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ABSTRACT

Neutrophils release branched-chain (valine, isoleucine, leucine), aromatic (tyrosine, phenylalanine)
and positively charged free amino acids (arginine, ornithine, lysine, hydroxylysine, histidine) when
adhere and spread onto fibronectin. In the presence of agents that impair cell spreading or
adhesion (cytochalasin D, fMLP, nonadhesive substrate), neutrophils release the same amino acids,
except for a sharp decrease in hydroxylysine and an increase in phenylalanine, indicating their
special connection with cell adhesion. Plasma of patients with diabetes is characterized by an
increased content of branched-chain and aromatic amino acids and a reduced ratio of arginine/
ornithine compared to healthy human plasma. Our data showed that the secretion of neutrophils,
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regardless of their adhesion state, can contribute to this shift in the amino acid content.

Abbreviations: BCAAs: branched-chain amino acids; E2: 178-estradiol; LPS: lipopolysaccharide
from Salmonella enterica serovar Typhimurium; fMLP: N-formylmethionyl-leucyl-phenylalanine.

Introduction

In experimental diabetes mellitus in rats, as well as in the
study of autopsy material of patients with diabetes melli-
tus, histological sections showed that the retinal capillaries
are filled with monocytes and neutrophils [1,2]. It was
also established that in neutrophils isolated from the
blood of patients with diabetes mellitus, the expression
of integrins was increased [3]. The authors of many mod-
ern studies consider the integrin-dependent adhesion of
neutrophils to the vessel walls and the associated secretion
of aggressive bactericidal agents as a cause of the devel-
opment of early stages of retinopathies [4-6] and nephro-
pathies [7,8] in patients with diabetes mellitus. Vascular
complications upon reperfusion after ischemia develop
also as a consequence of pathological adhesion of neutro-
phils to the vessel walls [9].

Proteome analysis revealed that control neutrophils
upon adhesion to fibronectin, which was used as a
model of integrin-dependent adhesion, secreted lacto-
ferrin, myeloperoxidase, albumin, neutrophil gelatinase
associated lipocalin, S100A8 and S100A9 proteins and
lysozyme [10]. In the presence of classical secretory
stimuli such as peptide fMLP or LPS neutrophils
released metalloproteinases MMP-8 and MMP-9 in

addition to proteins secreted by control cells. LPS sti-
mulated also secretion of primary granule bactericides
cathepsin D and defensins [11]. The composition of
neutrophil protein secretion in the attachment to fibro-
nectin is controlled by hormones [12]. Insulin, a hor-
mone that reduces vascular complications in metabolic
disorders [13-15], initiated the secretion of metallopro-
teinases MMP-8 and MMP-9. Glucagon, a hormone
that plays a significant role in the pathophysiology of
diabetes [16-18], caused the release of the aggressive
bactericidal agent cathepsin G.

In the present work, we studied the secretion of free
amino acids by human neutrophils. The development
of diabetes is accompanied by a significant change in
the levels of free amino acids in the plasma of patients.
It was shown that a wide range of amino acids, includ-
ing leucine, isoleucine, valine, phenylalanine, tyrosine,
is significantly increased in the blood of patients with
type 1 [19] or type 2 [20] diabetes mellitus. Recent
epidemiological studies consider the elevated level of
branched-chain (valine, isoleucine and leucine) and
aromatic (phenylalanine and tyrosine) amino acids in
the blood of patients as highly significant predictors of
future diabetes [21,22]. However, the physiological
causes that initiate these shifts in the composition of
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amino acids are unknown. Using amino acid analysis,
we studied the secretion of free amino acids by human
neutrophils incubated over fibronectin-coated substrata
under the control conditions, in the presence of hor-
mones (insulin, glucagon or E2), inflammatory stimuli
(LPS, fMLP), actin depolymerizing mold alkaloid cyto-
chalasin D or during incubation over nonadhesive
substrata.

Materials and methods
Materials

Ficoll-Paque was obtained from Pharmacia (Uppsala,
Sweden). Fibronectin was from Calbiochem (La Jolla,
USA). Bicarbonate-free Hank’s solution, Ca®*-free
Dulbecco PBS, insulin, glucagon, 17{3-estradiol (E2),
cytochalasin D, fMLP (N-formylmethionyl-leucyl-phe-
nylalanine), LPS (lipopolysaccharide from Salmonella
enterica serovar Typhimurium) and cytochalasin D
were obtained from Sigma (Steinheim, Germany).
Analytical chromatography conditions: eluent MCI
Buffer L-8800-PH-1-4 and ninhydrin coloring solution
kit for Hitachi 29970501 (Wako Chemicals
GmbH, USA).

Neutrophil isolation

Neutrophils were obtained from the blood of healthy
volunteers. All experimental procedures were approved
by the Ethics Committee of the A. N. Belozersky
Institute. Erythrocytes were precipitated with 3 % dex-
tran T-500 at 20° C. Neutrophils were isolated from the
plasma by centrifugation via Ficoll-Paque (density
1,077 g/ml). Hypotonic lysis was used to eliminate the
remaining red blood cells. Neutrophils were washed and
stored prior to the experiment in Dulbecco’s PBS con-
taining 1 mg/ml glucose (without CaCl,). The purity of
the neutrophil fraction was 96-97 %, viability 98-99 %.

Adhesion of neutrophils to fibronectin-coated
plates and incubation over a nonadhesive
substrate

Six-well culture plates were coated with fibronectin for
2 hours of incubation in HanKk’s solution containing 5 ug/
mL fibronectin at room temperature and washed.
Neutrophils adhered to the protein-coated wells (3 x 10°
cells in 1.3 mL per well) in Hank’s solution containing
10 mM HEPES (pH 7.35) for 20 minutes at 37° C.
Insulin (0.1 M), glucagon (0.1 yuM), or 17-estradiol (0.1
¢M), cytochalasin D (10 pg/mL), fMLP (1 uM), or LPS (10
pg/mL) were added to the cells prior to plating. After the
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incubation, the extracellular medium was sampled.
Aliquots from three similar wells combined.

Neutrophils were also incubated in Hanks’ solution
at the same temperature and at the same time over the
non-adhesive substrate, polypropylene tubes that
usually used for the isolation of neutrophils. After
incubation, the neutrophils were removed by centrifu-
gation for 5 minutes at 1000 rpm and extracellular
medium was sampled.

Preparation of extracellular media samples for
amino acid analysis

Inhibitors of metalloproteinase (EDTA, 5 mM), serine
(PMSF, 200 uM), cysteine (E64, 10 uM) and myeloper-
oxidase (sodium azide, 0.025%) were immediately
added to all extracellular media samples, which were
then centrifuged at 2000 for complete removal of non-
aherent neutrophils. After concentrating the extracellu-
lar media samples with Centrivap Concentrator
Labconco (USA), the proteins were precipitated with
sulfosalicylic acid (4.4%) and removed by centrifuga-
tion for 30 min at 18,000 g. The supernatants were
collected and centrifuged through Vivaspin 500 mem-
brane ultrafilters Membrane 3000 PES MWCO
(Sartorius, Germany).

Preparing of samples of donor plasma for amino
acid analysis

Plasma was obtained from citrate-anticoagulated
freshly prepared donor blood. Blood cells were
removed by centrifugation for 10 minutes at 2000 g.
Proteins were precipitated with sulfosalicylic acid
(4.4%) and removed by centrifugation for 10 min at
10,000 g.

Amino acid analysis of samples

The amino acid analysis was conducted on an L-8800
amino acid analyzer (Hitachi, Tokyo, Japan) with an
electronic heating bath and two single-channel colori-
meters according to the manufacturer’s user manual
(Hitachi High-Technologies Corporation, Japan,
1998). The prepared samples of extracellular medium
or plasma were separated on an 2622SC-PH ion-
exchange column (Hitachi, Ltd., P/N 855-4506,
4.6*60 mm) by step gradient of four sodium-acetate
buffers at an elution rate 0.4 ml/min and a thermostat-
ing column at 57° C. To calibrate the system, the
Amino Acid Standard (AA-S-18 —5ML analytical stan-
dard, SIGMA, product code 1001357972), 2 nmol of
each, were used. Post column derivatization (136° C,
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flow rate 0.35 mL/min) was performed using a mix of
equal volumes of ninhydrin buffer R2 and ninhydrin
solution R1 (Wako Pure Chemical Industries, P/N
298-69601). The stained products were detected by
measuring the absorbance at 570 nm for all amino
acids except proline and at 440 nm for proline.
MultiChrom for Windows software (Ampersand Ltd.,
Moscow, Russia) was used for processing the chroma-
tographic data.

Statistics

Results are reported as mean + SEM. Analysis of the
statistical significance was evaluated using a two-way
ANOVA with a Tukey’s multiple comparisons test
using GraphPadPrism7 software. *- p values of less
than 0.05 were considered significant.

Scanning electron microscopy

The coverslips were covered with fibronectin for
2 hours incubation at room temperature in a buffer
containing 5 pg/ml fibronectin and washed.
Neutrophils adhered to the fibronectin-coated cover
slip (3 x 10° cells in 2 ml per well) during 20 minutes
incubation in a Hanks solution containing 10 mM
HEPES (pH 7.35) at 37° C. LPS, fMLP and cytochalasin
D were added before plating. The cells were then fixed
in 2.5 % glutaraldehyde in Hanks buffer without Ca**
or Mg®" ions, but containing metalloproteinase (5 mM
EDTA) and serine proteases (0.5 mM PMSF) inhibitors
and 10 mM HEPES at pH 7.3. The cells were addition-
ally fixed with a 1 % solution of osmium tetroxide in
0.1 M sodium cacodylate containing 0.1 M sucrose at
pH 7.3. After this, the cells were dehydrated in a series
of acetones (10-100 %) and dried in a Balzer apparatus
at a critical point with liquid CO, as the transition
liquid. The samples were coated with gold/palladium
sputter and examined at 15 KV using a Scanning
Electron Microscope Camscan S-2.

Results and discussion

The control neutrophils were attached and flattened on
fibronectin for 20 minutes of incubation. Amino acid
analysis showed that the neutrophils secretion during
this time is characterized by a stable profile of free
amino acids (Figure 1(a)), which includes eight stan-
dard amino acids such as branched chain (valine, iso-
leucine and leucine), aromatic (tyrosine and
phenylalanine) and positively charged amino acids
(arginine and its metabolite ornithine, lysine and its
metabolites hydroxylysine and histidine). The number

of free amino acids secreted by neutrophils is limited in
comparison to the number of free amino acids found in
the blood plasma (Figure 1(b)). Human plasma
included 20 standard amino acids and was enriched
with glutamate, alanine, valine and lysine. The profile
of amino acids in human plasma, presented in our
work, basically coincided with the profile of amino
acids in the plasma of healthy donors determined by
tandem mass spectrometry with liquid chromatography
(LC-MS/MS) [19]. In this work Lanza and coauthors
demonstrated that in insulin-deprived individuals with
diabetes type 1the level of 5 free amino acids in plasma
was significantly increased (leucine, 2 fold, isoleucine, 2
fold, valine, 1.6 fold, phenylalanine, 1.2 fold, tyrosine,
1.1 fold). The elevated levels of these amino acids in the
blood of patients are now seen as precursors of the
development of diabetes in the future [21,22].

Neutrophils release positively charged arginine and
its metabolite ornithine, histidine, lysine and its meta-
bolite hydroxylysine during adhesion to fibronectin
(Figure 1(a)). Arginine is the common substrate for
both nitric oxide (NO) synthases and arginases [23].
NO synthases produces NO and citrulline from argi-
nine. Arginase converts the amino acid to ornithine.
Increase in arginase activity has been reported in a
variety of disease conditions characterized by vascular
dysfunctions such as diabetes [24]. Because NO
synthase and arginase compete for the same substrate
(L-arginine), excessive arginase can affect the synthesis
of NO, an important vasoactive substance derived from
the endothelium, which is important for vascular health
and homeostasis [25]. Recently L-arginine divided by
L-ornithine and L-citrulline (global arginine bioavail-
ability ratio), as well as L-arginine/L-ornithine ratio has
been introduced as a potential parameter that is
reduced in subjects with diabetes or cardiovascular
diseases [26,27]. In our experiments, the arginine/
ornithine ratio in healthy human plasma was
1.54 £ 0.13 (n = 20) (Figure 1 B), while in neutrophil
secretion it was 0.39 + 0.07 (n = 7) (Figure 1(a)). These
data suggest that neutrophil secretion products can
contribute to the reduction of the arginine/ornithine
ratio in plasma of patients with metabolic disorders.

Positively charged histidine is also present in the
amino acid composition of neutrophil secretion
(Figure 1(a)). Neutrophils have some ability to produce
histamine from histidine [28]. Histamine, a wvital
inflammatory agent in immune responses, can initiate
the development of vascular complications arising from
the secretion of neutrophils.

The amount of hydroxylysine, lysine metabolite, was
two to three times higher than the amount of lysine in
the secretion of neutrophils (Figure 1(a)). Hydroxylysine
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Figure 1. Comparison of free amino acid profiles of neutrophil secretion upon adhesion to fibronectin and human plasma. (a)
Human neutrophils were attached to fibronectin-coated substrata for 20 min under control conditions. The number of amino acids
detected (mean + SEM) is presented as nanomoles per cell number. Amino acid profiles were obtained by summing the results of
seven independent experiments. (b) The profile of free amino acids in human plasma. The amount of detected amino acids (mean
+ SEM) is presented as nanomoles per liter. Amino acid profiles were obtained by summing the results of twenty independent

experiments.

was not detected in the healthy human plasma in our
experiments (Figure 1(b)) or was observed in trace
amounts in the experiments of Lanza and co-authors
[19]. Lysyl hydroxylase is a multifunctional protein that
localizes to the endoplasmic reticulum. This enzyme
plays an essential role in the extracellular matrix remo-
deling mainly via the hydroxylation of lysine residues of
fibrillary collagens. Lysyl hydroxylase is also secreted
into the extracellular space and there modifies extracel-
lular matrix proteins thus affecting the adhesion and
metastatic properties of cells [29,30]. All these data
point to the special role of lysine metabolism, mediated
by lysyl hydroxylase, in the interactions of neutrophils
with extracellular matrix.

To determine the factors controlling the secretion
of amino acids by neutrophils, we studied the effect
of hormones (insulin, E2 and glucagon), natural neu-
trophil activators such as inflammatory stimuli LPS
and fMLP, and microbial alkaloid cytochalasin D on
the profile of amino acids released by neutrophils in

incubation over fibronectin-coated substrata. Insulin
significantly stimulated the amount of secreted
hydroxylysine, but had no significant effect on the
release of other amino acids (Figure 2). The steroid
hormone E2 also supports vascular health and
reduces the infiltration of neutrophils into the myo-
cardium during reperfusion after ischemia, presum-
ably through a fast, non-nuclear pathway [31,32].
Neither E2 nor glucagon, an insulin antagonist,
altered the amino acid profile, and initiated only
minor changes in the number of individual amino
acids (Figure 2). LPS also had no significant effect
on the profile of amino acid secretion by neutrophils
in adhesion to fibronectin (Figure 3). Neither LPS
(Figure 4), nor the tested hormones [12] notably
affected the morphology of the neutrophils that were
attached and spread onto fibronectin during
incubation.

The peptide fMLP and cytochalasin D, the agent
depolymerizing actin, caused a strong decrease in the
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Figure 2. Free amino acid composition of secretion of the neutrophils during adhesion to fibronectin in the presence of
hormones. Human neutrophils were attached to fibronectin-coated substrata for 20 min under control conditions or in the presence
of 0.1 uM E2, insulin, or glucagon. The amount of amino acid is represented as a percentage of the total content of the detected free
amino acids (mean + SEM). Amino acid profiles were obtained by summing the results of four independent experiments. ****-
significant differences when compared to the value for the same amino acid in the control cells (P < 0.0001).
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Figure 3. Free amino acid composition of secretion of the neutrophils during incubation over fibronectin-coated substrata in the
presence of LPS, fMLP, cytochalasin D and during incubation over nonadhesive substrata. Human neutrophils were incubated over
fibronectin-coated substrata for 20 min under control conditions or in the presence of LPS (10 pg/mL), fMLP (1 uM), and cytochalasin
D (10 pg/mL) or incubated at the control conditions for the same time over polypropylene plastic. The amount of amino acid is
represented as a percentage of the total content of the detected free amino acids (mean + SEM). Amino acid profiles were obtained
by summing the results of three independent experiments. *- significant differences when compared to the value for the same
amino acid in the control cells (** — P < 0.001; *** — P < 0.0006; ****- P < 0.0001).
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Figure 4. Effect of LPS, fMLP and cytochalasin D on the morphology of human neutrophils attached to fibronectin. Scanning electron
microscopy images of neutrophils that were attached to fibronectin for 20 min in control conditions or in the presence of LPS
(10 pg/mL), fMLP (1 uM), and cytochalasin D (10 pg/mL). Pictures represent typical images observed in two independent

experiments.

hydroxylysine content and increased the content of
phenylalanine (Figure 3). Previously fMLP and cyto-
chalasin D have been shown to affect protein secretion
by neutrophils during incubation over fibronectin in
the opposite way: fMLP stimulates the secretion of
MMP-9, and cytochalasin D inhibits the secretion of
MMP-9 and initiates the secretion of the primary bac-
tericidal granule, such as cathepsin G and defensins
[11,33]. Due to what general property, these two agents
can similarly change the profile of amino acid secretion
by neutrophils?

Scanning electron microscopy showed that fMLP and
cytochalasin D impaired attachment and blocked the
spreading of neutrophils on fibronectin (Figure 4), indi-
cating that secretion of hydroxylysine and adhesion and
spreading of the cells are closely related events. Moreover,
the composition of secretion of neutrophils incubated
over polypropylene plastic, nonadhesive instead of fibro-
nectin-coated substrate, at the same conditions mainly
coincided with secretion of fMLP- or cytochalasin
D-treated neutrophils (Figure 3). These data indicate, at
first, that the secretion of branched-chain, aromatic and
positively charged amino acids (except of hydroxylysine)
by neutrophils did not depend on adhesion to fibronectin,
but is a characteristic property of neutrophils. Secondly,

cell adhesion, which includes both cell attachment and
spreading, specifically initiates secretion of hydroxylysine,
metabolite of lysine produced by lysyl hydroxylase. The
production of hydroxylysine rises in the presence of insu-
lin (Figure 2). The specific role of lysyl hydroxylase in
neutrophil adhesion and spreading onto solid substrata is
confirmed by inhibition of cellular spreading by minox-
idil, an inhibitor of lysyl hydroxylase [34].

Neutrophils constitute the majority (60%) of leuko-
cytes in the blood. The profile of free amino acid
secretion of neutrophils includes and is limited by
branched-chain, aromatic and positively charged
amino acids. Branched-chain and aromatic amino
acids are considered now as the precursors of diabetes.
In the secretion of neutrophils, positively charged
ornithine predominated in comparison with arginine.
This can contribute to the reduction of the arginine/
ornithine ratio in plasma, which is typical for patients
with diabetes or cardiovascular diseases. Taken together
our data indicate that secretion of neutrophils can
contribute to the shift of amino acid content in the
plasma of patients with metabolic disorders. The role
of hydroxylysine secreted by neutrophil upon adhesion
in development of vessel complications remains to be
elucidated.
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