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Abstract:

We have tested cultured human microvascular endothelial cells (HMEC-1) for their ability to synthesize cyclic adenosine

3’,5’-monophosphate (cAMP) in the absence or presence of various drugs. The accumulation of cAMP was only slightly affected by

the addition of a phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine (IBMX) to the incubation medium. A direct stimulator of

adenylyl cyclase forskolin and adrenergic drugs, such as adrenaline and noradrenaline, strongly increased cAMP accumulation in

IBMX-treated HMEC-1 cells, whereas some other drugs known to stimulate the nucleotide synthesis in different cell/tissues were

inactive (dopamine, histamine). Adrenaline was significantly more potent than noradrenaline. The effect of adrenaline on cyclic

AMP production was reproduced by a selective �-adrenoceptor agonist isoprenaline, antagonized by �-blocker propranolol, and was

not influenced by both ��- and ��-selective antagonists, prazosin and yohimbine, respectively. Adrenaline did not significantly

affect the ability of HMEC-1 cells to produce vascular endothelial growth factor (VEGF) or interleukin-8 (IL-8), the major

angiogenic mediators. The results indicate that under basal (non-stimulated) conditions, the cAMP generating system of HMEC-1

cells maintained in culture remains rather quiescent, yet it can strongly respond to the hormone adrenaline acting on �-adrenergic

receptors.
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Introduction

Cyclic adenosine 3’,5’-monophosphate (cAMP) is an

important signaling molecule operating in different

cell types of various species. Its effective concentra-

tion, resulting from the local activity of the cyclic nu-

cleotide synthesizing and inactivating enzymes,

adenylyl cyclase (AC) and phosphodiesterase (PDE),

respectively, varies widely not only among different

tissues and species, but also among similar type of

cells within the same organism, as is the case for e.g.,
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endothelial cells originating from different blood ves-

sels [5, 7, 11, 19, 20].

Stimulation of many receptors may positively or

negatively affect the activity of the cyclic AMP gener-

ating system, and one signaling molecule, depending

on receptor type with which it interacts, may either

stimulate or inhibit the production of cAMP, contrib-

uting to the final biological response of a given cell

[23]. Endothelial cells possess receptor-driven cyclic

AMP system(s) [5, 19, 20]; they actively participate in

various physiological events, including transport,

metabolic, synthetic or secretory processes, whose

repertoire and/or intensity may differ depending on

both the size (large, small, capillary) and type (artery,

vein) of a vessel [4, 32].

The aim of this work was twofold: 1. to study the

ability of human microvascular endothelial cells

(HMEC-1) maintained in culture to synthesize cAMP

under basal and stimulated conditions (including cate-

cholamines), and 2. to see whether adrenaline modu-

lates the expression of vascular endothelial growth

factor (VEGF) or IL-8 in HMEC-1 cells. We report

here that the cAMP generating system of HMEC-1

cells, being weakly active under basal conditions, can

be largely stimulated by adrenaline used at physiologi-

cal concentrations. In contrast to the cAMP response,

adrenaline affected neither VEGF nor IL-8 levels.

Materials and Methods

Chemicals

The following substances used were: MCDB 131 me-

dium, fetal bovine serum, penicillin-streptomycin so-

ution (5,000 units/ml penicillin and 5,000 µg/ml

streptomycin sulfate in physiological saline),

phosphate-buffered saline (PBS) (pH = 7.4) and

trypsin-EDTA (0.25% trypsin, 1mM EDTA-4 Na)

were purchased from Invitrogen (Carlsbad, Califor-

nia). Epinephrine (adrenaline), L-arterenol (nora-

drenaline), 3-isobutyl-1-methylxanthine (IBMX), iso-

prenaline, dopamine, histamine, forskolin, propra-

nolol, prazosin and yohimbine were purchased from

Sigma (St. Louis, MO, USA) and radioactive com-

pounds: 2,8-[3H]adenine (specific activity 24.40

Ci/mmol) was from PerkinElmer Life Sciences, Inc.

(Boston, MA, USA) and [14C]cAMP (specific activity

56 mCi/mmol) was from Moravek Biochemicals

(Brea, CA, USA).

Cell culture

HMEC-1 (human microvascular endothelial cells)

were kindly provided by Dr. F. Candal from Center

for Disease Control and Prevention (Atlanta). The

cells were used between passages 32–41 and cultured

in 25 cm3 flasks in MCDB 131 medium supplemented

with 10% fetal bovine serum, 10 ng/ml of epidermal

growth factor, 1 µg/ml of hydrocortisone and penicil-

lin-streptomycin solution, in humidified atmosphere

of 95% O2 and 5% CO2 at 37°C. Every third day cells

were harvested in trypsin-EDTA (0.25% trypsin,

1mM EDTA) solution.

Assay of cAMP formation

Cells used in experiments were seeded in 12-well

plates at a density of 250,000 cells/well in 500 µl of

culture medium and cultured overnight. Next day, cul-

ture medium was removed, fresh serum-free culture

medium was added and cells were incubated in the

presence of [3H]adenine for 2 h at 37°C. Next, the

medium was removed, cells were rinsed two times

with pre-warmed phosphate-buffered saline (PBS)

and serum-free culture was added. Then, cells were

preincubated for 20 min at 37°C in the presence of

3-isobutyl-1-methylxanthine (IBMX; 0.1 mM). After

this preincubation period, cells were exposed to ap-

propriate agonists for further 15 min. Antagonists,

when tested, were applied 15 min before an agonist.

The reaction was stopped by adding 500 µl of an ice-

cold 10% trichloroacetic acid. The resulting mixture

was then transferred into test tubes, centrifuged and

the formed cAMP was quantified in a supernatant

fraction.

The formation of [3H] cAMP in [3H]adenine-

prelabeled cells was assayed according to Shimizu et

al. [31]. The formed [3H]cyclic AMP was isolated by

sequential Dowex-alumina column chromatography

according to Salomon et al. [27]. The results were in-

dividually corrected for percentage recovery with the

aid of [14C]cAMP added to each column system prior

to the nucleotide extraction. The accumulation of

cAMP during a 15-min stimulation period was as-

sessed as a percentage of the conversion of [3H]ade-

nine to [3H]cAMP. Details of the whole procedure

were described earlier [34].
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ELISA assays

VEGF and IL-8 concentrations in cell culture media

were determined by a commercially available ELISA

kits according to the vendor’s protocols (R&D Sys-

tem, Abingdon, UK).

Data analysis

All data are expressed as the mean ± SEM values. For

statistical evaluation of the results, analysis of vari-

ance (ANOVA) was used followed by the post-hoc

Student-Newman-Keuls test.

Results and Discussion

In order to check the ability of HMEC-1 cells to syn-

thesize cAMP under basal, non-stimulated conditions,

we compared the accumulation of [3H]cAMP in

[3H]adenine-prelabeled cells in the absence or pres-

ence of a PDE inhibitor IBMX (0.1 mM) after 60 and

180 min. The obtained time-dependent results without

IBMX are: 0.30 and 0.25% conversion, and with

IBMX: 0.38 and 0.35% conversion, showed only a

slight increase in the nucleotide accumulation with

time (127 and 140% of respective control taken as

100%), which suggests that under our experimental

conditions the basal activity of the cAMP generating

system in HMEC-1 cells was rather low.

Earlier studies have shown a highly differentiated

basal activity of the cAMP generating system operat-

ing in different endothelial cells, such as, e.g., human

umbilical vein endothelial cells (HUVEC), human

adipose microvascular endothelial cells (HAMVEC),

pig pulmonary artery endothelial cells (PPAEC), bo-

vine aortic endothelial cells (BAEC) [20, 21]. Al-

though the mean levels of cyclic AMP were similar in

HUVEC, BAEC and PPAEC (9.4–12.5 pmol/mg of

protein), those in HAMVEC were significantly higher

(26 pmol/mg of protein). Yet, a completely different

picture has emerged when the various cell types were

incubated with IBMX where the basal cAMP levels

were found elevated 2- to 9-fold depending on the cell

type (BAEC >> HUVEC � HAMVEC > PPAEC).

Thus, the observed here a relatively low basal activity

of the cAMP generating system in HMEC-1 cells does

not seem to be a feature unique for this type of endo-

thelial cells.

In contrast to a rather weak basal activity of the

cAMP generating system of HMEC-1 cells, the addi-

tion of forskolin, a direct activator of adenylyl cy-

clase, or catecholamines, such as noradrenaline, and –

especially – adrenaline to the IBMX-enriched incuba-

tion medium, strongly stimulated the nucleotide accu-

mulation (Fig. 1). Adrenaline added to the medium

without IBMX also significantly stimulated cAMP

production, and the obtained results of experiments

carried out in parallel with and without IBMX for

100 µM hormone were (in % conversion): without

IBMX – control 0.39 ± 0.03(9), adrenaline 2.51 ± 0.16(9),

with IBMX – control 0.43 ± 0.10(7), adrenaline 7.01

± 0.19(12).

As shown in Figure 1, noradrenaline also substan-

tially stimulated cyclic AMP synthesis in HMEC-1

cells, it appeared, however, to be significantly less po-

tent than adrenaline; for example, at 10 and 100 µM

their respective effects were (in % conversion): con-

trol: 0.30 ± 0.02(25); 10 µM: 1.44 ± 0.12(12), with

min-max values of 0.74–1.89 vs. 7.42 ± 0.25(6), with

min-max values of 6.68–8.47; 100 µM: 3.44 ±

0.31(22), min-max values of 2.14–4.60% conversion;

vs. 8.43 ± 0.39(18), min-max values of 4.85–10.27%

conversion. A similar picture has been observed in

bovine endothelial cells (BAEC) where noradrenaline

was at least one order of magnitude weaker than

adrenaline in stimulating adenylyl cyclase activity

[28]. Unfortunately, in neither study (BAEC,
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HMEC-1) the concentration curves reached their pla-

teaus, which makes impossible to compare the respec-

tive maximal (or near maximal) effects of the two

catecholamines.

The cAMP-enhancing effect of the studied cate-

cholamines in HMEC-1 cells was mediated through

�-adrenergic receptors, as �-adrenoceptor blocker

propranolol (10 µM) prevented the action of adrena-

line, whereas �1- and �2-selective blockers, prazosin

and yohimbine, respectively, applied at 10 µM dose

had no effect (Fig. 2). In addition, as shown in Figure

1, a selective �-agonist isoprenaline reproduced the

effects of adrenaline.

Although the �-adrenoceptor-mediated stimulation

of cAMP production has been reported in different en-

dothelial cells [2, 19–21, 28, 30], such an effect in

HMEC-1, an immortalized human dermal microvas-

cular endothelial cell line, has not been studied till

now. On the other hand, it has recently been shown

that in HMEC-1 cell line adrenaline and noradrena-

line, acting via �-adrenoceptors, stimulated IL-6 in-

duction [12]. Interestingly, several recent papers have

focused on the AC-cAMP signaling pathway in

HMEC-1 cells, showing its activity upon stimulation

by, e.g., forskolin [33] or adenosine [8, 15]. Of special

interest are the latter results, as the authors showed

that microvascular HMEC-1 cells preferentially ex-

press A2B, while macrovascular HUVEC cells – A2A

adenosine receptors, both being positively linked to

cAMP formation; yet, only HMEC-1 cells simultane-

ously responded with an increased expression of IL-8,

bFGF and VEGF [8, 15]. The ability of HMEC-1 cells

to express the major angiogenic mediator VEGF has

recently been confirmed by the results of Loboda et

al. [17, 18] which demonstrated the induction of

VEGF expression by both hypoxia (1% O2) and co-

balt chloride (CoCl2), a hypoxia mimicking agent

[16]. The mentioned data considered together

prompted us to check whether HMEC-1 cells will ex-

press VEGF when exposed to adrenaline, the hor-

mone endowed with a potent cAMP-enhancing effect

just in these cells (present data). An additional argu-

ment supporting such an idea comes from the data

that noradrenaline, acting via the cAMP-dependent

mechanism, did stimulate VEGF-mRNA expression

in rodent brown adipocytes [1,10] and the �-adren-

oceptor agonist isoprenaline did so in aortic smooth

muscle cells [24].

However, in our hands (Fig. 3), adrenaline (10 and

100 µM) incubated with HMEC-1 cells for 3, 6, 12

and 24 h did not significantly modify VEGF levels,

although CoCl2 (250 µM) as expected stimulated the

cytokine synthesis, and the effect was particularly im-

pressive after 24 h (508% of control value; Fig. 3).

Adrenaline (100 µM; 24 h) also had no significant ef-

fect on IL-8 production (results not shown).

A biological significance of the cAMP response of

HMEC-1 cells to �-adrenoceptor agonists, especially

to adrenaline – a powerful stimulator of the nucleotide

synthesis, remains at present unknown. Earlier find-

ings have shown on porcine aortic endothelial cells

(PAEC) [13, 14] and HUVEC cells [9] that stimula-

tion of cAMP synthesis evoked by isoprenaline or

forskolin led to nitric oxide (NO) generation; Ferro et

al. [9] have also shown that isoprenaline relaxed um-

bilical vein rings, which would indicate that activa-
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tion of the �-adrenoceptor-dependent cAMP cascade

eventually give rise to vasorelaxation. Recent data

have demonstrated that adrenaline via the cAMP-

PKA dependent cascade stimulated the release of von

Willebrand factor in macrovascular HUVEC cells

[25, 26], yet such an activity of the hormone has not

been reported for the microvascular HMEC-1 cells.

The above-cited observations linking catecholamines

(adrenaline, noradrenaline) and cAMP in different en-

dothelial cells, including HMEC-1 cells, suggest that

the spectrum of biological events regulated by adrena-

line and/or noradrenaline is much broader than previ-

ously thought, and more study is needed to substanti-

ate the profile of physiological (induced by endoge-

nously released catecholamines, especially adrenaline)

and pharmacological (induced by exogenously ap-

plied �-adrenoceptor agonists, including native cate-

cholamines) effects resulting from adrenoceptor acti-

vation.

In addition to adrenaline, noradrenaline and isopre-

naline, we also studied the effects of dopamine and

histamine on cAMP in HMEC-1 cells for two reasons,

firstly, these agents are well-known stimulators of the

nucleotide production in many body cells and/or tis-

sues [7, 19, 22, 23, 29], and secondly, some reports

described their effects also in endothelial cells [3, 6,

20]. In our hands, these two agents used at 100 µM

concentration had no significant stimulatory activity

on the cAMP generating system in HMEC-1 cells (re-

sults not shown). However, in other studies, histamine

(10–100 µM) has been reported to be active in BAEC

and HUVEC model systems [20] and inactive in

HMEC cells, although in these cells histamine did

stimulate phospholipase C-linked signaling cascade

through H1-type receptors [6], whereas dopamine

stimulated cAMP production in human cerebromicro-

vascular endothelium [3]. These data further indicate

that different endothelial cells may express different

sets of receptors for a number of hormones and fac-

tors which may influence various aspects of the endo-

thelium physiology.

In conclusion, we have shown in immortalized hu-

man dermal microvascular endothelial cells (HMEC-1)

that the basal activity of the cAMP generating system

of these cells is very low, yet the system can be

strongly stimulated by �-adrenoceptor agonists, of

which the hormone adrenaline (which physiologically

occurs and sometimes distinctly fluctuates in the

blood) appeared to be a very effective stimulator.

A functional meaning of this adrenaline-induced en-

dothelial response remains to be established.
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