM. °P<0.05, °P<0.01 compared with normal
control subjects. °P<0.05, '/P<0.01 compared with asthma group pre-
treatment.

Control group Asthma group Asthma group

(n=30) pre-treatment  after treatment

(n=30) (n=30)
Age (Year) 33.316.80 35.2+3.16 35.2+3.16
Gender (M/F) 16/14 16/14 16/14
FVC %pred (%) 95.61+4.21 75.7+5.28° 83.4+3.41°
FEV, %pred (%) 103.2+6.95 68.3+2.86° 88.2+4.12"
PCy (Mmg/mL) >10 1.23+0.45° 4.29+0.62
V5 %pred (%) 102.6+8.62 66.4+12.7° 95.1+9.3°
Vo %pred (%) 94.3+£10.8 53.9+17.1° 74.4+10.1°
Vas %pred (%) 96.0+24.5 59.0+18.5° 83.5+11.6

The differences in age and gender between the two groups
were not significant. Otherwise, the differences of FVC %pred,
FEV, %pred, PCyy, V5 %pred, Vs, %pred, and Vi %pred were
significant between the two groups. After treatment, asthma
symptoms had been relieved, and the differences of lung func-
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tion were significant.

Evaluations of cytokines in induced sputum

The levels of MMP-9, TIMP-1, and TGF-p, were increased,
and there was a tendency for a higher MMP-9/TIMP-1 ratio in
patients with asthma. After treatment with formoterol-budes-
onide, the levels of cytokines decreased significantly (Table 2).

Table 2. Results measured in sputum. Data are presented as mean+SEM.
°pP<0.05, °P<0.01 compared with normal control subjects. °P<0.05,
P<0.01 compared with asthma group pre-treatment.

Control group Asthma group Asthma group

(n=30) pre-treatment  after treatment
(n=30) (n=30)
Volume (mL) 2.7+0.6 3.2+0.8 2.5+0.5
SQU (%) 32.6+£8.5 29.7+9.2 30.4+10.7
TLC (x10%/mL) 2.1+0.7 3.4+1.0° 2.4+0.9°
Macrophages (%) 59.7+6.8 49.2+5.3° 55.0+7.7™
Lymphocytes (%) 1.9+0.5 1.6+0.5 1.7+0.7
Neutrophils (%) 37.4+6.8 29.3+8.4° 39.8+10.1"
Eosinophils (%) 0.9+0.3 4.1+0.8° 1.8+0.5
MMP-9 (ng/mL) 66.8+12.1 184.7+23.4° 120.5+14.9¢
TIMP-1 (ng/mL) 129.8+34.2 275.4+69.6° 208.9+59.7¢
MMP-9/TIMP-1 0.47+0.11 0.69+0.18° 57.4+0.14
TGF-B, (ng/mL) 14.6+5.7 35.1+16.3° 25.8+13.9"

SQU, squamous epithelial cells; TLC, total inflammatory cell count.

HRCT evaluation

The bronchial wall thickening based on the number of bronchi
counted on HRCT scans is shown in Figure 1 and Table 3. The
WT and WA% in the asthma group before treatment were sig-
nificantly increased compared to data from the control group.
After treatment, the WT and WA % of the patients with asthma
decreased, and the differences were also significant compared
to the data before treatment.

Correlation analysis

The WT and WA% of patients with asthma were well cor-
related with hyper-responsiveness, degree of infiltration of
inflammatory cells, and concentration of chemokines involved
in airway remodeling, while being negatively correlated with
FEV,/FVC and FEV;%. Importantly, the WT and WA% of
patients with asthma were more correlated in the proximal
airway than in the distal airway (Table 4).

Discussion

We demonstrated that FEV;/FVC and FEV,% decreased, while
airway hyper-responsiveness, degree of infiltration of inflam-
matory cells, and concentration of chemokines involved in air-
way remodeling increased in patients with moderate asthma
compared to patients in a control group. Formoterol-budes-
onide can interfere in the chronic inflammation and remod-
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Figure 1. Evaluation of airway remodeling by HRCT in five levels. (A) Following
parameters were determined with semiautomatic image-processing program: luminal
area (LA), total airway area (TA), short axis of lumen (LSD), and short axis of total
airway (TSD). In airways in which adjacent vessel or branching of small bronchus
abutted boundary of airway, extrapolated line was traced by one radiologist. Airway
wall area (WA) was calculated as TA-LA, and airway wall thickness (WT) was calculated
as (TSD-LSD)/2. Relative WA (WA%=[WA/TA]*100%) and ratio of airway WT to total
diameter (D) (WT/D=WT/TSD) were calculated. (B) The HRCT images of a 35-year-
old man in control group. (C) The HRCT images of a 38-year-old man with moderate,
persistent symptoms of asthma pre-treatment. (D) The HRCT images of the same

eling in the airway as well as relieve asthmatic symptoms.
The WT and WA% in the moderate asthma group before
treatment were significantly increased compared to data in
the control group. After treatment, the WT and WA% of the
asthmatic patients decreased. The WT and WA% of patients
with asthma were well correlated with hyper-responsiveness,

degree of infiltration of inflammatory cells, and concentration
of chemokines involved in airway remodeling, while being
negatively correlated with data of FEV,/FVC and FEV,%.
Importantly, the WT and WA% of patients with asthma were
more correlated in the proximal airway than in the distal air-
way.

Chronic inflammation and airway remodeling is an impor-
tant feature of asthma, including infiltration of eosinophils,
lymphocytes, and mast cells in the airway and the structural
changes of airway walls. Observing airway inflammation and
airway remodeling can directly evaluate the severity of asthma
and effect of treatment™. Biopsy or bronchoalveolar lavage

38-year-old man with moderate, persistent symptoms of asthma after treatment.

through a bronchofibroscope is an invasive procedure that is
risky and has poor tolerance and repeatability. The clinical
administration of bronchofibroscope is limited, and it is only
suitable for scientific research in patients with mild asthma.
Therefore, evaluation of clinical severity and treatment effect
are determined indirectly by clinical manifestations and lung
function, methods that are flawed. When bronchodilators are
used to improve airway reactivity, symptoms and lung func-
tion do not reflect the degree of airway inflammation at that
time.

As a non-invasive technology that can objectively reflect
the state of airway inflammation, induced sputum technique
has been applied to study the pathogenesis and development
of airway inflammatory disease ' As a semi-quantitative
technology, it is similar to biopsy of bronchial mucosa and
bronchoalveolar lavage for determining the levels of inflam-
matory cytokines. In our study, there were increased levels of
MMP-9, TIMP-1, and TGF-f3, as well as a tendency for a higher
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Table 3. HRCT measurements of airway dimensions. Data are presented
as mean+SEM. °P<0.05, °P<0.01 compared with normal control subjects.
¢P<0.05, 'P<0.01 compared with asthma group pre-treatment.

Control group Asthma group Asthma group

(n=30) pre-treatment after treatment
(n=30) (n=30)

WT (mm)
Level 1 0.15+0.02 0.31+0.03° 0.2840.04°
Level 2 0.12+0.03 0.24+0.02° 0.20+0.03°
Level 3 0.10+0.01 0.17+0.02° 0.14+0.02"
Level 4 0.06+0.01 0.09+0.01° 0.07+0.01"
Level 5 0.03+£0.01 0.06+0.01° 0.04+0.01"
WA% (%)
Level 1 6.3+2.1 12.7+3.4° 10.5+4.2%
Level 2 19.8+4.2 33.549.6° 28.945.7¢
Level 3 32.717.6 42.6+11.0° 37.4+4.5%
Level 4 35.8+7.7 45.2+19.1° 37.3+6.4"
Level 5 41.3+10.4 58.6+17.3° 43.3+9.9

Table 4A. Coefficient correlation of WT, WA% correlated with data of
patients’ lung function and inflammatory factors in the induced sputum.
°P<0.05.

WA% Level 1 Level 2 Level 3 Level 4  Level 5
FEV./FVC -0.657°  -0.628" -0.591° -0.412° -0.245
FEV, %pred -0.563° -0.574° -0.533° -0.376° -0.304°
PCy 0.578°  0.452° 0593 0.317° 0.294
TLC 0.312° 0.370° 0.365° 0.276 0.221
Neutrophils 0.449° 0.492°  0.436° 0.387° 0.339°
Eosinophils 0.602° 0.548"  0.559°  0.507° 0.530°
MMP-9 0.551° 0.437° 0.491° 0.354°  0.206
TIMP-1 0.495° 0.448°  0.467° 0.339° 0.346°
MMP-9/TIMP-1  0.734° 0.778°  0.692°  0.650° 0.632°
TGF-B, 0.773° 0.702°  0.754°  0.717°  0.668°

Table 4B. Coefficient correlation of WA% correlated with data of patients’
lung function and inflammatory factors in the induced sputum. °P<0.05.

WA% Level 1 Level 2 Level 3 Level 4  Level 5
FEV./FVC -0.573°  -0.622° -0.549" -0.477° -0.398°
FEV, %pred -0.448"  -0.493° -0.404° -0.376° -0.382°
PCyo 0.636" 0.679° 0.682° 0.561° 0.470°
TLC 0.352° 0.394° 0.351° 0.282 0.195
Neutrophils 0.560° 0.533°  0.438°  0.427° 0.362
Eosinophils 0.599° 0.548"  0.552°  0.571°  0.496°
MMP-9 0.547° 0.449°  0.437°  0.405° 0.398"
TIMP-1 0.641° 0.578° 0.545° 0.548°  0.512°
MMP-9/TIMP-1 0.757° 0.749° 0.730° 0.782°  0.751°
TGF-B, 0.719° 0.681°  0.655° 0.639" 0.633"

MMP-9/TIMP-1 ratio in patients with asthma. After treatment
with formoterol-budesonide, the levels of the increased cytok-
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ines decreased significantly. The counts of neutrophils and
eosinophils reflect the degree of chronic inflammation, while
the levels of TGF-f3;, MMP-9, and TIMP-1 reflect the degree of
airway remodeling[%]. TGE-p; is a 25-kDa homologous molec-
ular dimer that can promote fibroblasts to differentiate into
myofibroblasts, which can then secrete interstitial collagen!”.
TGEF-; can stimulate the synthesis and deposition of the ECM
and inhibit enzymatic degradation of matrix proteins, thus
regulating the expression of cell-surface matrix protein recep-
tors. In asthmatic airways, in situ hybridization and immu-
nohistochemical studies indicate that TGF-p; is increased and
associated predominantly with submucosal and inflammatory
cells, including fibroblasts, smooth muscle cells, eosinophils,
macrophages, and the airway ECM, with variable expression
associated with epithelial cells™,
(MMP) is the main rate-limiting enzyme that regulates the

Matrix metalloproteinase

extracellular matrix™. In the state of asthma, too much MMP
is generated, leading to an imbalance of MMP/TIMP, exces-
sive degradation of extracellular matrix, and the imbalance of
degradation/synthesis, causing structural damage to lung tis-
sue and airway remodeling. MMP-9 and TIMP-1 are the most
important factors involved in this process”. In our study,
we found that there were increased levels of MMP-9, TIMP-
1, and TGF-B, and a tendency for a higher MMP-9/TIMP-1
ratio in patients with asthma, as well as clinical symptoms
and hyper-responsiveness in the airway. After treatment with
formoterol-budesonide for one year, the increased levels of
cytokines significantly decreased, as did the degree of infil-
tration of inflammatory cells, clinical symptoms and hyper-
responsiveness in the airway.

The pathology of asthma involves both large and small air-
ways. The traditional lung function test preferentially identi-
fies changes in large airways, and biopsy of the small airways
is very difficult to achieve. Traditional chest X-ray and CT
cannot distinguish between the minute structures of the lungs.
High-resolution spiral CT-ray beams go through a narrow col-
limator using bone algorithm image reconstruction, which can
show airways 1.5 to 2 mm in diameter and identify constitu-
tions of 100 to 200 pm®. Thus, HRCT has a higher resolution
than traditional chest X-ray and CT in the imaging of airway
and lung substance and can show narrower parts of the air-
ways. Because of its non-invasive and intuitive features, it has
been used to evaluate airway remodeling in chronic inflamma-
tory diseases in recent years'”*”. Kasaharaet al”!! measured the
thickness of the epithelial reticular basement membrane (RBM)
in the bronchial biopsy specimens of 49 patients with asthma
and 18 healthy controls. HRCT evaluation of airway wall
thickness was performed, which showed that the percentage
of the airway wall area to the total airway area (WA %) and the
percentage of the thickness of the airway wall to the diameter
of the airway (WT%) in the asthma group were significantly
higher than in the normal group; in addition, both WA% and
WT% were well correlated with the thickness of the RBM
while being negatively correlated with the FEV; of asthmatic
patients. Thickening of the RBM was accompanied by airway
thickening, which could lead to irreversible airflow obstruc-
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tion. HRCT showed that the airway wall thickening was well
correlated with thickening of the RBM as shown by bronchial
biopsy, and thickening of the airway wall had a good corre-
lation with the deterioration of pulmonary function. Gupta
et al™ found that HRCT scan abnormalities were present in
80% of subjects with severe asthma and often coexisted with
bronchial wall thickening (62%), bronchiectasis (40%), and
emphysema (8%). HRCT scans can reliably predict important
bronchial wall changes. In this study, we carried out HRCT
scans to evaluate airway remodeling at five levels so that the
measurements of the small airways were more representative
of degree of airway remodeling. The WT and WA% in the
asthma group before treatment were significantly increased
compared to data in the control group. After treatment, the
WT and WA % of the patients with asthma decreased. The WT
and WA% of patients with asthma were well correlated with
hyper-responsiveness, degree of infiltration of inflammatory
cells, and concentration of chemokines involved in the process
of airway remodeling and were negatively correlated with
FEV,/FVC and FEV,%. The WT and WA% of patients with
asthma accurately reflected the degree of airway remodeling
in patients with asthma. Reversible airway obstruction by
factors such as secretions in the airway, mucus plug, broncho-
spasm, and edema of the airway wall could lead to the over-

s'®l Before examination of

estimation of airway wall thicknes
high-resolution spiral CT, reversible obstructive factors should
be reduced to a minimum. Measurement with a HRCT scan
is also affected by many factors such as the subjective judg-
ment of radiologists, window width, and window level™,
This variability indicates that the accuracy and repeatability
of direct measurement of changes in the small airway lumen
should be improved. In our study, these changes were more
accurate in the proximal airways than in the distal airways. A
number of technical factors, including the methods of recon-
struction, vision and image scanning current, and voltage, also
need to be further studied.

ICS in combination with LABA inhalers are recommended
for the treatment of persistent asthma. Budesonide can inhibit
airway eosinophilic inflammation and reduce the number of
mast cells and release of inflammatory mediators. Formoterol
can stabilize the mast cell membrane, relax bronchial smooth
muscle, inhibit capillary leakage, and activate sensory nerve
endings. Budesonide and formoterol can complement and
promote each other in the treatment of asthma™!. Usmani et
al™! found that formoterol might promote glucocorticoster-
oid receptors transferred to the nucleus and thus play a role
in anti-inflammatory activity. Budesonide can upregulate
the expression of (3, receptors and suppress the expression of
GATA-3, which plays a role in the interaction between anti-
gen-presenting cells and effect cells in the process of asthma'™.
Some earlier studies have also suggested that airway struc-
tural changes are associated with airflow limitation or airway

hyper-responsiveness'® "),

Taken together, these findings sug-
gest that the airway structural changes can impair respiratory
function and aggravate asthmatic symptoms even in patients

with mild asthma. Although inhalation of steroids can inhibit

airway inflammation in asthma, it is still unclear whether it

B9 Our research found

can reverse airway structural changes
that inhalation of budesonide-ormoterol for one year could
effectively alleviate asthma symptoms, improve lung function,
reduce airway hyper-responsiveness, inhibit inflammatory cell
infiltration, and reverse airway remodeling in patients with
asthma. These results suggest that treatment with budesonide-
formoterol might be started from the early stage of even mild
bronchial asthma.

In conclusion, formoterol-budesonide might interfere in
chronic inflammation and remodeling in the airways as well as
relieve asthmatic symptoms. HRCT and induced sputum can
be applied to the evaluation of airway remodeling in asthma,
which needs to be further studied.
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Aim: To evaluate the clinical impact of reduced heparin responsiveness (HR .4.cq) ON the incidence of myocardial infarction (MI) follow-
ing off-pump coronary artery bypass graft surgery (OPCAB), and to identify the predictors of HR guceq-

Methods: A total of 199 patients scheduled for elective OPCAB were prospectively enrolled. During anastomosis, 150 U/kg of heparin
was injected to achieve an activated clotting time (ACT) of 2300 s, and the heparin sensitivity index (HSI) was calculated. HSIs below
1.0 were considered reduced (HR.quceq)- The relationships between the HSI and postoperative M, cardiac enzyme levels and preopera-

tive risk factors of HR .q,ccq Were investigated.

Results: There was no significant relationship between the HSI and cardiac enzyme levels after OPCAB. The incidence of Ml after
OPCAB was not higher in HR ¢gu0eq Patients. HR.quceq OCCUrred more frequently in patients with low plasma albumin concentrations and

high platelet counts.

Conclusion: HR,.q,ccq Was not associated with adverse ischemic outcomes during the perioperative period in OPCAB patients, which
seemed to be attributable to a tight prospective protocol for obtaining a target ACT regardless of the presence of HR ¢guceq-

Keywords: heparin responsiveness; off-pump coronary artery bypass graft surgery; risk factors; myocardial infarction
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Introduction
Heparin inhibits thrombin generation by binding to anti-
thrombin III (AT-III), and heparin is widely used as an anti-
coagulant during percutaneous coronary interventions (PCI)
and coronary artery bypass graft surgery (CABG) to prevent
thromboembolic complications!™. However, large variabil-
ity exits in individual heparin responsiveness®, and despite
the theoretical possibility of increased periprocedural isch-
emic events associated with reduced heparin responsiveness
(HR equcea), clinical evidence is either contradictory or limited.
In patients undergoing PCls, conflicting results exist with
regard to the association between HR,equceq and ischemic
complications such as abrupt vessel closure during and after

angioplasty®'”. In the surgical setting, only a single retro-
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spective study has been performed to evaluate the relation-
ship between ischemic complications in patients undergoing
on-pump CABG, which found a close correlation between
HR,.quceq and fatal myocardial infarction (MT)!'!,

Surgical revascularization is also widely performed by off-
pump coronary artery bypass graft surgery (OPCAB) during
which a similar degree of anticoagulation, as used during
PClIs, is sufficient. Unlike with PClIs, however, all patients
presenting for OPCAB have previous exposure to heparin
during coronary angiography, which is one of the well-estab-
lished risk factors of HR,.queed™ > 2. Moreover, OPCAB still
confers significant inflammatory responses and is associated
with a postoperative procoagulant state relative to on-pump
CABGM™ ™. Concerning the possible relationship between
HR,cqueea and an increased risk of ischemic events, there is
still no clear recognition of patients with HR guceq OF the clini-
cal significance of HR,cguceq in patients undergoing OPCAB at
present.

The aim of this study was to prospectively identify
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predictors of HR,egueq and its clinical impact with regard to
the incidences of MI and other major morbidity endpoints in
the immediate postoperative period in patients undergoing
OPCAB.

Materials and methods

Patients

This was a prospective study enrolling all consecutive patients
scheduled for elective isolated multivessel OPCAB between
April 2007 and March 2008 at a single university hospital.
The approval of the institutional review board and patients
consent were obtained. Exclusion criteria were the presence
of known preoperative coagulopathy, emergency surgery or
preoperative use of an intra-aortic balloon pump.

Patients demographics; preoperative medications, includ-
ing anticoagulant therapy; and preoperative hematological
and biochemical laboratory results, including hematocrit, total
white cell count, percentage of neutrophils, platelet count,
plasma protein and albumin concentrations, C-reactive protein
(CRP), fibrinogen concentration, activated partial thrombo-
plastin time, and prothrombin time, as well as levels of myo-
cardial enzymes including creatinine kinase-MB (CK-MB) and
troponin (Tn) T, were assessed. Additionally, the preoperative
AT-III concentration and activated clotting time (ACT) were
assessed.

All patients received standard anesthetic and surgical care
according to institutional guidelines by physicians blinded to
this study.

Measurement for ACT

ACT was monitored with the Hemochron® Response Whole
Blood Coagulation System (International Technidyne Corp
(ITC), Edison, NJ, USA) using Hemochron HRFTCA510 celite
ACT tubes.

Heparin sensitivity index

Baseline ACT was determined by blood sampling immedi-
ately after the insertion of the arterial line. An initial dose
of 150 U/kg of porcine heparin was injected into a central
venous line just prior to Y-graft formation; the target ACT
value was 300 s,
ACT was measured. An ACT of 300 s or greater was con-

Ten minutes after the loading dose, the

sidered adequate. Then, a follow up ACT measurement was
taken 30 min after the first ACT measurement. If the ACT fell
below the target value of 300 s, an additional dose of heparin
was administered. If the ACT was between 250 and 299 s,
an additional 2000 U of heparin was administered, and if the
ACT was between 200 and 249 s, then an additional 3000 U of
heparin was injected. Ten minutes after the injection of addi-
tional heparin, the ACT was remeasured. Upon completion of
anastomoses, the ACT was measured again, and the heparin
activity was neutralized with protamine sulfate. If the ACT
was greater than 300 s, 50 mg of protamine sulfate was admin-
istered. If the ACT was between 251 and 299 s or between
200 and 250 s, 30 mg or 20 mg protamine sulfate was adminis-
tered, respectively. Patients were considered to have HR eguced
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if the heparin sensitivity index [HSI, HSI=(post-heparin ACT
- baseline ACT)/heparin loading dose (U/kg)] was below 1.0
after the initial dose of 150 U/kg of heparin®. Patients with
HSI>1 were considered to have normal heparin responsive-
ness (HR,ormar)-

Variables assessed

Intraoperative variables such as the total amount of heparin
and protamine administered, the number and nature of grafts,
the amount of blood loss and the amount transfused were
recorded. The amount of blood loss and blood transfused dur-
ing postoperative period, the coagulation profiles and myocar-
dial enzyme levels were recorded.

All of the patients were transferred to the intensive care unit
(ICU) after surgery and treated with fentanyl-based intrave-
nous patient-controlled analgesia for 2-3 d for pain control,
and anti-platelet therapy was started within 24 h unless con-
traindicated.

In the immediate postoperative period, the following vari-
ables were assessed. The highest postoperative CK-MB and
Tn-T levels were recorded during first seven postoperative
days. Clinical diagnostic criteria for MI were defined as the
occurrence of an increase in cardiac enzyme levels five times
above the upper normal limit; new Q waves of greater than
0.04 mm or a reduction in R waves greater than 25% in at
least 2 leads, or both; new ST elevation in at least 2 contiguous
leads measuring more than 0.2 mV in leads V1-V3 or more
than 0.1 mV in all other leads; or a new left bundle branch
block!”!. Postoperative major morbidity endpoints were
defined as permanent stroke, renal dysfunction, hemostatic
re-exploration, deep sternal wound infection, and prolonged
ventilation (>48 h)". For clarification, renal dysfunction was
defined as an acute postoperative renal insufficiency result-
ing in 1 or more of the following: (1) an increase in the serum
creatinine level (Cr) to >2.0 mg/dL, (2) a 250% increase in Cr
over the preoperative baseline value, or (3) a new requirement
for dialysis. The development of de novo atrial fibrillation was
also assessed. Patients were followed up for 6 months post-
operatively for cardiac morbidities/mortality and restenosis,
which was defined as stenosis with a cross-sectional diam-
eter >50% at the site of bypass graft as assessed by computed
tomography (CT) angiography. Cardiac morbidities included
Q-wave and non-Q-wave MI and the need for repeat revascu-
larization™.

Statistical analysis

Statistical analyses were performed with SPSS 12.0 software
(SPSS, Inc, Chicago, IL, USA). Data were expressed as the
mean*SD or as the number of patients (percentage). Data
were tested using the Pearson y’ test, Mann-Whitney U-test
or Student’s t test, as appropriate, to compare patients with
HR cqucea to patients with HR,,,ma. Factors associated with
HR equeed With a P value <0.05 in the univariate analysis were
entered into a multivariate logistic regression analysis fol-
lowing a stepwise, forward model. To evaluate the relation-
ship between the HSI and changes in cardiac enzyme levels
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(highest postoperative cardiac enzyme level - preoperative
cardiac enzyme level), linear regression analysis was per-
formed. We determined that at least 148 patients would
be required to detect a two-fold increase in the incidence of
postoperative MI in patients with HR,equeed”’ at an alpha level
of 0.05 with 80% power, considering the 20% incidence of
HR,egueed® > in cardiac surgical patients and the 8% incidence
of postoperative MI following OPCAB in our institute®.

Results

A total of 199 patients were enrolled during this study period.
Thirty-one (15.5%) of these 199 patients met the criteria for
HR equced (HSI range, 0.51 to 0.99). In the HR,oma group, the
HSI range was 1.00 to 4.04. The patient characteristics were
not different between the two groups. Preoperative medica-
tions and the number of patients requiring continuous hepa-
rin use preoperatively were also similar between the groups
(Table 1).

Table 1. Patients’ characteristics. Data are expressed in numbers or
mean+SD.

HR,ormal (N1=168) HR equeeq (N=31) P value
Age (years) 64.0+8.5 65.5+9.6 0.361
Sex: male 120 (71%) 20 (65%) 0.439
Body surface area (m?) 1.72+0.17 1.68+0.19 0.199
MI within 1 week 6 (3.6%) 3(9.7%) 0.149
MI within 1 month 12 (7.1%) 4 (12.9%) 0.224
Preoperative medications
B-blockers 97 (57.7%) 14 (45.2%) 0.136
ACE inhibitors 57 (33.9%) 9 (29.0%) 0.379
ARB 48 (28.6%) 8 (25.8%) 0.470
Calcium channel blockers 72 (42.9%) 19 (61.3%) 0.058
o and B blockers 44 (26.2%) 8 (25.8%) 0.580
Sigmart 102 (60.7%) 19 (61.3%) 0.559
Aspirin 138 (82.1%) 24 (77.4%) 0.779
Clopidogrel 129 (76.8%) 25 (80.6%) 0.490
Intravenous heparin 50 (29.8%) 11 (35.5%) 0.525
LVEF (%) 56+13 53+14 0.192
LVEDD (mm) 5015 52+7 0.064
Grade of MR >2 7 (4.2%) 2 (6.5%) 0.633
NYHA <2 152 (90.5%) 29 (93.5%) 0.744
NYHA >3 16 (9.5 %) 2 (6.5%) 0.744
Diseased vessel numbers 2.7+0.5 2.9+0.3 0.087

HR,ormay NOrmal heparin responsiveness; HR cquceq, reduced heparin
responsiveness; MI within 1 week, myocardial infarction within 1 week
prior to the surgery; MI within 1 month, myocardial infarction within
1 month prior to the surgery; ACE, angiotensin converting enzyme;
ARB, angiotensin receptor blocker; Intravenous heparin, preoperative
intravenous heparin administration; LVEF, left ventricular ejection fraction;
LVEDD, left ventricle end-diastolic diameter; MR, mitral regurgitation;
NYHA, New York Heart Association Classification.

The preoperative laboratory results indicated that patients
with HR,equceda Were more likely to have significantly lower

Hct, plasma total protein and plasma albumin concentrations;
significantly higher neutrophil percentages, platelet counts,
CRP and fibrinogen concentrations; and significantly short-
ened partial thromboplastin times compared to patients with
HRyorma (Table 2). In multivariate analysis, low plasma albu-
min concentrations (P=0.001, odds ratio 0.191, 95% confidence
interval 0.073-0.498) and high platelet counts (P=0.033, odds
ratio 1.006, 95% confidence interval 1.000-1.011) remained
independent risk factors of HR cqyced-

Table 2. Preoperative laboratory variables. Data are expressed in
meanzSD.

HRnorma\(n=168) HRreduced(n=31) Pvalue

Age (years) 64.01£8.5 65.5+9.6 0.361
Hematocrit (%) 385 355 0.001
Protein (g/L) 7.0+0.7 6.5+0.8 0.005
Albumin (g/dL) 4.3+0.5 4.0£0.4 0.001
WBC count (/uL) 7325+2006 7825+2570 0.312
Neutrophil (%) 58.4+9.4 63.0+12.2 0.017
Platelet count (x10%/pL) 239168 275188 0.011
CRP (mg/dL) 6.27+11.7 13.6+26.7 0.014
Fibrinogen (mg/dL) 361+92 432+124 0.001
Prothrombin time (s) 11.0+2.6 11.0+1.3 0.880
Partial thromboplastin time (s) 39.0+16.3 32.249.3 0.003
CK-MB (ng/mL) 3.5+2.5 4.2+3.9 0.390
Troponin T (ng/mL) 0.19+1.35 0.71+2.24 0.256
AT-Il (%) 94.3+15.5 101.7+16.0 0.073
Baseline ACT (s) 142+16 148+19 0.101

HR ormaiy NOrmal heparin responsiveness; HR cquceq» reduced heparin
responsiveness; WBC, white blood cell; CRP, C-reactive protein; CK-MB,
creatine kinase-MB; AT-lIl, antithrombin-Ill; ACT, activated clotting time.

During surgery, patients with HR cquceq T€Ceived significantly
larger amounts of heparin and transfused red blood cells
(Table 3).

There was no significant relationship between the HSI and
changes in the CK-MB and Tn-T levels (P=0.804 and 0.904,
respectively). The HSI was also similar between the patients
with and without postoperative myocardial infarction (1.5+0.5
vs 1.5£0.4, P=0.939). The incidence of perioperative MI within
7 d and the incidence of other postoperative complications
were not significantly different between the two groups
(Table 4). During the 6 month follow up period, none of the
patients developed symptoms of ischemia except 1 patient in
the HR,,oima group who developed a symptomatic arrhythmia
caused by restenosis of the venous graft to the right coronary
artery and underwent PCI with a stent procedure. CT angiog-
raphy was performed in 105 patients and 16 patients of the
HRormat and HR equced groups, respectively. Sixteen patients in
the HR,,;ma group met the predefined criteria of restenosis, in
contrast to none of the patients in the HR cquceqa group (Table 4).

Discussion
In this prospective study evaluating the risk factors for
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Table 3. Intraoperative and postoperative data. Data are expressed in
numbers or mean+SD.

HRorma (N=168)  HR cquced (N=31) P value

Intraoperative variables
Total heparin (units) 10 75342124 12 590+1832 <0.001
Total protamine (mg) 42+11 43+15 0.836
Bleeding (mL) 236+177 279+145 0.210
pRBC (pack) 0.5+1.0 0.90+1.0 0.049
FFP (pack) 0.5+1.6 0.6+1.2 0.606
p-conc (pack) 0.3+1.5 0.1+0.7 0.543

Postoperative variables
bleeding (mL) 12144518 1291+453 0.440
pRBC (pack) 0.6+1.3 0.6+1.0 0.962
FFP (pack) 0.5+1.6 0.6+1.2 0.823
p-conc (pack) 0.3+1.5 0.1+0.7 0.483
Graft numbers 3.3+0.7 3.5+0.6 0.051
Arterial grafts 2.8+1.0 2.7+1.1 0.558
Vein grafts 0.45+0.87 0.74+1.2 0.183
Both arterial and vein grafts 42 (25%) 10 (32%) 0.398
Operation time (min) 249+50 266136 0.067
Anesthesia time (min) 327152 346139 0.054

HR,ormay NOrmal heparin responsiveness; HR cquceq, reduced heparin
responsiveness; pRBC, packed red blood cells; FFP, fresh frozen plasma;
p-conc, platelet concentrates.

Table 4. Postoperative outcome. Data are expressed in numbers or
mean+SD.

HR ormal (N=168) HR cquceq (N=31) P value

Highest CK-MB 13.4+17.1 11.2+8.7 0.511
Highest Tn-T 0.47+2.29 0.63+1.47 0.715
Postoperative Ml 22 (13.1%) 2 (6.5%) 0.382
Stroke 2 (1.2%) 0 0.712
Renal failure 14 (10.1%) 2 (6.5%) 0.531
Reoperation 2 (1.2%) 0 0.712
Prolonged ventilation 1 (0.6%) 1(3.2%) 0.288
A-fib development 40 (23.8%) 7 (22.6%) 0.544
Six months follow up

cardiac morbidities 1 (0.6%) 0 1.000
restenosis 16/105 (15.2%) 0/16 (0%) 0.126

HRorma» NOrmal heparin responsiveness; HR qquceq» reduced heparin
responsiveness; CK-MB, creatine kinase-MB; Tn-T, troponin-T; MlI,
myocardial infarction; A-fib, atrial fibrillation; restenosis, confirmed by
computed tomographic angiography.

HRequcea and its association with MI and morbidity endpoints
following OPCAB, low albumin concentrations and high
platelet counts were identified as independent predictors of
HR equcea- However, the incidences of postoperative MI and
morbidity endpoints including cardiac morbidities were not
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increased in patients with HR,qucea-

The use of heparin during procedures involving coronary
arteries requires particular attention to decrease perioperative
thrombogenesis without increasing the risk of bleeding. Dur-
ing cardiopulmonary bypass (CPB), ACTs of less than 300 s
caused coagulation in bypass circuits, and ACTs are recom-
mended to be longer than 400-480 s™ . Accordingly, a single
retrospective review evaluating the impact of heparin respon-
siveness on ischemic complications within the first postop-
erative 48 h revealed that HR .4,.a Was an important risk
factor for fatal MI after on-pump CABG!"!. Additionally, in
patients undergoing coronary balloon angioplasty, there was
an inverse relationship between heparin responsiveness and
the incidence of abrupt vessel collapse during and after angio-
plasty”®*! On the contrary, other studies involving patients
undergoing stent insertion reported no correlation between
heparin responsiveness and ischemic complications! ',
although there was a case of stent thrombosis associated with
HR cquced .

OPCAB constitutes an important axis as a surgical revas-
cularization technique of diseased coronary arteries, and
by avoiding CPB, a reduced amount of heparin is required
during surgery. Based on previous studies, ACTs between
250 and 300 s during OPCAB seem to be acceptable in many

gl22.24

institution |, and the majority of hospitals administered

150 U/kg heparin at the beginning of graft anastomosis for a

51 which is similar

target ACT value of approximately 300 s
to that for PCI. In view of the inflammation and coagula-
tion statuses, OPCAB stands in a unique position because it
is still associated with significant inflammatory responses
and the activation of the coagulation and fibrinolytic systems
following mid-sternotomy and cardiac manipulation, which
are more pronounced in OPCAB patients than in patients
undergoing PCI* !
OPCAB is associated with a postoperative procoagulant state

. Moreover, it has been demonstrated that

related to increases in prothrombin factor and von Willebrand
factor and to transient platelet dysfunction compared to on-
pump CABG™ ™. In addition, unlike for PCI, all patients pre-
senting for OPCAB have previous exposure to heparin during
coronary angiography, which is a well-known risk factor for
HRequced™ > 2, and yet, evidence is lacking with regard to hep-
arin responsiveness and its clinical impact on OPCAB patients.
Thus, we aimed to evaluate factors affecting HR cquceqa and the
relationship between heparin responsiveness and postopera-
tive MI and morbidity endpoints.

As our results indicate, patients with HSIs<1.0 composed
16% of the study population, and low albumin concentra-
tions and high platelet counts were identified as independent
predictors of HR equees. However, we did not observe any rela-
tionship between the HSI and changes in myocardial enzyme
levels, and the HSI was also similar between patients with and
without postoperative MI. Plausible causes for these results
are as follows. Although previous studies found adverse
ischemic outcomes in patients with HR .4,cq, these studies
were either retrospective or did not prospectively manage the
target ACT as in this study. In the current trial, the ACT was



closely monitored and maintained at >300 s prospectively
by administering additive heparin if necessary during graft-
ing. The ACT measured after the last heparin dose and before
coronary anastomosis was above 300 s in all patients; this may
be why HRguceqa did not demonstrate any clinical relevance
with respect to myocardial enzyme levels and MI during the
perioperative period. This is in accordance with the results
of previous studies in the PCI setting in which ACT was pro-
spectively managed to be at least 225 s regardless of the pres-
ence of HR,quced” 7. Considering that patients with HR cgyced
seemed to be in a preoperatively hypercoagulable state and
that the minimum ACT during surgery was significantly lower
in patients with HR .quceq (297144 s vs 253£23 s, P<0.001), it still
might be important to acknowledge the risk in these patients
and to perform additional and frequent ACT measurements to
maintain an adequate ACT level and to titrate the heparin dos-
age during surgery. Inflammatory markers such as CRP and
the neutrophil percentages were not independent risk factors
for HR equeea. Perhaps the utilization of more distinct inflam-
matory markers such as interleukins could have resulted in a
different outcome. Unlike previous studies of cardiac surgery,
in our study, the AT-III levels were not lower in patients with
HRequeeds and only a few patients exhibited AT-III levels below
60% (4 in the HR oyma and 1 in the HR,equceq group). Low AT-
IIT activity has been reported to contribute to HR cgquceq and
hypercoagulability® >
complications after PCI and on-pump CABG!

and could result in major thrombotic
* 21 Consider-
ing the significant decrease in AT-III activity during on-pump
CABG™, the different results compared to the previous study
may also be partly attributable to the variable AT-III activity.
Although, the HR,quceqa group received a significantly larger
amount of heparin and transfused red blood cells during sur-
gery, it is difficult to establish a direct relationship between
them because the HR 4ued group initially had a lower hemat-
ocrit level.

Heparin responsiveness potentially may influence not only
the periprocedural morbidity but also the long term patency
of grafted vessels. Heparin inhibits the activation of the mito-
gen-activated protein kinase in vascular smooth muscle cells,
and thus, the relative resistance to the antiproliferative action
of heparin could be associated with long term graft patency™'..
In an in vitro study, heparin resistance in cultured vascular
smooth muscle cells was a highly significant predictor of sub-
B2 Although there have been few
studies evaluating whether a population clinically character-

sequent vein graft stenosis

ized by HR,equeed during vascular procedures has concurrent
hyperstenotic characteristics with an increased risk of graft
stenosis, more careful follow-up is required in these patients.
In this study, HR,cqud Was not associated with cardiac morbid-
ities or restenosis of graft vessels during a six month follow-up
period after OPCAB.

The limitations of this study are as follows. The anti-platelet
therapy consisting of aspirin and clopidogrel was started
empirically 24 h after surgery as appropriate, and the inter-
individual variability of clopidogrel responsiveness was not
assessed, which might have affected the ischemic outcomes of
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the patients regardless of the HSI™.

In conclusion, low plasma albumin concentrations and
high platelet counts were identified as independent predic-
tors of HR .quced- Despite a strong theoretical possibility and
a close relationship between HR,.4,c.q and postoperative MI
in on-pump CABG patients, HR,4,.a Was not associated with
adverse ischemic outcomes during the postoperative period
after OPCAB. A tight prospective protocol for obtaining a tar-
get ACT regardless of the presence of HR c4ueed Se€ms to be of
the highest importance while performing surgical revascular-
ization.
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