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Abstract Excess nitric oxide (NO) production occurs
in several pathological states, including neurodegenera-
tion, ischemia, and inflammation, and is generally accom-
panied by increased oxidative/nitrosative stress. Carnos-
ine [P-alanine-histidine (B-Ala-His)] has been reported to
decrease oxidative/nitrosative stress-associated cell dam-
age by reducing the amount of NO produced. In this study,
we evaluated the effect of carnosine on NO production by
murine RAW 264.7 macrophages stimulated with lipopoly-
saccharides + interferon-y. Intracellular NO and intracel-
lular and extracellular nitrite were measured by microchip
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electrophoresis with laser-induced fluorescence and by the
Griess assay, respectively. Results showed that carnosine
causes an apparent suppression of total NO production by
stimulated macrophages accompanied by an unexpected
simultaneous drastic increase in its intracellular low tox-
icity endproduct, nitrite, with no inhibition of inducible
nitric oxide synthase (iNOS). ESI-MS and NMR spectros-
copy in a cell-free system showed the formation of multiple
adducts (at different ratios) of carnosine-NO and carnosine-
nitrite, involving both constituent amino acids (B-Ala and
His) of carnosine, thus providing a possible mechanism
for the changes in free NO and nitrite in the presence of
carnosine. In stimulated macrophages, the addition of car-
nosine was also characterized by changes in the expression
of macrophage activation markers and a decrease in the
release of IL-6, suggesting that carnosine might alter M1/
M?2 macrophage ratio. These results provide evidence for
previously unknown properties of carnosine that modulate
the NO/nitrite ratio of stimulated macrophages. This modu-
lation is also accompanied by changes in the release of pro-
inflammatory molecules, and does not involve the inhibi-
tion of iNOS activity.
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Abbreviations

Arg L-Arginine

B-Ala B-Alanine

BSA Bovine serum albumin

Car Carnosine

Cit L-Citrulline

CDS86 Cluster of differentiation 86
CD206 Cluster of differentiation 206
CID Collision-induced dissociation
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DAF-FM DA 4-Amino-5-methylamino-2',7'-
difluorofluorescein diacetate

DEA/NO Diethylammonium (Z)-1-(N, N-diethyl-
amino)diazen-1-ium-1,2-diolate

DMEM Dulbecco’s modified Eagle’s medium

DMSO Dimethyl sulfoxide

ESI-MS Electrospray mass spectrometry

FBS Fetal bovine serum

FMO Fluorescence minus one

His L-Histidine

IFN-y Interferon-y

IL-1B Interleukin-1f

IL-2 Interleukin-2

IL-4 Interleukin-4

IL-5 Interleukin-5

IL-6 Interleukin-6

IL-10 Interleukin-10

IL-12 Interleukin-12

iNOS Inducible nitric oxide synthase

KC Keratinocyte chemoattractant

LPS Lipopolysaccharides

ME-LIF Microchip electrophoresis with laser-
induced fluorescence

MHCII Major histocompatibility complex class II

NMR Nuclear magnetic resonance

NO Nitric oxide

NO,” Nitrite

PBS Phosphate-buffered saline

PDMS Polydimethylsiloxane

RNS Reactive nitrogen species

ROS Reactive oxygen species

SDS Sodium dodecyl sulfate

TNF-« Tumor necrosis factor o

Introduction

Nitric oxide (NO) is an important gaseous molecule that
transmits both intracellular and intercellular signals cru-
cial for cell survival [1]. Physiologically, NO is the most
important vasodilator and regulator of the vascular tone
and blood flow [2] and is involved in several additional
processes, including platelet aggregation, neurotransmis-
sion, and the immune response [3]. During its 3—6 s half-
life in vivo, NO can diffuse relatively long distances in the
extracellular space (across membranes) and interact with
neighboring cells [4]. NO is generated in cells by a group
of enzymes known as nitric oxide synthase (NOS), which
generate NO through the conversion of L-arginine (Arg) to
L-citrulline (Cit) [5]. It is well known that there are three
major NOS isoforms: endothelial NOS (eNOS), neuronal
NOS (nNOS), and inducible NOS (iNOS). While nNOS
and eNOS are constitutively expressed, iNOS, which is
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found primarily in glia and macrophages, is overexpressed
under a variety of acute and chronic pathological condi-
tions [6] and is a part of the immune response following
tissue injury or inflammation [7].

In the immune system, macrophages are the primary cell
type that is activated [8], usually producing NO through the
overexpression of iNOS. Uncontrolled cellular production
of NO by macrophages is generally coupled to increased
production of reactive oxygen species (ROS). ROS, such as
superoxide, can react with NO to generate highly reactive
nitrogen species (RNS) such as peroxynitrite. The interac-
tion of ROS and RNS with important biological molecules
(proteins, nucleic acids, membrane lipids) can irreversibly
alter their functions and lead to cell death [9]. This oxida-
tive/nitrosative stress pathway has been implicated in many
neurodegenerative, cardiovascular, and systemic disorders
[10]. To mitigate the damaging effects of ROS and RNS, it
is essential for the cell to maintain an appropriate level of
low molecular weight antioxidants [11-14].

Carnosine (Car) is a naturally occurring endogenous
imidazole dipeptide [B-alanine-histidine (f-Ala-His)] that
is synthesized from its component amino acids by the
enzyme Car synthase. Car is widely distributed in animal
tissues, with the highest concentrations observed in brain
and in cardiac and skeletal muscle (up to 20 mM) [15].
There are many reports in the literature stating that Car
plays an important role in various physiological cell func-
tions in vertebrates, including humans. For instance, it has
been reported that Car is involved in many processes of
cellular defense, including inhibition of protein crosslink-
ing and ROS and RNS detoxification [16, 17]. In addition,
the imidazole ring of the His residue in Car is capable of
chelating transition metal ions, especially Cu(Il) and Zn(II)
[18]. Car has also been reported to reduce peroxynitrite-
dependent tyrosine nitration of proteins [19], possibly by
acting as a direct NO trapper [20]. The protective effects
of Car with regard to both ROS and RNS toxicity make it a
putative candidate for an effective pharmacological antioxi-
dant therapy [21]. Notwithstanding the abundant literature
on Car, little is known about the effects of this endogenous
dipeptide on macrophages stimulated to overproduce NO
as part of the immune response. In addition, the mechanism
of action through which Car decreases NO toxicity both
in vitro and in vivo is still under debate.

It is still not known whether Car modulates activation
markers and cytokines secretion of polarized M1 (pro-
inflammatory) macrophages. While M1 macrophages are
activated by stimulation with interferon-y (IFN-y) and/or
lipopolysaccharides (LPS), M2 macrophages are generated
after stimulation with interleukin (IL)-4 and IL-13, and
are mainly characterized by expression of CD206 (man-
nose receptor) [22]. While M1 macrophages are more effi-
cient at producing NO, M2 macrophages [23] tend toward
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ornithine production, through the expression of argin-
ase I. This enzyme utilizes Arg that would otherwise be
employed by iNOS to produce NO [24] and instead gener-
ates ornithine and L-proline among other products [25]. It
has been demonstrated that the production of ROS is essen-
tial for both M1 antimicrobial activity and generation of
M2 polarized macrophages [26].

In this study, the effects of Car on stimulated murine
RAW 264.7 macrophages were investigated by measuring
NO, nitrite, and iNOS activity. The expression of mac-
rophage activation markers and cytokine release connected
to Car modulation of NO was also probed, with the aim of
improving our knowledge of Car mechanisms in this cell
system.

Materials and methods
Materials and reagents

Murine RAW 264.7 cells (ATCC® TIB71™), Dulbecco’s
Modified Eagle’s Medium (DMEM), phenol red-free
DMEM, fetal bovine serum (FBS), and penicillin/strepto-
mycin antibiotic solution were purchased from American
Type Culture Collection (ATCC, Manassas, VA, USA).
L-Carnosine (Car), L-histidine (His), p-alanine (f-Ala),
Griess reagent (modified), anhydrous dimethyl sulfox-
ide (DMSO), phosphate-buffered saline (PBS), monoba-
sic and dibasic phosphate, trypan blue solution, lipopoly-
saccharides (LPS) from E. coli 0111:B4, bovine serum
albumin (BSA), sodium nitrite, tetradeuteromethanol
(CD;0D, >99.8 atom % D), and sodium dodecyl sulfate
(SDS) were all supplied by Sigma-Aldrich (St. Louis, MO,
USA).  4-Amino-5-methylamino-2',7'-difluorofluorescein
diacetate (DAF-FM DA) was purchased from Invitrogen
(Carlsbad, CA, USA). Boric acid, sodium hydroxide, ace-
tone, 2-propanol (IPA), and ethanol (95%) were obtained
from Fisher Scientific (Pittsburgh, PA, USA). Interferon-y
(IFN-y), mouse, recombinant, E. coli was supplied by Cal-
biochem (Gibbstown, NJ, USA). Polyethersulfone (PES)
membrane (3 K) was purchased from VWR International
(West Chester, PA, USA). C-Chip disposable hemocytom-
eter was purchased from Bulldog Bio, Inc. (Portsmouth,
NH, USA). Diethylammonium (Z)-1-(N,N-diethylamino)
diazen-1-ium-1,2-diolate (DEA/NO) salt was purchased
from Cayman Chemical (Ann Arbor, MI, USA) and stored
at —80°C for no longer than 6 months. Sylgard 184 poly-
dimethylsiloxane (PDMS) prepolymer and curing agent
were obtained from Ellsworth Adhesives (Germantown,
WI, USA). FC-R blocking antibodies, anti-MHCII, and
anti-CD86 were purchased from Tonbo Biosciences (San
Diego, CA, USA), anti-CD206 was purchased from Bio-
legend (San Diego, CA, USA), while Fluorescence Minus

One (FMO) was obtained from BD Biosciences (San Jose,
CA, USA). Mouse iNOS ELISA Kit was purchased from
LSBio (Seattle, WA, USA). All water used was Ultrapure
(18.3 MQ cm) (Milli-Q Synthesis A10, Millipore, Burling-
ton, MA, USA).

Cell culture and treatment protocol

RAW 264.7 macrophage cells were cultured in DMEM
containing 10% (v/v) FBS, L-glutamine (2 mM), penicillin
(50 IU/mL), and streptomycin (0.3 mg/mL). The cells were
cultured in 25 cm? polystyrene culture flasks at a density of
2% 10° cells/flask, maintained in a humidified environment
at 37°C and 5% CO,, and passaged every 2 days at about
80-85% confluence to avoid overgrowth.

On the day of the experiment, once the cells adhered to
the flask surface, they were pretreated with Car (5, 10, or
20 mM final concentration), f-Ala, His or a combination
of p-Ala and His (20 mM final concentration) for 1 h prior
to stimulation with 100 ng/mL LPS in combination with
600 U/mL INF-y. Cells were then incubated for 24 h (to
ensure the maximal iNOS activation [20]) in a humidified
environment at 37°C and 5% CO,. Resting untreated cells
were used as a control. At the end of incubation, to analyze
intracellular NO production, the cells were washed with
cold 10 mM PBS at pH 7.4 and then cultured with phenol
red-free DMEM containing DAF-FM DA dye for 50 min.
Once inside the cell, the hydrolyzed dye reacts with a par-
tially oxidized species of NO (N,O;) to form a stable tria-
zole (DAF-FM T), which has a high fluorescence yield. A
stock dye solution of 5 mM DAF-FM DA was prepared in
99% sterile DMSO. Next, 10 uL of this solution (10 pM
DAF-FM DA final concentration) was added to each cul-
ture flask and allowed to react for 50 min in a humidified
environment and 5% CO,. Cells were then washed again
with cold 10 mM PBS at pH 7.4 and incubated in phenol
red-free DMEM for an additional 20 min at 37°C and 5%
CO,. Cells were then harvested using a cell scraper, and
100 pL of the cell suspension was removed for cell count-
ing before centrifuging the suspension at 1.137xg for 3 min
at 4°C. The supernatant was removed, and the cell pellet
was washed twice with large volumes of cold 10 mM PBS
at pH 7.4. Cells were lysed using 300 puL of 10 mM boric
acid and 7.5 mM SDS at pH 9.2. The lysate solution was
filtered by centrifugation at 18.690xg for 6 min at 4°C in
centrifuge tubes equipped with 3 kDa molecular weight
cut-off filters. The filtered lysates were then analyzed using
the microfluidic device to quantitate intracellular NO con-
centration [27], while the stable NO endproduct, nitrite,
was measured using the Griess assay.

Cell density and viability were measured using a
hemocytometer and trypan blue exclusion assay, respec-
tively. The cell suspension was diluted in the ratio of 1:1,
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1:2, or 1:3 (based on cell density) with 0.4% trypan blue
solution. The number of viable cells and the cell density
were determined in each sample using a 4 mm? total area
C-Chip disposable hemocytometer.

NO detection using microchip electrophoresis
with laser-induced fluorescence (ME-LIF)

The fabrication of hybrid PDMS-glass microfluidic
devices to carry out the ME-LIF experiments has been
described previously [27]. Prior to performing the analy-
sis, the microfluidic device was flushed with 0.1 M NaOH
for 5 min, followed by a 5-min flush with run buffer
consisting of 10 mM boric acid and 7.5 mM SDS at pH
9.2. Separations were performed in the normal polarity
mode using a 30 kV high-voltage power supply (Ultra-
volt, Ronkonkoma, NY, USA). For all separations, +2400
and +2200 V were applied to the running buffer and sam-
pling reservoirs, respectively. A 1-s gated injection was
used to introduce the sample into the separation channel.
The system was flushed for 45 s with run buffer after each
sample was analyzed.

A Nikon Eclipse Ti-U inverted microscope (Nikon
Instruments Inc., Melville, NY, USA) fitted with a 488-
nm laser (diode laser, Spectra-Physics, Irvine, CA, USA)
was used for excitation, and a photomultiplier tube (Ham-
matsu Corporation, Bridgewater, NJ, USA) was used for
detection. The signal was amplified using a SR570 low-
noise current preamplifier at 1 pAV~! (Stanford Research
Systems, Sunnyvale, CA, USA). Data acquisition was
carried out using a D/A converter (National Instruments,
Austin, TX, USA) and an in-house written LabVIEW
program. Data analysis was performed using Origin 8.1
software (OriginLab, Northampton, MA, USA). For
quantitation of NO in cell lysates, a calibration curve
for NO from 0.125 to 4 pM was prepared using the NO-
donor DEA/NO as described by Mainz et al. [27].

Nitrite determination using the Griess assay

The Griess assay was performed using 96-well plates and
a plate reader (Molecular Devices, Spectra Max M5, Sun-
nyvale, CA, USA). For extracellular nitrite quantification,
100 pL of supernatant was taken from each flask and
added to 100 pL of Griess reagent; for intracellular quan-
tification, 100 pL of Griess reagent was added to 100 uL
of filtered cell lysate. After 15 min at room temperature
in the dark, the absorbance was measured at 540 nm.

@ Springer

A nitrite standard calibration curve was prepared using
nitrite standards from 1 to 100 uM.

Quantification of iNOS

Quantification of iNOS by ELISA was carried out in
resting macrophages, macrophages stimulated with
LPS +1IFN-y (24 h), and macrophages stimulated with
LPS +IFN-y (24 h) supplemented with 20 mM Car (1 h
pretreatment), according to manufacturer’s instructions.
Macrophage cells were harvested using a cell scraper and
centrifuged at 1.137xg for 3 min at 4°C. The superna-
tant was removed, and the cell pellet was washed three
times using cold 10 mM PBS at pH 7.4 and then resus-
pended in PBS. Cells were lysed by ultrasonication (four
times). After centrifuging at 1500xg for 10 min at 4°C
to remove cellular debris, the supernatant was collected
for assaying. One hundred microliters of standard, blank,
or sample was added to each well of a 96-well plate, and
the plate was covered with a plate sealer and incubated
for 2 h at 37°C. After the incubation step, the liquid
was aspirated, and 100 pL of biotin-conjugated detec-
tion antibody was added to the wells. The plates were
then covered with a plate sealer and incubated (1 h at
37°C) under gentle agitation to ensure thorough mix-
ing. Unbound detection antibody was washed away using
400 pL of wash buffer (three times). One hundred micro-
liters of avidin-horseradish peroxidase (HRP) conjugate
was then added to each well, and the plate was covered
with a new plate sealer and incubated (1 h at 37°C).
Unbound Avidin-HRP conjugate was washed away using
400 pL of wash buffer (five times). Next, 90 pL of TMB
substrate solution was added to each well, and the plate
was covered with a new plate sealer and was incubated
for 30 min at 37 °C. Finally, the reaction was terminated
by adding 50 pL of stop solution to each well. Absorb-
ance values were measured at 450 nm using a microplate
reader. The absorbance of each sample was then com-
pared with a standard curve generated using known anti-
gen concentrations (0—20 ng/mL) in order to determine
antigen concentrations.

To further corroborate the immunochemical data,
measurement of the Arg/Cit ratio in cell lysates was also
performed. Analysis of aliquots of deproteinized cell
lysates (25 pL) of resting macrophages, macrophages
stimulated with LPS+1IFN-y (24 h), and macrophages
stimulated with LPS +IFN-y (24 h) supplemented with
20 mM Car (1 h pretreatment) were subjected to amino
acid analysis. Arg and Cit in the cell lysates were deter-
mined following precolumn derivatization with ortho-
phthaldialdehyde and 3-mercaptopropionic acid and
separation using liquid chromatography (HPLC) with
fluorescence detection, as described elsewhere [28].
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Electrospray mass spectrometry (ESI-MS) analysis

Samples were prepared by dissolving Car in Milli-Q water
in the presence of DEA/NO at a peptide/NO-donor ratio of
1:1. Samples were incubated for 30 min at room tempera-
ture. The final Car/DEA/NO (50 uM) solution, consisting
of 90/10 Milli-Q water/methanol with 0.4% formic acid,
was analyzed by ESI-MS. ESI-MS spectra were recorded
on a Thermo LTQ XL linear ion trap mass spectrometer
(Waltham, MA, USA). The samples were infused into the
ESI source at 10 pL./min using a 500 pL syringe. The spec-
tra were collected in positive ion mode with a spray voltage
of 3.5 kV, a cone voltage of 15 V, a tube lens voltage of
40V, and a capillary temperature of 300 °C. Fragmentation
studies were conducted using 15-25 collision-induced dis-
sociation (CID) energy.

Nuclear magnetic resonance (NMR) spectroscopy

The concentrations were 50 mM for both Car and DEA/NO
used in the NMR studies. The final volume of the sample
was 0.5 mL, and the solvent was 9:1 (v/v) H,0:CD;0D.
All spectra were acquired using 5 mm NMR tubes. 1D *C-
NMR spectra of the dipeptide, the donor, and a mixture of
these two compounds were acquired on a 500 MHz Bruker
spectrometer (Rheinstetten, Germany) equipped with a
carbon-enabled cryoprobe. Sample temperature was set to
25°C. Data were processed using the software MestreNova
(MestreLab Researcher, S. L., Santiago de Compostela,
Spain). Chemical shifts for the 1D >*C-NMR spectra were
referenced to the signal of CD;0D.

Cell imaging

Images of morphological changes of the macrophages
due to different stimulation protocols were obtained using
an Accu-Scope microscope (Mel Sobel Microscopes Ltd,
Hicksville, NY, USA) equipped with MicroPublisher 3.3
RTV camera (Qimaging, Surrey, BC, Canada). Image
analysis was performed using QCapture Pro 6 software

(Qimaging).
Flow cytometry

Following different stimulation protocols (no treatment,
LPS +IFN-y stimulation, in the presence or absence of
Car), macrophages were collected and washed using
cold 10 mM PBS. After incubating with FC-R block-
ing antibodies, cells were stained using antibodies against
MHCII, CD86, and CD206 in PBS 2% BSA. FMO con-
trols were used to set negative gates for each fluorophore.
Cells were then analyzed using a FACSaria Fusion (BD
Biosciences, San Jose, CA, USA). Analysis of levels of

activation markers was performed using Flowjo 10.1 soft-
ware (Flowjo, Ashland, OR, USA). Mean fluorescence
intensities or percent positive values were analyzed using
a one-way ANOVA (for individual markers) or a two-way
ANOVA (for M1-M2 activation analysis) using Graphpad
(Graphpad software, San Diego, CA, USA).

Cytokine secretion

Supernatants from resting macrophages, macrophages stim-
ulated with LPS+IFN-y (24 h), and macrophages stimu-
lated with LPS +IFN-y (24 h) supplemented with 20 mM
carnosine (Car) (1 h pretreatment) were collected after cell
centrifugation. Samples (25 uL per condition) were then
analyzed in triplicate using a U-plex cytokine panel (Meso
Scale Discovery, Rockville, MD, USA) containing IFN-
v, IL-1B, IL-2, IL-4, IL-5, IL-6, IL-10, IL12p40, KC, and
TNF-o on a 10 spot-96-well plate. The chemiluminescence
was measured for each sample/cytokine combination using
a Quickplex SQ 120 plate reader (Meso Scale Discovery).
The amount of signal was then used to calculate the con-
centration of each cytokine using a five-parameter logistic
fit calculated using a serial dilution of a mixture of cali-
brated standards of each cytokine. Results were then ana-
lyzed using a two-way ANOVA followed by a Tukey test
for multiple comparisons (GraphPad).

Statistical analysis

All statistical analyses in this work were performed as fol-
lows unless specified otherwise. Normal data distribution
was determined using the Kolmogorov—Smirnov test. The
within-group comparison was performed by one-way anal-
ysis of variance (ANOVA). Differences across groups were
estimated by two-way ANOVA. Fisher’s protected least
square was used as the post hoc test. Only two-tailed p val-
ues less than 0.05 were considered statistically significant.

Electronic supplementary material

Online Resource 1 shows the effect of different Car con-
centrations on intracellular NO in stimulated macrophages.
Online Resource 2 depicts the effect of different Car con-
centrations on intracellular and extracellular nitrite in stim-
ulated macrophages. The effects of the different stimula-
tion protocols on the cell morphology are shown in Online
Resource 3. Online Resource 4 and Online Resource 5
report the cell sizes and levels of CD86 in resting and stim-
ulated macrophages (in the presence or absence of Car).
Online Resource 6 shows the effect of increasing concen-
trations of Car on the production of TNF-a in stimulated
macrophages.
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Results

Effect of Car on NO and nitrite production
by stimulated murine macrophage cells

Figure la shows the effect of LPS+IFN-y stimula-
tion on intracellular NO production (as determined by
ME-LIF) in cultured macrophages. Stimulation of the
cells for 24 h caused an increase in NO production from
0.07+0.02 nmol/10° cells in resting macrophages to
2.82+0.32 nmol/10° cells (p <0.001 compared to resting
cells). The addition of 20 mM Car for 24 h to resting mac-
rophages did not cause any significant change in the basal
macrophage NO production (data not shown)

To test the effect of the addition of Car on NO produc-
tion in stimulated macrophages, 20 mM Car was added 1 h
prior to the addition of LPS+IFN-y. The amount of NO
production in this case was much lower than that in the
stimulated cells (p<0.001 compared with LPS+IFN-y
treated cells), and it was essentially the same as in
untreated resting macrophage cells (0.10+0.01 nmol/10°
cells) (Fig. 1a). This suggests a potent inhibitory effect of
Car on NO production. Figure 1b shows three representa-
tive electropherograms obtained for resting (control) cells
and cells stimulated in the absence or presence of 20 mM
Car (1 h pretreatment). The decrease in NO production by
stimulated macrophages in the presence of Car compared

o

*%

]

3.5 1

2.5 1

nmol NO/10° cells

0.5 +

0._*

.o
@

Fig. 1 Intracellular concentrations of NO (as detected by microchip
electrophoresis with laser-induced fluorescence) in resting mac-
rophages, in macrophages stimulated with LPS + IFN-y (24 h), and
in macrophages stimulated with LPS + IFN-y (24 h) supplemented
with 20 mM carnosine (Car) (1 h pre-treatment) (a). Representative
electropherograms showing the change in the height of the NO peak
in the cell lysates of resting macrophages, of macrophages stimulated
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with cells stimulated in the absence of Car can be seen.
Online Resource 1 shows the dose-dependent decrease in
NO formation induced by increasing Car concentrations in
stimulated macrophages.

The intracellular and extracellular concentrations of
nitrite, the major metabolite of NO, were measured for the
same cell samples using the Griess reaction. For resting
cells, the intracellular nitrite concentration was determined
to be 0.70+0.15 nmol/10° cells (Fig. 2). The addition of
Car for 24 h to resting macrophages did not cause any sig-
nificant change in the basal macrophage nitrite production
(data not shown). As expected, following the 24-h chal-
lenge with LPS +IFN-y, the intracellular nitrite production
increased to 4.31 +0.36 nmol/10° cells (p <0.001 compared
with resting cells) (Fig. 2). Surprisingly, however, stimula-
tion in the presence of Car (1 h pretreatment) generated a
strong increase in intracellular nitrite (8.80 +0.75 nmol/10°
cells), approximately two times higher than that in cells
stimulated with LPS+IFN-y alone (2.04 times higher,
p<0.001). Mean values of intracellular nitrite 12.6 times
higher than that of untreated cells (control) (p<0.001)
were determined for stimulated cells in the presence of Car.

The measurement of extracellular nitrite produc-
tion in cell medium (Fig. 2) shows that stimulation
with LPS+IFN-y caused an increase in nitrite from
0.65+0.16 nmol/10° cells for resting macrophages
to 5.26+0.42 nmol/10° cells (p<0.001). In samples

M\,\_ LPS + IFN-’Y + Car

Wit Ipvnestbdrviwen |PS + IFN-y

0.05 I n
RFU Restmg

0 10 20 30 40 50
Time (s)

with LPS + IFN-y (24 h), and of macrophages stimulated with LPS
+ IFN- y (24 h) supplemented with 20 mM car (1 h pre-treatment)
(b). Values are the mean of five different experiments. Vertical bars
represent standard deviations. Significant comparisons between each
group are indicated by lines. **Significantly different from resting (p
< 0.001)
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@LPS + IFN-y + Car

nmol/million cells

Extracellular Nitrite

Intracellular Nitrite

Fig. 2 Intracellular and extracellular concentrations of nitrite in
resting macrophages, in macrophages stimulated with LPS+IFN-y
(24 h), and in macrophages stimulated with LPS +IFN-y (24 h) sup-
plemented with 20 mM carnosine (Car) (1 h pretreatment). Values
are the mean of five different experiments. Standard deviations are
represented by vertical bars. Significant comparisons between each
group are indicated by lines. **Significantly different from resting
(p <0.001); ***significantly different from LPS +IFN-y (p <0.001)

pretreated with Car, a moderate increase in extracellular
nitrite formation in stimulated macrophages was observed
(3.41 +£nmol/10° cells, p <0.001 compared with both rest-
ing and LPS +IFN-y stimulated macrophages). The effect
of increasing Car concentration (5—20 mM) on intracellu-
lar and extracellular nitrite formation is shown in Online
Resource 2.

To investigate the observed effect on nitrite production
by murine macrophages in the presence of Car, we per-
formed additional experiments in which intracellular and
extracellular nitrite were measured after incubating the
cells for 24 h with LPS+1IFN-y following a 1 h preincu-
bation with p-Ala, His, or f-Ala+His (all at 20 mM). In
stimulated macrophages, neither f-Ala nor His nor their
equimolar combination induced significant changes in
intracellular and extracellular nitrite compared with mac-
rophages stimulated with LPS 4 IFN-y (data not shown).

Evaluation of iNOS protein expression in macrophage
cell lysates

iNOS expression in different cell samples (no treatment,
LPS +IFN-y stimulation, in the presence or absence of
Car) was measured immunoenzymatically by ELISA.
As expected, resting macrophages did not express a
measurable amount of iNOS. When challenged for 24 h
with LPS+IFN-y, iNOS expression was easily quanti-
fied, and this level was then set as the maximum level of
iNOS protein expression (100% iNOS). Cells pretreated
with Car (1 h) before stimulation with LPS+IFN-y did
not show significant decrease in iNOS protein expression

Table 1 Arg/Cit ratio variation as an indicator of iNOS activity

Cell treatment Arg/Cit ratio
Resting 2.13+0.57
LPS+IFN-y 0.23+0.21
LPS + IFN-y + Car 0.21+0.10

Arg/Cit ratio (as determined by HPLC with fluorescence detection)
in resting macrophages, in macrophages stimulated with LPS + IFN-y
(24 h), and in macrophages stimulated with LPS +IFN-y (24 h) sup-
plemented with 20 mM carnosine (Car) (1 h pretreatment). Values are
the mean of three different experiments + SD

(92.12+6.47%) compared with cells stimulated in the
absence of Car.

To verify the ELISA results, we carried out an indi-
rect measurement of iNOS following treatments with
LPS+IFN-y (24 h), without and with 20 mM Car (1 h
pretreatment). This was accomplished by measuring the
concentrations of Arg and Cit in cell lysates. The Arg/Cit
ratio, directly connected to the production of NO [5], was
then used as an indicator of total NOS activity. As shown in
Table 1, the Arg/Cit ratio in resting macrophages was equal
to 2.13+0.57. In stimulated macrophages, without and with
Car, these ratios were 0.23+0.21 and 0.21 +0.10, respec-
tively (» <0.001 compared with resting cells). Hence, cells
stimulated by LPS+IFN-y in both the presence and the
absence of Car had 9- and 10.1-fold increases in total NOS
activity, respectively. It can therefore be concluded that Car
did not inhibit LPS 4 IFN-y-induced activity of iNOS. This
increase in NOS activity can fully be attributed to iNOS,
since this is the only inducible form of NOS [29].

ESI-MS analysis to study the interaction mechanism
of Car with NO

ESI-MS" measurements were carried out with the intent
to better understand the interaction that occurs between
Car and NO. In 1:1 Car:NO-donor (DEA/NO) solution,
two peaks attributable to Car—NO adducts were observed
at m/z 287 [Car+2NO]H™ and m/z 304 [Car+NO+NO,]
H*, with the first adduct having a higher intensity
(Fig. 3a). A peak at m/z 567, attributed to the forma-
tion of Car—dimer—NO adducts, [2Car+2N02]Na+ or
[2Car+ NO+NO,]JK*, was also detected (Fig. 3b). The
CID products of the peak at 567 m/z led to the forma-
tion of additional degradation products and [Car]H* (data
not shown). Figure 3c shows the fragmentation profile
obtained from m/z 287, where the most prominent peaks
are represented by m/z 269 [Car +2NO — H,O]H*, m/z 241
[Car +2NO - H,0 — COJH*, and m/z 177. Three peaks cor-
responding to m/z ratios of 286 [Car+NO+NO, — H,0]
H*, 258 [Car+NO+NO, - H,0 - COJH*, and 212
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Fig. 3 ESI-MS spectra of Car (10 pM) in the presence of DEA/NO at a Car/DEA/NO ratio of 1:1 (a, b). CID of m/z 287 (¢) and CID of m/z

304 (d)

[Car+NO - H,0 - CO]JH™ were obtained from CID of m/z
304 (Fig. 3d).

I3C-NMR spectroscopy to study the interaction
mechanism of Car with NO

NMR experiments were carried out with the intent to bet-
ter understand whether both constituent amino acids ($-Ala
and His) of Car are involved in the interaction that occurs
between Car and NO. C-NMR spectra of Car (50 mM),
DEA/NO (50 mM), and a mixture of the dipeptide and the
NO-donor (molar ratio 1:1) in aqueous solution are shown
in Fig. 4a—c. Table 2 shows the chemical shifts in ppm (5)
of the carbon signals for Car alone and in the presence of
the NO-donor. In the presence of the NO-donor, a down-
field shift of the signals was more evident for the o', '
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carbon peaks, the carbon signals of the imidazole ring of
His in positions 2 and 5, and -CONH- (Table 2). In addi-
tion, the chemical shift of the carbon o' was decreased in
the presence of NO-donor.

Car alters expression levels of murine macrophage
activation markers

The effects of the different stimulation protocols (no
treatment, LPS +IFN-y stimulation, in the presence or
absence of Car) on the cell morphology are shown in
Online Resource 3. In order to determine the biological
consequences regarding Car modulation of NO on mac-
rophages, we investigated the upregulation of immune
activation markers following stimulation. We observed
that cells activated with LPS +1IFN-y (24 h) showed an
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Fig. 4 3C.NMR spectra of 50 mM Car (a), 50 mM DEA NONOate (b), and a mixture of Car and NO-donor (molar ratio 1:1) (¢) in H,O/
CD;0D (9/1 v/v). Chemical shifts of the signals are relative to CD,OD (R)

Table 2 Results from 1D 13C-

! -COOH -CONH- C2 cs C4 Co cp Co  CP

NMR study of carnosine and
nitric oxide Car 178.81  172.58 136.71 13421 11848 5627 37.04 3344 2998
Car+DEA/NO 178.84  172.93 136.77 13431 11852 5625 3729 3442 30.07

Chemical shifts of carbon signals of carnosine (Car) alone (50 mM) and in the presence of the nitric oxide
donor DEA NONOate (DEA/NO) (50 mM). The chemical shifts are expressed in ppm and referred to the

internal reference CD;0D

increase in forward scatter measurements compared
with resting cells (Online Resource 4). Preincubation
with Car diminished the LPS+IFN-y macrophage-
mediated size increase. The levels of MHCII in these
cells were then measured. It was found, as expected, that
cell stimulation increased MHCII receptor levels. How-
ever, there was no significant difference in the amounts
of MHC receptors between stimulated cells whether
in the absence or the presence of Car (data not shown).
The percentage of CD86+cells was also not affected

when cells were pretreated with Car compared with cells
that were stimulated with only LPS+IFN-y (Online
Resource 5). We then measured the coexpression levels
of MHCII and CD206 in order to measure M1/M2 state
in these cells. We found that 1-h pretreatment with Car
reduced the percentages of both M1- and M2-activated
cells (Fig. 5). However, preincubation of cells with Car
increased the percentage of immature cells as defined
by MHCII- CD206—. A significant reduction in the
M2-activated subpopulation (MHCII+CD206+) was

@ Springer



Mol Cell Biochem

e e

M2 Activated

1M1 Activated

M AT |

MHCII

Lol

1
10

T T .l‘ Trrr ll- = T
2
10 10° 10°
CcD206

Fig. 5 MI1/M2 activation. The effect of Car pretreatment (1 h) on
LPS +IFN-y-stimulated macrophages (24 h) was analyzed using
flow cytometry. M1-activated (MHCII+, CD206—) and M2-activated
(MHCII+, CD206+) subpopulations were measured. Quantification

also observed (9.9% with LPS + IFN-y compared to 3.4%
with Car pretreatment).

Pretreatment with Car significantly reduces IL.-6
secretion by stimulated murine macrophages

The analysis of cytokines in cell supernatants indicated
a strong upregulation of several cytokines induced by
LPS +IFN-y treatment (24 h) in both the presence and
the absence of Car pretreatment (1 h) compared with rest-
ing (untreated) cells. These cytokines include IL-1f, IL-2,
IL-4, IL-5, IL-6, IL-12, and TNF-a (Fig. 6). Interestingly,
the levels of KC expression were markedly reduced in stim-
ulated cells in the absence or presence of Car (Fig. 6j). The
concentrations of cytokines in the supernatants obtained
from stimulated cells pretreated with Car were slightly dif-
ferent than those of cells without Car. Only IL-6 (Fig. 6e)
showed a statistically significant reduction in concentra-
tion (p <0.05) when compared with the non-Car-pretreated
cells.

Discussion

Results reported in the present study indicate that (a) Car
(B-Ala-His), an endogenous dipeptide that is naturally pre-
sent in several mammalian tissues [1], caused an apparent
suppression of total NO production by cultured murine
RAW 264.7 macrophages stimulated by LPS +IFN-y; (b)
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100= 3 Resting
B LPS + IFN-y
801 B LPS + IFN- 7y + Car

% Popuation

of M1/M2 subpopulations was performed in triplicate. Vertical bars
represent mean percent population =+ standard deviation. Significant
comparisons between each group are indicated by lines. *Signifi-
cantly different from LPS +IFN-y (p <0.05)

this effect was specific to Car and was not observed in the
presence of its constituent amino acids -Ala and His; (c)
the dose-dependent decrease in the NO formation induced
by Car in stimulated macrophages was accompanied by a
drastic intracellular increase in its low toxic endproduct,
nitrite; (d) Car modulation of NO was also accompanied by
the modulation of macrophage activation markers and the
secretion of IL-6 cytokine.

In the last two decades, interest in Car, as well as in other
naturally occurring compounds, has continuously grown
either with the intent to better clarify their pathophysi-
ological roles [21] or because of their potential pharma-
cological applications in different pathological states [30].
In most instances, the beneficial effects of Car treatment
were related to its generally ascribed antioxidant activity
[31], which involves a capacity to decrease both ROS and
RNS in different experimental models [32, 33]. In agree-
ment with these and other studies, our experiments with
cultured murine RAW 264.7 macrophages, using ME-LIF
to detect the stable fluorescent NO adduct in cell lysates
[27, 34], confirmed that Car decreases the NO concentra-
tion in stimulated cells in a dose-dependent manner (Fig. 1
and Online Resource 1). This effect has previously been
ascribed to the inhibition of the iNOS overexpression in
other immune cells, since iNOS is responsible for most of
the NO generation following stimulation with LPS +IFN-y
[33]. In the present study, we measured NO and nitrite in
the same cell lysates and observed that the inhibition of
NO induced by Car was not accompanied by a decrease
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Fig. 6 Cytokine secretion. Supernatants from resting macrophages
and macrophages stimulated with LPS +IFN-y (24 h) with or with-
out Car pretreatment (1 h) were analyzed using a multiplex cytokine
assay. Each treatment was analyzed in duplicate, and each cytokine

in the total nitrite. Rather surprisingly, we found that Car
dose-dependently increased the concentration of intracellu-
lar nitrite (Fig. 2 and Online Resource 2). This result was
confirmed by further experiments in which we found that
this effect was obtained only with Car. The two amino acids
making up the Car peptide, f-Ala and His, did not gener-
ate significant changes in nitrite concentration. By assum-
ing that all the nitrite that we found in both the cell lysates
(intracellular) and medium (extracellular) are derived from
the decomposition of macrophage-produced NO, and by
referring the extracellular NO to the number of cells, it
was possible to calculate that the sum of NO +intracellu-
lar nitrite + extracellular nitrite in stimulated macrophages

determination was performed in duplicate wells. Vertical bars repre-
sent mean + standard deviation pictograms of biological duplicates.
Significant comparisons between each group are indicated by lines.
*Significantly different from LPS +IFN-y (p <0.05)

was approximately 12.39 nmol/10° cells and that of cells
pretreated with Car and then stimulated was approximately
12.31 nmol/10° cells (Table 3). Therefore, Car did not
affect the total NO production induced by cell stimulation.

In a parallel set of experiments, we found a dramatic
overexpression of protein iNOS induced by LPS +IFN-y
that was not significantly counteracted by pretreating
cells for 1 h with Car. These results were further veri-
fied and confirmed by the Arg/Cit ratio (Table 1), a well-
established indirect indicator of iNOS activity [35, 36].
Thus, Car does not either negatively affect iNOS protein
expression or inhibit iNOS activity.

Table 3 Nitric oxide and nitrite

o : Cell treatment Nitric oxide® Nitrite? (intracellular) Nitrite (extracellular) Total®
production in murine RAW (intracellular)
264.7 macrophages acera
Resting 0.07+0.02 0.70+0.15 0.65+0.16 1.42
LPS +IFN-y 2.82+0.32 4.31+0.36 5.26+0.42 12.39
LPS +IFN-y + Car 0.10+0.01 8.80+0.75 3.41+0.60 12.31

Sum of intracellular nitric oxide +intracellular and extracellular nitrite in resting macrophages, in mac-
rophages stimulated with LPS 4+ IFN-y (24 h), and in macrophages stimulated with LPS +IFN-y (24 h) sup-
plemented with 20 mM carnosine (Car) (1-h pretreatment). Values are the means of five different experi-

ments + SD

2nmol/10° cells
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Hence, if both NO and total nitrite (intracellular and
extracellular) had not been measured in these studies, the
results of the cellular experiments might have given rise to
two limitative and erroneous interpretations of the results:
(1) that Car caused a decrease in NO production (if con-
sidering NO only); and (2) that Car increased NO produc-
tion, while indirectly evaluating NO through nitrite deter-
mination only. Instead, the concomitant determination of
both NO and its stable endproduct, nitrite, showed evidence
that Car, under the present experimental conditions, did not
modify the total NO production (NO + total nitrite) of stim-
ulated macrophages. This finding is in contrast to previous
reports of an increase in NO formation induced by Car in
endothelial cells (when NO production was evaluated by
measuring nitrite only) [37] or a decrease in NO formation
(when NO production was measured by assaying only NO)
[20].

To investigate the interaction between Car and NO pro-
duced by macrophages, we carried out ESI-MS and '*C-
NMR experiments. The existence of Car—-NO adducts pre-
viously proposed by Nicoletti [20] and Fleisher-Berkovich
[33] is consistent with our ESI-MS and '*C-NMR analyses.
Our experimental data suggest that Car can combine with
two molecules of NO, giving a 1:2 adduct (m/z 287), and/
or a molecule of NO and one of NO,™ (m/z 304) (Fig. 3a).
It is important to note that an adduct with an m/z=>567 is
very probably formed by two molecules of Car and two
of nitrite (Fig. 3b). If the formation of this adduct also
occurs in the stimulated macrophages, it might explain the
apparent unequal distribution of intracellular and extra-
cellular nitrite in the presence of Car. Indeed, as recently
described by Fresta et al. [38], Car is readily taken up by
RAW 264.7 macrophages in cell culture, and cell stimula-
tion with LPS +IFN-y leads to pronounced Car uptake and
an unequal distribution of intracellular (higher due to the
increased uptake) and extracellular (lower because part of
Car is now inside the cell) concentrations of Car compared
to that of unstimulated cells. Intracellular nitrite might then
be trapped as the 2 Car-2 nitrite adduct (Fig. 3b) (more
concentrated in the intracellular environment) as well as
Car-NO-NO, (Fig. 3a). These compounds, under the
strong acidic conditions of the Griess assay, might decom-
pose, releasing nitrite and leading to its apparent higher
increase within the macrophages. Interestingly, the frag-
mentation of m/z 287 and 304 produced a loss of water and
carbon monoxide (m/z 241 and 256, respectively) (Fig. 3c,
d) but not a loss of NO and/or NO,™, which suggests that
donor adduct formation does not occur at the carboxyl
group of Car.

13C-NMR analysis supported the interaction of Car with
NO in solution. It can be seen that, after having added the
NO-donor to a solution of Car, the observed chemical shifts
for the dipeptide changed (Fig. 4c; Table 2). Interestingly,
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a downfield shift of the signals of carbon o and ', the two
carbons in position 5 and 2 of the imidazole ring of the His
moiety, and the carbon of the amide bond was more evi-
dent than for the other carbons of Car. These results suggest
that the interaction of NO/NO,™~ with Car in solution could
occur with the -NH, of the p-Ala, the -CONH-, and the N
in position 1 of the imidazole ring. '>*C-NMR and ESI-MS
studies demonstrated that the ability of Car to interact with
NO/NO,™ depended on B-Ala and the imidazole ring of
His. These observations were in agreement with the finding
that Car derivatives [20] and/or the amino acid p-Ala and
His alone did not generate any adduct with NO.

The flow cytometry experiments showed that Car pre-
treatment has an effect on LPS +IFN-y-mediated activa-
tion of macrophages. Car did not exhibit global inhibition
of activation markers, as demonstrated by a lack of change
in upregulation of MHCII. Conversely, an effect was seen
in the levels of CD206, which suggests that the M2 popu-
lation is diminished (Fig. 5). The decrease in the CD206
marker suggests that Car might be able to alter the M1/
M2 macrophage ratio, thus enabling the modulation of
macrophage-mediated inflammation processes. This is in
agreement with previous studies in which antioxidants
were found to alter M2 polarization through ROS modu-
lation [26]. When cells were preincubated with Car and
stimulated with LPS+IFN-y, a lower amount of IL-6 in
supernatants was detected compared to that in cells stim-
ulated in the absence of Car (Fig. 6e). 1l-6 has recently
been described as an important cytokine for alternate mac-
rophage activation [39]. This observation could provide an
explanation for the reduction in M2 polarization indicated
by the flow cytometric results, although further in vitro
and in vivo studies with models of inflammation are cer-
tainly needed. This provides a rationale to investigate the
role of Car in modulating IL-6 signaling in macrophages
under conditions, such as atherosclerosis, obesity, and can-
cer, where alternative macrophages activation is of critical
importance. Car pretreatment also decreased the production
of other pro-inflammatory markers, including IL-1p, IL-2,
IL-4, IL-5, IL-10, IL-12, and IFN-y, although to a lesser
extent. These results are in agreement with those obtained
by Ooi et al. showing the ability of Zn-Car conjugates to
inhibit inflammatory mediators production in LPS-activated
RAW 264.7 cells [40]. Interestingly, TNF-a levels obtained
from cells treated with LPS +IFN-v in the presence of Car
were comparable to those found in the supernatants of
stimulated cells treated in the absence of Car. Nevertheless,
a decreasing concentration of TNF-a was observed when
cells were pretreated with the increasing concentrations (5,
10, and 20 mM) of Car (Online Resource 6), suggesting
that, different from the other pro-inflammatory markers,
higher concentrations of Car (>20 mM) are necessary to
produce significantly lower TNF-a levels than those found



Mol Cell Biochem

in supernatants of cells treated with LPS+IFN-y in the
absence of Car.

The results of the present study strongly suggest that
Car, rather than decreasing the overall amount of NO for-
mation, is directly interacting with NO by favoring oxi-
dation of NO to its low toxic endproduct nitrite. Thus, it
does not inhibit NO production in activated RAW 264.7
macrophages, according to preliminary data reported by
Karabay et al. [41]. These results indicate an alternative
mechanism for the hypothesized influence of Car on iNOS
gene expression [32, 33]. In fact, it is evident that, under
our experimental conditions of iNOS activation, a faster
removal of NO from the cell environment (transformed by
Car into nitrite) reduces the possibility of RNS formation
(including peroxynitrite) [42]. This then limits oxidative
damage to macromolecules with relevant beneficial effects
for cell health and survival [30]. Although previous stud-
ies have indicated that Car might decrease NO production
through the formation of stable Car—-NO adducts [20], our
results led us to hypothesize that Car somehow intervenes
by accelerating the conversion of NO into nitrite via a still
unknown mechanism. It may also be possible that part of
the beneficial effects of Car are due to just an increase in
nitrite, since it has been demonstrated that nitrite can alle-
viate the effects of cerebral vasospasms [43] and can atten-
uate ischemia—reperfusion injury in the heart and liver [43,
44]. These beneficial effects of nitrite are very relevant
under hypoxic conditions, where it has been suggested that
it functions as an important source of NO for vasoregula-
tion [45].

Although further experiments are needed to determine
the exact mechanism, our findings show, for the first time to
the best of our knowledge, that Car (but not its constituent
amino acids) caused an increase in the amount of NO con-
verted into nitrite by directly interacting with NO, thereby
strongly suggesting a novel mechanism through which Car
decreases apparent NO formation in stimulated murine
RAW 264.7 macrophages. It may explain in part the benefi-
cial effects of Car in reducing cell damage due to the over-
production of ROS and RNS.
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