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Abstract

Background/Aims: Modulation of extracellular adenine nucleotide and adenosine
concentrations is one potential mechanism by which docosahexaenoic acid (DHA) may exert
beneficial effects in critically ill patients. This study assessed DHA effects on extracellular
adenine purines. Methods: Experiments used human pulmonary endothelial cells (HPMEC)
and umbilical vein endothelial cells (HUVEC) treated with DHA (48 h). mRNA level (real-time
PCR), expression (western blot, flow cytometry) and activities (hydrolysis of etheno(g)-purines
and fluorescence HPLC) of CD73 (ecto-5'-nucleotidase) and CD39 (ecto-NTPDase-1) were
quantified. Results: DHA elevated total CD73 membrane protein expression concentration-
dependently but CD73 mRNA level did not change. Increased expression was paralleled by
increased enzyme activity. Effects observed on membrane level were reversed in intact cells,
in which e-AMP hydrolysis decreased after DHA. In intact endothelial cells ATP release was
enhanced and CD39 activity blunted following DHA treatment. Hence, extracellular ATP and
ADP concentrations increased and this inhibited e-AMP hydrolysis. Conclusion: In human
endothelial cells DHA caused 1) up-regulation of CD73 protein content and increased AMP
hydrolysis at the cell membrane level, 2) increased cellular ATP release, and 3) decreased
extracellular ATP/ADP hydrolysis. Thus, reorganization of the extracellular adenine-nucleotide-
adenosine axis in response to DHA resulted in an increased extracellular ATP/adenosine ratio.

Copyright © 2013 S. Karger AG, Basel

Introduction

Modulation of extracellular adenine nucleotide and adenosine concentrations has been
proposed to cause tissue and organ protective effects. In particular modulation of ecto-5'-
nucleotidase (CD73), the rate controlling enzyme in the stepwise degradation of extracellular
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ATP to adenosine has attracted much interest in the past. However, a conclusive model
has not yet been established. Protective effects observed after blunting of CD73 activity
include reduced airway responsiveness after allergen exposure [1], reduced hepatic fibrosis
generation [2], and decreased endothelial layer permeability [3]. In contrast, augmented
tissue injury after blunting of adenosine production by CD73 has been reported under
conditions of acute lung injury induced by mechanical ventilation [4], hypoxic lung injury
[5] and hypoxia induced hyperpermeability of intestinal mucosa[6].

Previous studies indicated increased CD73 expression and CD73 enzymatic activity of
endothelial cell membrane preparations after exposure to docosahexaenoic acid (DHA), a
polyunsaturated fatty acid (PUFA) [7]. This is of potential clinical relevance, because PUFA
treatment of critically ill patients with systemic inflammatory response syndrome and acute
respiratory distress syndrome resulted in reduced neutrophil recruitment and improved
lung gas exchange associated with reduced mortality rates and shorter time of recovery [8,
9]. In isolated human endothelial cell culture DHA attenuated monocytic cell adhesion [10].
Because adenosine production via CD73 has been demonstrated to ameliorate inflammatory
vascular reactions [4, 5, 11], part of the effects of DHA have been attributed to the up-
regulation of CD73 activity [7]. However, as outlined above, the potential effects of CD73
inhibition remain controversial [1-6].

A major limitation of previous studies addressing a possible causal relationship
between DHA treatment and CD73 results from the exclusive use of isolated cell membrane
preparations [7]. Although this model permits to investigate modulating effects of DHA on
enzyme expression and activity, it does not give insight into influences or kinetic aspects
that may be relevant at the whole cell or tissue level. Endothelial cells are known to release
adenine nucleotides in response to a variety of stimuli [12-14]. In addition to CD73, ecto-
ATPase and ecto-ADPase (NTPDase-1 or CD39) activity may be changed by DHA treatment.
This may consecutively affect CD73 activity, because ADP and ATP are powerful modulators
of CD73 activity [15, 16]. Thus, it is presently unclear, whether intact endothelial cell CD73
activity is increased as suggested from cell membrane preparations or decreased in response
to DHA treatment due to more complex regulatory events on the cellular level. Furthermore,
alkaline phosphatase, which hydrolyses extracellular adenine nucleotides in parallel to CD73,
should be included in a comprehensive analysis of adenine nucleotide metabolism [17].

The present study was designed to comprehensively test the effects of DHA on CD73
and alkaline phosphatase activities of human endothelial cells. Experiments performed in
membrane preparations showed the effect described in literature, namely the up-regulation
of CD73 total protein, protein surface content and enzyme activity reflected by the e-AMP
hydrolysis rate. However, in intact endothelial cells DHA reduced e-AMP to e-Ado conversion.
This effect was caused by increased ATP release and inhibited CD39 (ecto-ATPDase) activity
inresponse to DHA. In contrast to CD73, ecto-alkaline phosphatase activity was unimportant.
Thus, DHA augments extracellular availability of adenine nucleotides and depresses
extracellular adenosine production in human vascular endothelial cells.

Materials and Methods

The study conforms to the principles of the Declaration of Helsinki. It was conducted under permission
EZ 203112005 of the local authorities.

Cell culture

Human umbilical vein endothelial cells (HUVEC) were isolated under sterile conditions within a time
window of 24 h after delivery following standard procedures. Briefly, the cords were incubated with 0.05 %
collagenase solution (PAA, Coelbe, Germany) in PBS (Invitrogen, Darmstadt, Germany) for 11 min at 37°C.
After harvesting of endothelial cells they were re-suspended in M199 medium (GIBCO, Darmstadt, Germany)
containing 10 % FCS and grown on 0.5 % gelatine type A (Sigma, Miinchen, Germany) coated T25 dishes in
an incubator (5 % CO,). Human Pulmonary Microvascular Endothelial Cells (HPMEC-ST1.6R) obtained from
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Prof. Dr. med. C. ]. Kirkpatrick (Institute of Pathology, Johannes Gutenberg University Mainz, Germany) [18]
were grown similar to HUVEC. For augmentation confluent HUVEC and sub-confluent HPMEC were split in
3.5 cm dishes. Experiments were performed in supplemented ECGM-2 (PromoCell, Heidelberg, Germany)
medium.

DHA treatment

Approximately 50.000 cells were seeded on a 3.5 cm diameter cell culture dish supplemented with
culture medium. When the cells were 80-90 % confluent, the medium was renewed and supplemented with
antioxidants including 50 pmol/I of alpha-tocopherol (Sigma) and 300 pmol/1 of ascorbic acid (Pharmacy,
University Hospital Dresden, Germany). Within the next 24 h DHA (IBL Hamburg, Germany) taken from a
stock solution in ethanol (DHA concentration 761 mmol/l) was diluted freshly for experiments in culture
medium supplemented with antioxidants and applied to cells (24, 48, 72 h). Final concentrations were 0, 25,
50 umol/I (HUVEC) and 0, 25, 50, 100 pumol/l (HPMEC). For all experiments cells were no more than 1 week
old first passage HUVEC or less than the fiftieth passage HPMEC. DHA was protected from access of oxygen
and DHA stock solutions were generally discarded after 3-4 months.

Flow cytometry

Flow cytometry was used to assess CD73 protein surface expression. Briefly, cultured HUVEC and
HPMEC were trypsinized for 0.5 to 1 min. After reaction of trypsin was stopped with serum, cells were
harvested and cell pellets washed with PBS, followed by fixation with 2 % paraformaldehyde (Sigma) for
10 min on ice. After a blocking step with 10 % normal serum (PAA), the cells were incubated with primary
antibodies (mouse anti-CD73 IE9, Santa Cruz) at 4°C overnight. Primary antibodies were detected with a
respective secondary antibody (anti-mouse Alexa 488, Santa Cruz). Measurements were performed in a BD
FACS Calibur™. The results were quantified by Win MDI 2.9 software with gating procedure.

Protein determination and western blot

To detect CD73, CD39, caveolin-1 and annexin-2 expression, samples were collected directly after
enzymatic assay by adding Tris/HCl pH 6.9 buffer. Samples were then immediately stored at -20°C.
Protein concentration in the samples was determined by both the black amido protein assay and the roti-
nanoquant assay (Carl Roth, Germany). Protein expression was quantified with western blot. Briefly, equal
amounts (20-30 pg) of protein were loaded on 4 to 12 % polyacrylamide gels (Bio Rad Laboratories GmbH,
Germany). After electrophoretic separation the proteins were transferred onto nitrocellulose membrane
(Amersham Biosciences) following standard procedures. The membrane was then blocked with 5 % skim
milk. The membranes were incubated in respective primary antibodies to detect CD73 (1:200, Santa Cruz
Biotechnology), CD39 (1:200, Santa Cruz), Cav-1 (1:5000, rabbit, BD Biosciences), annexin-2 (1:2000,
rabbit, Santa Cruz). Amounts of target proteins was normalised to a-tubulin and B-actin (both 1:1000,
Sigma). Secondary antibodies used were donkey anti-goat (1:2000, Dianova, Hamburg, Germany), goat anti-
mouse (1:1000, Dianova) and goat anti-rabbit (1:1000, Dianova). Protein bands were quantified using an
Alias 3000 Reader. Blot images were quantified densitometrically using Image ] software.

Real time Polymerase Chain Reaction

From HPMEC incubated with DHA for 36 and 48 hours RNA was isolated using the RNeasy Mini Kit
(Qiagen NV, The Netherlands). RT-PCR was performed by standard procedures using the following primers:
1) ecto-5-nucleotidase/CD73: sense 5’ GAT CGA GCC ACT CCT CAA A 3'; antisense 5’ GCC CAT CAT CAG AAG
TGA C 3'; 2) GAPDH: sense 5'CAA AGT TGT CAT GGATGA CC3'; antisense 5'CCA TGG AGA AGG CTG GGG3'.
Thermal cycling conditions were done as follows: first step, 94°C for 15 min; the ensuing 40 cycles were
95°C for 20 s, 58°C for 30 s and 72°C for 30 s.

HPLC assessment of adenine nucleotides and adenosine

Measurement of etheno(€)-labelled adenine nucleotides and adenosine. CD73 activity was determined
by measuring the conversion of the substrate e-AMP (Sigma) to e-adenosine (e-Ado) using fluorescence
HPLC as described before [19]. The kinetic of e-AMP conversion to e-Ado was plotted and the time point
of 50 % conversion of e-AMP to e-Ado was expressed as t  value. For statistical analysis, t,; values in
the treatment groups were normalized to their respective controls treated in parallel. CD39 activity was

357

KARGER


http://dx.doi.org/10.1159%2F000354443

C€||u|al’ Phy5|0|08y Cell Physiol Biochem 2013;32:355-366

. . DOL 10,11250/000324443 © 2013 S. Karger AG, Basel
and B|OChem|Stry Published online: August 14, 2013 www.karger.com/cpb

Thom/Wendel/Deussen: DHA and Extracellular Adenine Nucleotide Metabolism

measured similarly to CD73 activity, however, e-ATP (Molecular Probes, Darmstadt, Germany) and e-ADP
(Sigma), rather than e-AMP, were added as substrates.

Measurement of native adenine nucleotides and adenosine. HUVEC and HPMEC cultured and incubated
with DHA in serum culture medium (48 h) were washed once with PBS and 2 ml incubation buffer were
added. Supernatant (500 pul) was collected after 0, 16 and 32 min of incubation, respectively, immediately
frozen in liquid nitrogen and stored at -80°C until freeze-drying. The residue was redissolved in 143 pl of
ultra pure water. For quantification of native adenine compounds a derivatization procedure to etheno(g)-
compounds was used as described [19]. HPLC measurements were performed as reported [20]. Identification
and quantification of e-adenosine and e-adenine nucleotides were done using external standards.

ATP measurement by luminometry

Cellular native ATP release was measured using an ATP-time stable determination kit (Proteinkinase,
Biaffin GmbH & Co KG, Kassel, Germany) which is based on luciferase activity. The fluorescence signal was
measured in a luminometer as a function of time and the ATP concentration quantified from the area under
the curve using external ATP standards (Sigma) as reference. The ATP release of DHA treated cells was
normalized to that of control experiments performed in parallel.

Statistical analysis

Statistical analysis was performed using SPSS for Windows version 15.0. Data were expressed as mean
+ SE. Differences of mean values between two groups were analysed by Student’s t test. When more than
two groups were compared, statistical analysis was performed by a one-way ANOVA followed by post hoc
test. A p-value < 0.05 was considered to indicate a statistically significant difference.

Results

DHA up-regulates CD73 protein level

To determine the effects of DHA on CD73 protein level we quantified CD73 surface
expression by flow cytometry for both HPMEC and HUVEC (Fig. 1A). After 48 h DHA
treatment CD73 protein surface content increased dose-dependently in both cell types.
At 50 pmol/l DHA the increase of CD73 expression was 28+7 % (HPMEC) and 23+6 %
(HUVEC) as compared to respective controls (p<0.05, n=6-8). A representative histogram
of FL1 fluorescence labelling of CD73 is provided in Fig. 1B. DHA did not have any cytotoxic
effect in HUVEC and HPMEC as revealed by MTT assay and LDH release (data not shown).
The enhanced CD73 cell surface content indicated by flow cytometry was paralleled by a
similar increase in whole cell CD73 protein level. Cellular CD73 protein content increased by
41411 % and 48+10 % in HPMEC and HUVEC, respectively, in response to 50 umol/I DHA for
48 hours (p<0.05, n=5-6, Fig. 1C and 1D).

Recently, DHA as well as some other fatty acids e.g eicosapentaenoicacid and arachidonic
acid have been described as potential ligands of the PPAR family including PPAR-y [21].
Because DHA had no effect on CD73 mRNA level (Fig. 1E), we evaluated whether DHA via
the PPAR-y pathway may directly regulate some unknown genes which play a role in CD73
expression and enzyme activity. However, application of GW9962 for 72 h had no effect on
both CD73 activity (data not shown) and CD73 protein level (Fig. 1F). This suggests that DHA
regulated CD73 independent of the PPAR-y pathway.

Modulation of lipid raft compositions on CD73 enzymatic activity

As CD73 is known to be located in lipid rafts one may assume that modulation of the lipid
membrane composition such as presence of cholesterol or caveolin-1 (cav-1) may modify
CD73activity or CD73 protein expression. We performed experiments in which the cholesterol
content in the lipid raft was depleted by filipin (Fig. 2A) and beta-methylcyclodextrin (MCD)
treatment (Fig. 2B). In further experiments administration of MCD-cholesterol complex was
used to enrich the membrane cholesterol content (Fig. 2B). However, both displacement
and enrichment of cholesterol level had no effect on CD73 activity. In agreement with

358

KARGER


http://dx.doi.org/10.1159%2F000354443

C€||u|al’ Phy5|0|08y Cell Physiol Biochem 2013;32:355-366

DOL

© 2013 S. Karger AG, Basel
www.karger.com/cpb

and Biochemistry Pubn% 14,2013

Thom/Wendel/Deussen: DHA and Extracellular Adenine Nucleotide Metabolism

Fig. 1. Effects of DHA on CD73 protein expression. A:
Dose-dependent regulation of CD73 surface expres- < A B
sion in response to 48 h DHA treatment in HPMEC %gi:g ) i ‘abe"mgznd%
and HUVEC as determined by flow cytometry. Values 2% 2 é 4‘ Contro
are given as percent change of the mean fluores- é% 110 SR % l
cence intensity FL-1 relative to the untreated control é% 100 \ﬂ‘ [ M K
(n=6 experiments). B: Representative histogram of 5& O T o s 1w
FL-1 fluorescence intensity in HPMEC labelled with DA (D
mouse anti-human CD73 antibody, IE9 and anti- C D
mouse alexa 488. C&D: CD73 protein expression in L e——— o7 ot brA (ii_D_H_A
HPMEC and HUVEC determined by western blotting %ng " i Tupuin (e I
after 48 h DHA treatment (C quantitative data, D gnm ﬂ HPMEC ~ HUVEC
representative western blot). Densitometric meas- ?:ZI [ | [ |
urements were normalized to a-tubulin expression § . . | .
and values are given as percent change compared HPMEC - HOvEC
to untreated controls (n=5-6), *p< 0.05. E: CD73 —Control F
mRNA level of HPMEC treated with DHA for 36 and 5% NS, DrA
48 hours. CD73 mRNA level is normalized to GAPDH | £ g
mRNA level (n=3), NS: No significant difference. F: iz‘j % .
Ineffectiveness of PPAR-y antagonist-GW9662 (10 g 5w
umol/l, 72 h) on CD73 protein expression quantified 8 é 01
by Western blot (n>3). 5 § =
36h 48h * g W (pmo}ﬁ)
Fig. 2. Effects of cholesterol reduction and
supplementation on CD73 enzymatic activity in zﬁ\ 20B
HPMEC (n=4-5). A: Treatment with filipin and B: 1
MCD (10 mmol/l) and MCD-cholesterol-complex | ¢ £ L=
(16 pg/ml, 30 min, 37°C). C: Effects of DHA and | £° £"
MCD on CD73 expression. D: Effects of DHA (0, 25, E E
50 pumol/1) on Cav-1 protein expression in HPMEC. %10 %10
Cav-1 protein was quantified by western blot and § fq:
normalized to tubulin levels (n=3). g° g5
’ ¥ o+ - WD
F'“Pm ug/ml + + Cholesterol

these results MCD did not have a significant
effect on CD73 expression stimulated with _ oors
DHA (Fig. 2C). Hence, we concluded that IR DD T
membrane cholesterol content did not play a 0 25 5 10 0 25 50 100 DHA
major role on regulation of CD73 expression Without MCD With MCD
in response to DHA. D

In addition, the effect of DHA on 250
cav-1 protein expression was examined - ggm‘\
(Fig. 2D). Although minor fluctuations of égzoo = 50 DHA -
membrane Cav-1 expression were noted, gg
these fluctuations appeared transient and no 53810
significant effect of DHA on cav-1 level could fg §100
be objectified. Thus, increased expression E%
of CD73 due to DHA treatment was not §§ 50
associated with changes of cav-1 expression.
Similar results were observed with HUVEC 0 " " 2 Tmel)
(data not shown).
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Fig. 3. A: Assessment of e-AMP
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tions, respectively. Representa-
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Effects of DHA on CD73 enzymatic activity

To test whether the change in CD73 expression results in a change of enzyme activity
conversion of e~AMP to e-Ado was measured in both, membrane fraction and cytosolic
fraction, after DHA treatment for 48 h (Fig. 3A). e-AMP hydrolysis was about two-fold
higher in the cell membrane fraction compared to the cytosolic fraction (p<0.001). Upon
DHA treatment e-AMP hydrolysis was accelerated, indicated by decreased t.  (25+4 %). This
effect was restricted to the enzyme activity of the membrane fraction (p<0.005). The results
match with those obtained on CD73 protein content (Fig. 3B). CD73 protein content in the
membrane fraction was 3-fold higher than that in the cytosolic fraction. DHA selectively
elevated CD73 protein content by 50£15 % in the membrane fraction. Thus, increased
membrane CD73 protein content (Fig. 3B) was associated with increased enzyme activity
(Fig. 3A).

Despite an enhanced membrane CD73 protein content in intact HUVEC and HPMEC
DHA treatment resulted in prolonged e~AMP degradation (increase of t, ) 16+2 % and 26+10
%, Fig. 3C). Thus, conversion of extracellular e-AMP to e-Ado was slowed down on the whole
cell level. Addition of the alkaline phosphatase inhibitor levamisole did not significantly
affect hydrolysis rate of extracellular e-AMP in response to DHA (Fig. 3D). In contrast, single
inhibition of CD73 by its specific inhibitor alpha-beta-methylene-ADP (AOPCP) profoundly
inhibited e-AMP hydrolysis (Fig. 3E). Thus, in contrast to CD73 alkaline phosphatase is
unimportant for AMP hydrolysis in isolated human endothelial cells.

Effects of DHA on CD39
Following DHA treatment ADPase (NTPDasel or CD39) activity significantly decreased
(p<0.05) while ATPase activity remained unchanged (although there was a clear trend
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Fig. 4. Effects of DHA on CD39 ac-
tivity (A) and protein level (B) in
HUVEC. CD39 activity (A) was de-
termined with e-ADP and €-ATP as
substrates, respectively. CD39 pro-
tein expression (B) was analyzed
by western blotting using mouse
anti-human CD39 antibody, mean
values * SE, n=6 experiments.
C&D: Effects of ARL-67156 on
conversion of e-ADP (C) and -ATP

Relative change of t50 (%)
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with DHA for 48h. Inhibitors, ARL- | 55100 | g ﬂ i j . . .
67156 (10 pmol/1) and levamisole §§ ‘ ‘ . ‘ ‘ j;.‘ig J ‘ ‘ . | ‘
(50 pmol/l) were added 20 min ® T ithout DA With DHA ® " Without DHA With DHA

before e-AMP substrate. t_ -Values
are normalized to that of control

mmmm No inhibitors
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£100 £1004
T 80 2
N | (I [ iy 10 1D
0 - - 0
Without DHA With DHA Without DHA With DHA

toward reduced activity, Fig. 4A). The decreased CD39 enzymatic activity was paralleled by a
25%#8.5 % decrease of CD39 protein expression (p<0.05, Fig. 4B). The functional importance
of CD39 activity was addressed using the inhibitor ARL-67156 (10 umol/1), which markedly
decreased e-ADP conversion (ADPase activity) in both DHA treated and DHA untreated
groups (Fig. 4C). For the identical experimental conditions e-ATP conversion rate (ATPase
activity) showed a smaller effect (Fig. 4D).

Potential cross-talk between CD39, alkaline phosphatase and CD73 was studied using
ARL-67156 as an inhibitor of CD39 and levamisole as an inhibitor of alkaline phosphatase.
Single treatment with levamisole did not have any significant effect on extracellular e-AMP
hydrolysis in both, DHA untreated and DHA treated, HPMEC (Fig. 4E). In contrast, single
treatment with ARL-67156 as well as combined treatment with ARL-67156 plus levamisole
reduced extracellular e-AMP conversion at baseline conditions (without DHA) as well as
in presence of DHA (Fig. 4E). Similar results were observed in HUVEC in response to DHA
treatment (Fig. 4F). This suggests that accumulation of extracellular ATP or ADP blunts
CD73 activity in intact cells after DHA treatment.

ATP release from endothelial cells treated with DHA

Following treatment of HUVEC and HPMEC with DHA the ATP concentration in the
supernatant was largely increased 5.5+0.9-fold and 2.9+0.2-fold, respectively (Fig. 5A and B).
To assess that increased ATP release was not due to cell damage, we measured LDH release
in parallel which did not change (data not shown). The different native adenine nucleotide
fractions were assessed in the supernatant of HPMEC kept in incubation buffer for up to 32
min after a buffer change. The total extracellular nucleotide concentration increased 2.5-fold
in the DHA treated group with respect to untreated HPMEC control (Fig. 5C). In addition,
ATP and ADP levels of DHA treated cells remained elevated above those of control cells at
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Fig. 5. Effects of DHA on endothelial
cell adenine nucleotide release. A: HU- A B
VEC, B: HPMEC. Cells were incubated in | & ™ . g
absence (control) or in presence of DHA 600 T
for 48 h. After change of cell buffer ATP 500
release was determined by luminom-
etry. Mean * SE normalized to control,
n26 experiments, **p<0.01 vs control.
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all time points (p<0.05). Without CD39 inhibition, extracellular ATP concentration declined
as a function of time in both control and DHA treated groups. Interestingly, ADP levels (27
nmol/l in the control group and 94 nmol/l in the DHA treated group) remained unchanged
over 16 min and even thereafter the decline was small. In parallel, the conversion of AMP to
Ado was decreased in the DHA treated group, but maintained in the control group (Fig. 5D).
Thus, ATP is released from DHA-stimulated human endothelial cells at an increased rate and
its metabolism via ecto-nucleotidase(s) is diminished.

Inhibition of CD73 by ATP-yS and AOPCP

The effects of nucleotide analogues on CD73 activity for our experimental conditions are
summarized in Fig. 6. The stable ATP analogue ATP-yS dose-dependently inhibited e-AMP
conversion rate by about 14+4 % at 500 nmol/l and 28+8 % at 5 pmol/] concentration in
comparison to control (p<0.05, Fig. 6A). A similar result was observed in HPMEC (data not
shown). An even stronger inhibitory effect was obtained for the stable ADP analogue AOPCP,
which increased t,, by 40+4 % to 180+11 % at AOPCP concentrations ranging from 63.5 to
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500 nmol/1 (p<0.05, Fig. 6B). Thus, CD73 activity is highly sensitive to inhibition by ATP- and
ADP-analogues in human endothelial cells.

Discussion

The present study demonstrates that DHA exposure of human endothelial cells results
in a complex reorganization of extracellular adenine nucleotide metabolism including 1)
increased CD73 protein content, 2) decreased CD39 expression associated with decreased
catalytic activity, and 3) enhanced cellular adenine nucleotide release. These effects interact
on the whole cell level by augmenting extracellular adenine nucleotide concentrations and
consecutively decreasing CD73 activity despite an increased CD73 expression. Thus, DHA
increases the extracellular adenine nucleotide/adenosine ratio.

After 48 h DHA treatment CD73 surface expression and protein level were increased
in human endothelial cells (Fig. 1). This is in line with a previous study performed in rat
endothelial cells [7]. Moreover, our study determines that the increased CD73 activity is
strictly related to cell surface expression (Fig. 1A, 1B). Several mechanisms of CD73 protein
content regulation have been described in literature including modulation of plasma
membrane fluidity [7], modulation of lipid raft association with caveolin-1 [22], regulation
of transcription processes [23], and cholesterol-dependent endocytosis [24]. We have tested
whether these concepts apply to the conditions of the current study using RT-PCR to assess
the mRNA level and transcriptional regulation of CD73. However, no change in CD73 mRNA
level was found (Fig. 1E). Because DHA was shown to be a ligand for PPAR-y [25] which
may regulate CD73 transcription processes, the PPAR-y antagonist GW9662 was applied. In
line with the negative RT-PCR result, GW9662 had no effect on CD73 protein level (Fig. 1F).
Furthermore, modification of plasma membrane cholesterol either by depletion of cholesterol
using filipin and B-methyl-cyclodextrin (MCD) or by enrichment using cholesterol-MCD
complex had no impact on CD73 enzyme activity and protein level (Fig. 2A-C). Also, cav-1
protein level was unaffected by DHA treatment (Fig. 2D). It is thus unlikely that previously
proposed mechanisms were effective under the conditions of our study.

One previous study performed in isolated cell membrane preparations indicated
increased CD73 expression and enzyme activity after DHA treatment [7]. Our study clearly
shows that this view needs correction. While our experiments confirm results obtained on
the membrane level (Fig. s 1- 3), the new and important finding is that DHA reduced CD73
activity in intact endothelial cells (Fig. 3). This is in contrast to the conclusion based on
experiments using membrane preparations [7]. The present study reveals that the effect of
enhanced membrane expression of CD73 in response to DHA is completely set-off by (an)
other mechanism(s) on the level of the intact cell.

Ecto-nucleotidases are regulated by a variety of factors including adenine nucleotides.
In fact, CD73 is powerfully inhibited by ADP and ATP [16, 26] (Fig. 6A, B). As shown in Fig.
5, DHA treatment largely enhanced adenine nucleotide release. The increased extracellular
ATP and ADP concentrations blunted CD73 activity under the conditions of the present
study (Fig. 4E, F). We therefore conclude that the increase of CD73 expression on the cell
membrane level was counteracted by augmented ATP release from endothelial cells und
subsequent block of its hydrolysis. In endothelial cells ATP release has been suggested to
occur via P-glycoprotein, CFTR, connexin hemichannels or pannexins [27-29] although their
quantitative contribution is currently unknown.

HUVECreleased ATP under control conditions and after DHA treatmentatarate resulting
in a nanomolar adenine nucleotide concentration in the cell supernatant. Most notably, the
adenine nucleotide fraction was largely elevated in the DHA treated vs. untreated group.
While extracellular ATP continuously declined, native ADP level appeared rather constant
in the course of the experiment (Fig. 5C). Although the adenosine level slightly increased
over time in the DHA group, it should be stressed that the adenosine fraction was always
considerably smaller than those of the adenine nucleotides, in particular the ATP- and ADP-
fractions.

363

KARGER


http://dx.doi.org/10.1159%2F000354443

Cellular Physiology ~ Cell Physiol Biochem 2013;32:355-366

. . DOL 10,11250/000324443 © 2013 S. Karger AG, Basel
and B|OChem|Stry Published online: August 14, 2013 www.karger.com/cpb

Thom/Wendel/Deussen: DHA and Extracellular Adenine Nucleotide Metabolism

Fig. 7. Schematic diagram showing the effects Feed.forward
inhibition

of DHA on regulation of extracellular adenine CTENRTTTTTTTTY ——l _
nucleotide metabolism in human endothelial A|T'E:,$ ATPase aob £ Appase ¢ o aue
cells. e-NTP: ecto-nucleoside-triphosphate- =g =~ w—
pyrophosphatase. !L %DSQ %Dss (Q eor2 Extracellular

Intracellular

ATP + z
I~ \ { / Endothelial cell {
DHA

The metabolic processing of extracellular adenine nucleotides includes a complex
cascade of various ecto-enzymes on the cell surface [4, 30, 31]. Key enzymes expressed on
human endothelial cells for forward reactions from ATP to ADP to AMP and to adenosine
include CD39 and CD73. Backward reactions from AMP to ADP and ATP are catalyzed by
ecto-kinases, e.g. adenylate kinase, NDPkinase, ATP synthase. Simultaneous release of ATP
and other nucleotides such as ADP and AMP cause additive conformational change of ecto-
kinases pushing the backward reaction to produce more extracellular ATP and ADP. Changes
in the ratio of mono-, di- and tri-phosphates may cause feed-forward inhibition of CD73 by
the precursors ATP and ADP, respectively [27, 30, 31]. The K. values reported for inhibition
of CD73 by ATP are in the low micromolar range and that for inhibition by ADP in the low
nanomolar range [15, 16, 32]. The concentrations of ATP and ADP measured in response to
DHA treatment were in this range (100-200 nmol/l), while those measured under control
conditions were lower (20-50 nmol/l). Thus, quantitative assessment of ATP and ADP
concentrations after DHA treatment indicate a role as autocrine inhibitors of CD73 activity
in human endothelial cells.

In HPMEC and HUVEC inhibition of CD39 by ARL-67156 resulted in a decrease of CD73
activity, both under control conditions and after DHA treatment (Fig. 4E, F). This supports
the concept that native extracellular adenine nucleotide concentrations regulate activity of
CD73. Because CD73 catalytic activity was inhibited following application of ARL-67165
under baseline conditions as well as after DHA treatment, the resulting extracellular ATP or
ADP concentrations were likely effective in modulating CD73 activity under the conditions
of our study. This effect is supported by a down-regulation of CD39 protein expression and
ecto-ADPase enzymatic activity following DHA (Fig. 4A, B). The results obtained in our
reductionist model may help to clarify the mechanisms that mediate the beneficial clinical
effects seen after DHA treatment [8, 9, 33]. However, it needs also to be taken into account
that the in vivo situation is more complex with e.g. parenchymal cells, platelets, leukocytes
and red blood cells representing additional major sources of cellular ATP release. A beneficial
effect of an increased adenine nucleotide/adenosine ratio is compatible with an improved
endothelial barrier function following block of CD73 [3]. However, it should also be pointed
out that a blunted capability of adenosine production by CD73 may be detrimental under
conditions of acute lung injury induced by mechanical ventilation [4] or under hypoxic stress
in lung [5] or intestinal mucosa [6]. Thus, it is unlikely that the beneficial effects of DHA
treatment are caused by adenosine, because its production is rather decreased after DHA
(Fig. 3).

Figure 7 summarizes our results. DHA up-regulated CD73 protein level as well as
CD73 surface expression. However, CD73 enzymatic activity of human endothelial cells was
diminished via feed-forward inhibition by augmented cellular release of ADP and ATP despite
increased CD73 surface expression. Because DHA reduced CD39 activity and expression and
increased ATP release the extracellular ATP/adenosine ratio was augmented. Because both
metabolites act on separate receptors and, hence, separate signal transduction pathways,
this concerted action may exert a profound regulatory role. The current study shows that for
a comprehensive evaluation of effects seen after DHA substitution the complex regulation
of the extracellular adenine nucleotide/ adenosine metabolism must be taken into account
rather than single assessment of CD73 expression and activity.
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