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Background. Previous studies have indicated that protein kinase C (PKC) may enhance endo-
thelial nitric oxide synthase (eNOS) activation, although the detailed mechanism(s) remains
unclear. In this study, we investigated the roles of PKC isoforms in regulating propofol-induced
eNOS activation in human umbilical vein endothelial cells (HUVECsS).

Methods. We applied western blot (WB) analysis to investigate the effects of propofol on
Ser''”” phosphorylation-dependent eNOS activation in HUVECs. Nitrite (NO5) accumulation
was measured using the Griess assay. The phosphatidylinositol 3-kinase/Akt (PI3K/Akt)
pathway was examined by WB assay. Propofol-induced translocation of individual PKC isoforms
in subcellular fractions in HUVECs was analysed using WB assay.

Results. In HUVECs, protocol treatment (I—-100 wM) for 10 min induced a concentration-
dependent increase in phosphorylation of eNOS at Ser''’””. The NO production was also
increased accordingly. PKC inhibitors, bisindolylmaleimide | (0.1—1 M), and staurosporine (20
and 100 nM), effectively blocked propofol-induced eNOS activation and NO production.
Further analyses in fractionated endothelial lysate showed that short-term propofol treatment
(50 wM) led to translocation of PKC-a, PKC-3, PKC-{, PKC-m, and PKC-¢ from cytosolic to
membrane fractions, which could also be inhibited by both PKC inhibitors. These data revealed
that the differential redistribution of these isozymes is indispensable for propofol-induced
eNOS activation. In addition, Akt was not phosphorylated in response to propofol at Ser*’? or

Thr%8,

Conclusions. Propofol induces the Ser''”” phosphorylation-dependent eNOS activation

through the drug-stimulated translocation of PKC isoforms to distinct intracellular sites in

HUVECs, which is independent of PI3K/Akt-independent pathway.
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Anaesthetic induction and maintenance with propofol are
often accompanied with undesired peripheral vasodilata-
tion and hypotension that may be harmful to patients with
compromised cardiac reserve. Propofol has been reported
to affect arterial and venous circulation both in vivo' >
and in vitro.* ° Studies of blood vessel models have
suggested that propofol seems to influence cellular pro-
cesses including calcium signalling,® sympathetic neuro-
transmission,” and the function of endothelium.®
Propofol-induced hypotension also seems to be associated
with its effects on the central nervous system."

Endothelial cells (ECs) play a major role in the regu-
lation of the vascular tone, through the production of
several vasoactive mediators such as nitric oxide, prostacy-
clin, endothelin, and endothelial-derived hyperpolarizing
factor.” Nitric oxide is a profound vasodilator. Constitutive
production of nitric oxide by the endothelium maintains
the vasculature in a state of vasodilatation. It has been
suggested that propofol-induced hypotension is partly, if
not all, related to the nitric oxide signalling,'” '" although
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PKC isoforms in activating eNOS by propofol

the mechanism has not been fully determined. In ECs, NO
is largely synthesized enzymatically by endothelial nitric
oxide synthase (eNOS).'? eNOS is carefully regulated
not only at the transcriptional level but also by several
post-translational mechanisms. For example, eNOS phos-
phorylation at Ser''”’(human)/''”’(bovine) by phospha-
tidylinositol 3-kinase (PI3K)-dependent Akt plays a
critical role in its activation by various agonists, such as
vascular endothelial growth factor.' 1 However, Ser!!”7/
Ser''” is the target of multiple protein kinases in addition
to Akt.'”> Recent studies revealed that protein kinase C
(PKC) is also important and responsible for regulation on
eNOS function and NO production.'? '>~!7

PKCs are a family of at least 10 isoenzymes, grouped
into three subclasses, the classical PKCs (a, BI, BII, and
v), the novel PKCs (8, 8, €, and m), and the atypical PKCs
(A and {)."® It has been identified that the prominent PKC
isoforms expressed in human umbilical vein endothelial
cells (HUVECS) involve PKC-a, PKC-8, PKC-¢, PKC-7,
and PKC-£.'"” ?° Previous studies have indicated that
altered expression or enzymatic activity of PKCs is impli-
cated in circulatory disturbance in coronary artery disease,
arthrosclerosis, hypertension, myocardial ischaemia—reper-
fusion, and circulatory shock, 2! =% although little is known
about its relation to propofol-induced vasorelaxation. To
better understand the roles of individual PKC isoforms in
mediating propofol-induced eNOS activation and NO pro-
duction, we performed an in vitro study using cultured
vascular ECs.

Methods

Cell culture

The HUVEC line used in this study was purchased from
the American Type Culture Collection (ATCC, CRL-1730;
Passage 12). Cells were cultured in medium M199 (Gibco
BRL, Life Technologies, NY, USA) supplemented with 3
ng ml ! B-EC growth factor (Sigma, St Louis, MO,
USA), 4 U ml ! heparin, 10% fetal bovine serum
(Invitrogen Corporation, Australia), 100 U ml~" penicillin,
and 100 pg streptomycin. Cells were cultured in a humidi-
fied 95% air—5% CO, incubator at 37°C. Culture media
were replaced every 3 days.

Cell assay and treatment

CRL-1730 cell lines at Passages 14—18 were collected for
assay. Cultured HUVECs were randomly assigned into one
of the following three groups.

Group 1

To investigate the effects of propofol on phosphorylation
of eNOS at Ser''”” (eNOS-pSer'!'””), HUVECs were
treated with 1, 10, 50, or 100 uM propofol (Astra Zeneca,

Cheshire, UK) for 10 min at 37°C. Cells and parallel con-
trols were lysed, and the levels of phospho- and total
eNOS were determined by immunoblot assay.

Group 2

To investigate the effects of propofol on Akt and
phospho-Akt expressions, HUVECs were treated with
either solvent control or propofol (at the nearly maximal
concentration of 50 pM) for 10 min at 37°C. Phospho-
Akts (Akt-pSer*’”® and Akt-pThr’*®) were analysed by
immunoblots using specific antibodies.

Group 3

To assess the effects of propofol on PKC translocation
from cytosolic to membrane fractions, HUVECs were first
treated with potent PKC inhibitors, either bisindolylmalei-
mide I (Bis I, 0.1-1 pM) or staurosporine (20—100 nM)
for 30 min. Treated cells along with parallel controls
(treated with intralipid 10%) were then stimulated with or
without propofol (50 wM) for 10 min at 37°C. Cell lysates
including total lysate, cytosolic, and membrane fractions
were prepared, and the expressions of eNOS, eNOS-
pSer''”’, PKC-a, PKC-e, PKC-{, PKC-n, and PKC-§
were analysed using immunoblotting. Parallel studies were
performed using a diacylglycerol (DAG) analogue,
phorbol myristate acetate (PMA, 1 wM).

Unless stated otherwise, drugs were purchased from
Sigma Aldrich (Sigma, St Louis, MO, USA). PMA was
dissolved in DMSO. The final concentration of DMSO
was adjusted to 0.003% for each solution.

Total and subcellular fractionation of ECs

To collect total cell lysate, cells were immediately lysed
after propofol or solvent control in buffer (pH 7.4) con-
taining 10 mM Tris, 100 mM NaCl, 1| mM EDTA, 1 mM
EGTA, 1 mM NaF, 20 mM Na4P,0,;, 2 mM Naz;VOy,
0.1% SDS, 0.5% sodium deoxycholate, 1% Triton X-100,
10% glycerol, 10 wg ml~" leupeptin, 60 pwg ml~ " aproti-
nin, and 1 mM phenylmethanesulfonyl fluoride. Cell
lysate was then centrifuged at 16 000g for 10 min, and the
supernatants were collected. Fractionation of HUVECs
was performed following protocols described in Ramzy
and colleagues,25 with minor modification. Briefly, ECs
were collected with lysis buffer containing protease inhibi-
tors, 20% glycerol, and 0.05% Triton X-100. Harvested
cells were then centrifuged for 2 min at 800g, and the
supernatant was collected as supernatant 1 (SUP1). The
pellet was resuspended and centrifuged for 2 min in
the same buffer. The supernatant was collected and
added to SUP1. SUPI was centrifuged at 100 000g for 30
min at 4°C, producing a pellet containing the total cellular
membrane fraction and a supernatant as the cytosolic
fraction.
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Immunoblotting

Western blot (WB) analysis was performed on the total cell
lysate, cytosolic, and membrane fractions. Protein concen-
trations were measured using the Bradford protein assay.”
All samples were mixed with Laemmli sample buffer
(sodium dodecyl sulphate, SDS) and placed in a boiling
water bath for 5 min. Proteins (50 pg) were resolved in
10% SDS—polyacrylamide gel electrophoresis (PAGE) and
transferred to nitrocellulose. Blots were probed with
antibodies against eNOS, eNOS—pSer“77, PKC-a, PKC-¢,
PKC-{ and PKC-9, respectively. Immunoblots were devel-
oped using horseradish peroxidase-conjugated goat anti-
rabbit immunoglobulin G and detected by enhanced
chemiluminescence (Pierce, Rockford, IL, USA). Protein
bands were quantitated with a densitometer. SDS—PAGE
reagents and Bradford protein assay reagent were from
Bio-Rad Laboratories (Hercules, CA, USA). All antibodies
used in the present study were obtained from Cell Signaling
Technology (Beverly, MA, USA).

Detection of NO

In order to estimate the amount of NO production, we
adopted the Griess assay to measure the accumulated
nitrite (NO, ), a stable breakdown product of NO. During
the assay, medium aliquots were mixed with equal
volumes of the Griess reagent and incubated at room
temperature for 15 min. The azo dye production was then

analysed by a spectrophotometer with absorbance set at
540 nm. Sodium nitrite was used as a standard.

Statistical analysis of data

Results shown in the blots are representative of three or
more independent experiments. Densitometry data and NO
products were analysed using one-way ANoOvA with a sig-
nificance level of P<<0.05.

Results

Propofol-induced Ser''””

activation of eNOS

Using cultured HUVECs, we first tested whether propofol
phosphorylates eNOS at Ser''”’, a catalytically positive
regulatory site. HUVECs were treated with 1, 10, 50, or 100
pM  propofol, respectively, for 10 min. As shown in
Figure 1A, propofol induced a rapid increase in eNOS
phosphorylation at Ser''”” in a concentration-dependent
manner. The evident concentration was approximal at
10 pM, with a maximal effect at 50 wM. Treatment with
propofol for a short period (10 min) did not change the level
of total eNOS in HUVECs. The increase in eNOS phos-
phorylation was accompanied by concomitant augmentation
of NO production (Fig. 1B), which could be inhibited by the
eNOS inhibitor N-nitro-L-arginine methyl ester (Fig. 1c).
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77y and NO production. HUVECs were treated with the indicated

77 \was determined using immunoblot analysis with phospho-specific

antibody. The bar graphs below are densitometry analyses of the ratio of phosphorylated eNOS to total eNOS with the vehicle control set as 1. (B)
Production of nitrite in collected culture media was measured by the Griess assay. The nitrite concentration in the vehicle control culture medium was
set as 1. (c) Cultures were pretreated with the eNOS inhibitor NG—nitro—L—arginine methyl ester (L-NAME; 100 pmol litre ™) for 30 min before
exposure with propofol (50 wM) for 10 min and nitrite production were measured by the Griess assay. The data shown are mean (sp) from three
separate experiments (7=6). *P<0.05 vs intralipid controls. £pP<0.05 between propofol alone and L-NAME plus propofol group.
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PKC isoforms in activating eNOS by propofol

According to the above observation, a concentration at 50
1M of propofol was adopted in the following assays.

Propofol-induced phosphorylation and activation of
eNOS is independent of the PI3K/Akt pathway

Previous studies have suggested that in cultured ECs, the
eNOS phosphorylation at Ser''”” and subsequent eNOS
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Fig 2 The role of PI3K/Akt pathway in propofol-induced
phosphorylation of eNOS. HUVECs were stimulated with propofol (Prop;
50 uM) for 10 min. Phosphorylation of Akt at Ser*’? and Thr’®, and
eNOS at Ser''”” was determined using immunoblot analysis with
phospho-specific antibodies. However, there is no significant difference in
total and phosphor-Akt (Ser*”® and Thr*®®) expressions between basal
control and propofol-treated groups (P>0.05). The data shown are mean
(sp) from three separate experiments (n=0).
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activation can be mediated by PI3K/Akt activation in
response to several distinct eNOS activators such as vascu-
lar endothelial growth factor.”” *® In order to investigate
whether the eNOS activation induced by propofol is
dependent of PI3K/Akt, HUVECs were treated with 50
wM propofol for 10 min and underwent immunoblot ana-
lyses for Akt phosphorylation at Ser*’® and Thr*®
(Fig. 2). However, we did not observe an increase in either
total Akt or phospho-Akt (at Ser*’® and Thr*”’), which is
consistent with the speculation that PI3K/Akt signalling
pathway may not be involved in propofol-induced eNOS
phosphorylation in HUVECs.*

PKC is involved in propofol-induced phosphorylation
and activation of eNOS

In order to test whether PKC signalling is involved in
propofol-induced eNOS phosphorylation, we treated
HUVECs with 0.1-1 puM Bis I (a potent PKC inhibitor) for
30 min before they were exposed to 50 uM propofol for 10
min. As shown in Figure 34, the propofol-induced increase
in eNOS phosphorylation at Ser''”” was largely inhibited
by Bis I in a concentration-dependent manner. In addition,
Bis I also inhibited eNOS phosphorylation at Ser''”’
induced by 1 uM DAG analogue PMA (Fig. 3B). Similar
results were also observed when cells were treated with
another PKC inhibitor staurosporine at 20 or 100 nM (data
not shown). Moreover, pretreatment with Bis I also inhib-
ited both propofol- and PMA-stimulated NO production
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Fig 3 The effect of PKC inhibitor on propofol-induced phosphorylation of eNOS. HUVECs were pretreated with Bis I (0.1-1 pM) for 30 min before
stimulation with (a) propofol (Prop; 50 uM) and (8) PMA (1 uM) for 10 min. Phosphorylation of eNOS at Ser''”” was determined using immunoblot analysis
with phospho-specific antibody. The bar graphs below are densitometry analyses of the ratio of phosphorylated eNOS to total eNOS. (c and p) NO production
was measured as described in the Methods section. The data shown are mean (sp) from three separate experiments (n=6). *P<0.05 vs vehicle control.
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Fig 4 Effect of propofol on translocation of PKC isoforms from cytosolic to membrane fractions. HUVECs were treated with propofol (Prop; 50 uM)
in the presence or absence of Bis I (I wM; preincubation for 30 min) for 10 min, and PKC isoforms including PKC-a, PKC-3, PKC-¢, PKC-m, and
PKC-{ in HUVECsS cytosolic (C) and membrane (M) fractions were determined by the WB method using individual-specific antibody. The bar graphs

right and below are the absolute optical density volume of each of the

PKC isoforms observed. The data shown are mean (sp) from four separate

experiments (n=8). *P<0.05 vs basal membrane fraction and ApP<0.05 vs propofol alone treated membrane fraction.

(Fig. 3c and p), which is consistent with earlier reports indi-
cating that PKC is involved in NO production.*® 3!

Propofol-induced translocation of PKC isoforms
from cytosolic to membrane fractions

We next investigated the effect of propofol on transloca-
tion of PKC isoforms from cytosolic to membrane frac-
tions. First, we determined the isoenzyme expression
profile in HUVECs by WB. As shown in the first column
of Figure 4, before HUVECs were exposed to propofol,
PKC-a, PKC-3, PKC-m, and PKC-{ were largely
expressed within the cytosolic fraction, although their
expression could also be detected in the membrane frac-
tion. PKC-g was exclusively associated with the cytosolic
fraction. After HUVECs were treated with 50 wM propo-
fol, all five isoforms translocated from cytosolic to mem-
brane fractions (Fig. 4, Column 2). Pretreatment with 1
nM Bis I potently attenuated the propofol-induced translo-
cation of all five isoforms (Fig. 4, Column 3). The
propofol-induced translocation of PKC isoforms from

cytosolic to membrane fractions were also companied with
the increase in phosphorylation of eNOS at Ser''””, which
could be inhibited by Bis I (Fig. 3a). These data suggest
that the translocation of PKC isoforms from cytosolic to
membrane fractions is required for Ser''”” phosphorylation
and activation of eNOS by propofol.

Discussion

In this study, we found that the translocation of individual
PKC isoforms from cytosolic to membrane fractions induced
by propofol is involved in propofol-stimulated eNOS Ser''”’
phosphorylation. This was associated with no change of Akt
phosphorylation, suggesting that propofol may modulate
eNOS in ECs through an Akt-independent pathway. These
findings are consistent with a previous publication dealing
with phosphorylation of eNOS by propofol.”’

The activation of eNOS catalytic function by Ser
phosphorylation is due to inhibition of calmodulin dis-
sociation from eNOS and the enhancement of the internal

1177
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rate of eNOS electron transfer.’> Ser''”” phosphorylation

can be catalysed by numerous kinases, including kinase Akt
(protein kinase B), the cyclic AMP-dependent protein
kinase (PKA), AMP-activated protein kinase, PKG, and
calcium/calmodulin-dependent protein kinase II (CaM
kinase II)."” *° #* 3 The contribution of these kinase path-
ways and their interactions are currently under investigation.
Yet, it is clear that different extracellular stimuli activating
distinct kinase pathway may lead to eNOS phosphorylation.

From our study, we confirmed that propofol increases
eNOS phosphorylation at Ser''””. Ser''”’, in the reductase
domain, is a key regulatory site for eNOS activity. By using
dominant-negative mutants and overexpressing PKC-a or
PKC-3 in wild-type animals, previous studies have demon-
strated that PKCs phosphorylate eNOS Ser!!77M7 i
ECg 131517

Although the relationship between propofol and PKCs
activation has been suggested in tissues such as brain and
cardiac muscle,’' *> the roles of PKCs isoforms in mediat-
ing eNOS activation by propofol have never been reported
in cultured ECs. We found that a potent PKC inhibitor,
Bis I, diminished propofol-induced eNOS Ser''”” phos-
phorylation. Similar results were also observed when cells
were treated with another PKC inhibitor staurosporine at
20 or 100 nM (data not shown). Moreover, pretreatment
with Bis I inhibited both propofol- and PMA-stimulated
NO production (Fig. 3c and p), which is consistent with
earlier reports indicating that PKC is involved in NO pro-
duction.”? > 7 These data lead to the conclusion that pro-
pofol induces eNOS activation, primarily via activation of
PKC in EC. Moreover, data from our laboratory showed
that propofol induces a subcellular translocation of PKC
isoforms that is related to the activation of eNOS and NO
production in HUVECs. This may add worthy information
to the understanding of the cellular mechanism of
propofol-induced hypotension.

All PKCs share extensive homology in their catalytic
domains with each displaying low-substrate selectivity.”' *°
Yet, they exert pleiotropic effects by dispersing to different
subcellular compartments.?' Like phosphorylation and acy-
lation, subcellular localization affects PKC activity21 36 and
may help generate the apparent temporal selectively. In this
study, propofol (50 pM) caused a rapid increase in eNOS
Ser''”7 phosphorylation within a period of 10—30 min,
which reached a peak at 10 min (data not shown).

A subcellular translocation of PKC isoforms from the
cytosolic to membrane fraction associates with activation
of PKC isoforms and is facilitated by receptors for acti-
vated C kinases.”’ The binding of the PKC isoform to its
specific receptor for activated C kinase is also critical to
the phosphorylation of substrate proteins that are specific
for the PKC isoform.

Previous studies have confirmed that the major PKC iso-
forms expressed in HUVECs are PKC-a, PKC-8, PKC-m,
PKC-Z, and PKC-¢, with some controversy over the exist-
ence of PKC-BIL?® ?! Protein kinase may vary among

different mammals and cells from different vascular beds.
In this study, we identified the presence of PKC isoforms
expressed in HUVECs, which are PKC-a, PKC-8, PKC-n,
PKC-Z, and PKC-&. PKC-& was expressed within the cyto-
solic fraction in ECs before propofol treatment, whereas
PKC-a, PKC-8, PKC-m, and PKC-{ are expressed in both
cytosolic and membrane fractions. Propofol caused trans-
location of all five isoforms from cytosolic to membrane
fractions, providing indirect support for their activation.

Our data showed that PKC isozyme localization is related
to eNOS phosphorylation at Ser''”’, although the under-
lying mechanism remains unclear. Previous studies have
shown that both PKC-a and PKC-8 can phosphorylate
eNOS at Ser'!’?M77 1315 qyggesting the possibility of a
direct interaction between PKC isoforms and eNOS.

In conclusion, we have shown that propofol can cause
eNOS activation by increasing phosphorylation of eNOS
at Ser''”” (via an Akt-independent pathway), which is
responsible for the endothelial-derived NO production.
Propofol stimulates translocation of PKC-a, PKC-9,
PKC-m, PKC-(, and PKC-¢ to distinct intracellular sites in
HUVECs that may be a fundamentally important cellular
mechanism of propofol-induced eNOS activation and sub-
sequent NO production.
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