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Arginine metabolism plays an important role in the activation of phagocytes, which 
are responsible for initiation, regulation, and resolution of inflammation. Deterioration 
of phagocyte functions is thought to cause the development of inflammaging and other 
age-related disorders. Mesenchymal stromal cells are well known for their immuno-
regulatory properties and ability to modulate activation status of mononuclear phago-
cytes. We aimed to compare arginase activity and NO production in phagocytes from 
different sources in young and aged animals, and to explore the effect of syngeneic 
thymic mesenchymal stromal cells on these parameters in tissue-resident phagocytes. 
We found that arginine metabolism of tissue-resident mononuclear phagocytes from 
aged mice is shifted to alternative or anti-inflammatory phenotype, due to a statistically 
significant arginase activity increase. Syngeneic co-culture with mesenchymal stromal 
cells greatly stimulates arginase activity and up-regulates nitric oxide generation by tis-
sue mononuclear phagocytes regardless of cell donor age. Such bi-directional influence 
may be beneficial in clinical application for simultaneous inhibition of inflammation and 
infectious process.
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INTRODUCTION
Advanced age impairs correct immune system functioning. The mild inflammatory 

state called “inflammaging” is observed in aged subjects, manifested by increased ex-
pression of various inflammatory mediators, and is argued to be caused by altered self-
molecules [12]. At the same time, immune system decline predisposes aged subjects 
to a greater risk of infectious diseases, which are the fourth common cause of death 
among the people of advanced age [29]. Given the growth of older population through-
out the world, immunosenescence research is obviously of great importance. 
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Recently, the focus of immune system studies has shifted to the innate immune 
system, due to the recognition of its primary role as a first line defense against infections 
and tumor cells, ability to drive adaptive immune responses, and finally, down-regulate 
inflammatory reaction and repair damaged tissues. Crucial role in those processes is 
attributed to tissue macrophages. Significant progress was made in the understanding 
of complex ontogenic origin and functional plasticity of tissue macrophages [14]. Neu-
trophils, earlier recognized as “suicidal killers” only, were found to release a large variety 
of cytokines [32] and, similarly to macrophages, are characterized by high metabolic 
plasticity [28]. Moreover, neutrophils are currently considered as macrophage partners 
in maintaining tissue homeostasis [4, 21]. One of the key features of macrophage meta-
bolic plasticity is differently directed arginine metabolism [24]. Arginine metabolism is 
central in the regulation of their pro- and anti-inflammatory activation [27]. There are 
two enzymes that utilize arginine and act consequentially: nitric oxide (NO) synthase, 
responsible for NO synthesis and its cytotoxic action, and arginase, which is induced 
after an inflammatory stage and mediates reparation of tissues due to the synthesis of 
proline and polyamines [23]. Neutrophils also express arginase and apparently utilize 
the same metabolic pathways of arginine metabolism [8]. So, nitric oxide level and 
arginase activity are convenient and representative markers that allow us to estimate 
activation state of those innate immune cells.

It is suggested that phagocytes play the central role in the development of inflam-
maging and other age-related immune-based disorders [36]. However, mechanisms 
responsible for age-related deterioration are poorly understood, necessitating further 
research in this field.

Mesenchymal stem cells (MSC) are promising candidates for treatment of the 
immune-based disorders including inflammaging [31, 33, 34]. In our previous study, 
we have registered potent modulatory effect of MSC on murine bone-marrow derived 
macrophage (BMDM) metabolism, more pronounced in aged animals [10]. However, 
tissue-resident macrophages mostly have embryonic origin, and they are functionally 
distinct from bone-marrow derived phagocytes [16]. Moreover, tissue-resident phago-
cytes from distinct location differ from each other by molecular signatures and metabolic 
profile [18]. Thus, the main aim of this work was to compare arginase activity and NO 
production in phagocytes from different sources in young and aged animals. A study of 
the effect of syngeneic thymic MSC on these parameters in tissue-resident phagocytes 
was also performed to explore the pattern of the modulatory effect of this methodologi-
cal approach in animals of different age.

MATERІALS AND METHОDS
Ethical statement. Mice were given ad libitum access to food and water. Animal 

manipulations were approved by Bioethics Committee of Educational and Scientific 
Centre “Institute of Biology and Medicine” of Taras Shevchenko National University of 
Kyiv (Protocol №1 of the 20th of February 2017). All experiments were carried out on 
young (8–12 weeks) and aged (18-23 months) male C57/B6 mice. Animals were sacri-
ficed by CO2 inhalation.

Neutrophil isolation. Tibias and femurs were aseptically obtained. The bones 
were asepticized in 70 % ethanol and washed 3 times in Ca2+/Mg2+-free DPBS (Sig-
ma, USA). Epiphyses were excised from leg bones. The bone marrow was flushed out 
with 5 ml of Ca2+/Mg2+-free HBSS (Thermo Fisher Scientific, USA), and filtered through  
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a 70-µm nylon mesh filter. The leukocytes were layered on top of a 62 % percoll (Sigma, 
USA) density gradient of equal volume. Cells were centrifuged at 1,200 g for 30 min at 
room temperature. After centrifugation, neutrophils were harvested from beneath the 
62 % percoll layer and washed in Ca2+/Mg2+-free DPBS [22]. Bone marrow neutrophils 
were resuspended, counted, and 2×105 cells per well were seeded into correspon ding 
wells of 96-well culture plates. Cells were cultured overnight in complete medium con-
taining RPMI-1640, 10 % FBS and 100 IU/ml ampicillin in CO2 incubator (Thermo Sci-
entific, USA) at 37 °C and 5 % CO2.

Alveolar macrophage isolation. Lungs and trachea were aseptically excised and 
rinsed in normal saline to wash-out residual blood. Then, bronchoalveolar lavage was 
performed by flushing of the lungs through the trachea three times with 1 ml of Ca2+/
Mg2+-free DPBS containing 1 mM EDTA, using syringe with 30 G needle. Cells were 
centrifuged 10 min at 400 g. The supernatant was discarded, cells washed in Ca2+/Mg2+-
free DPBS, resuspended, counted, and 2×105 cells per well were seeded into corre-
sponding wells of 96-well culture plates. Non-adherent cells were removed after 2 hours 
of incubation at 37°C and 5 % CO2. Cells were cultured overnight in complete medium 
in CO2 incubator at 37 °C and 5 % CO2.

Peritoneal macrophage isolation. Resident peritoneal macrophages were asepti-
cally isolated as described elsewhere [35]. Briefly, 8 ml of the cold Ca2+/Mg2+-free DPBS 
were injected into the peritoneal cavity and slowly aspirated from it. Cells were centri-
fuged 10 min at 400 g. The supernatant was discarded, cells washed in Ca2+/Mg2+-free 
DPBS, resuspended, counted, and 2×105 cells per well were seeded into corresponding 
wells of 96-well culture plates. Non-adherent cells were removed after 2 hours of incu-
bation at 37 °C and 5 % CO2. Macrophages were cultured in complete medium in CO2 
incubator at 37 °C and 5 % CO2 alone or with syngeneic thymic MSC for 7 days. The 
ratio of co-cultured macrophages/MSCs was 10:1. Control wells contained only MSC. 
The culture medium was replaced every other day.

Mesenchymal stromal cell isolation and culturing. Thymuses were removed 
under sterile conditions from young 6-8 weeks old C57/B6 male mice. Explant tech-
nique was applied for the preparation of thymic stromal cell culture [25]. Cell culture me-
dium contained DMEM/F12, 1:1, (Sigma, USA), 10 % fetal bovine serum (FBS, Sigma, 
USA), 10 mM L-Glu (Sigma, USA), 100 IU/ml penicillin, and 100 IU/ml streptomycin. 
Cells were cultured in CO2 incubator (Jouan, France) at 37 оC and 5 % CO2. Mixture of 
0.05 % trypsin and 0.02 % EDTA (Bio Test Med, Ukraine) in 1:3 ratio, pH 7.4, was used 
for cell passaging. The cells were used in experiment at the third passage.

Nitric oxide measurement. Standard Griess reaction was used for the measure-
ment of nitrites in the supernatants of macrophage cultures, as described previously 
[7]. Briefly, 100 µL of Griess reagent, containing equal volumes of 2 % sulfanilamide in 
2.5 % H3PO4 and 0.2 % N-(1-naphthyl) ethylenediamine dihydrochloride, was added 
to each sample in equal volume. After incubation for 30 minutes at RT in the dark, ab-
sorbance was determined in a microplate reader (Ascent, Labsystems, Finland) at 540 
nm wavelength. NO concentration was defined in comparison with a standard curve of 
sodium nitrite (5 to 100 μM). Quantity of NO was presented per 106 cells.

Evaluation of arginase activity. Arginase activity was analyzed in cell lysates as 
described elsewhere [7]. Briefly, cells were lysed with 0.1 % Triton X-100 lysis solu-
tion. Then, 100 µL 50 mM Tris-HCl, pH 7.5, and 10 µL of 10 mM MnCl2 were added 
to each specimen, and the plates were heated  for 7 min at 56 °C for enzyme activa-
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tion. Then, 100 µL 0.5 M L-arginine was added to the equal volume of the sample. 
After the incubation for 2 h at 37 °C, the reaction was stopped with 800 µL of the 
acid mix containing H3PO4/H2SO4/H2O in the volume ratio of 1:3:7. Then, 40 µL 6 % 
α-isonitrosopropiophenone in 100 % ethanol was added to the tubes. Samples were 
incubated for 30 min at 95 °C. After cooling, absorbance was determined in a micro-
plate reader (Ascent, Labsystems, Finland) at 540 nm wavelength. Urea concentration 
was assessed by comparison with a standard curve of 7.5 to 60 µg urea. The following 
formula was used:

 
( )

( ) ( )
×

=
×

6 µg urea 50 dilution factor
units of arginase per 10 cells

60 molecular weight of urea  minutes of incubation with argininet

1 unit – quantity of enzyme which is needed to hydrolyze 1 µM arginine per minute.
Statistical analysis. Student’s t-test was used for statistical significance determi-

nation. The values of p <0.05 were considered as significant.

RESULTS AND DISCUSSION
In order to explore the age features of arginase activity and NO production in 

phagocytes, we have used cells of different ontogeny from discordant sources (peri-
toneal and alveolar macrophages, bone marrow derived neutrophils). Arginase activity 
was higher in phagocytes from old mice compared to young animal (Fig. 1–3). However, 
this difference was statistically significant (p<0.05) only in the case of alveolar and peri-
toneal macrophages. Conversely, in our previous experiments with splenic and BMDM, 
cells from old mice had lower arginase activity than their younger counterparts [10, 11]. 
It has been shown that peritoneal cavity contains two populations of macrophages: 
large peritoneal macrophages, presumably derived from the yolk sac, and small peri-
toneal macrophages, that are thought to be derived from bone marrow precursors [5]. 
Under the steady state conditions, as in our experiment, fetal precursor-derived large 
peritoneal macrophages prevail over small peritoneal macrophages. Alveolar macro-
phages are also believed to originate from fetal precursors [13]. As mentioned previ-
ously, macrophages differentiated from monocytes which migrated into the tissues upon 
inflammation, are functionally distinct from fetal precursor-derived tissue-resident mac-
rophages [16]. BMDM rather resemble macrophages differentiated from inflammatory 
monocytes, than tissue-resident macrophages. Splenic macrophages ontogeny is hard 
to define, because spleen contains four distinct populations of macrophages, where red 
pulp macrophages have a fetal origin, while the origin of three other cell populations is 
largely unknown [9, 15]. Therefore, age-related changes in phagocyte arginase acti-
vity depend on their ontogeny, and this assertion is also confirmed by findings of other 
research group [6].

To explore reversibility of age-related changes in arginine metabolism, we co-cul-
tured syngeneic thymic MSC with peritoneal macrophages, obtained from mice of dif-
ferent age. Co-culture peritoneal macrophages from both young and old animals with 
syngeneic thymic MSC resulted in up-regulation of arginase activity as compared to 
corresponding controls (p<0.001 and p<0.05, respectively) regardless of donor’s age. 
These results are consistent with reports of different authors regarding anti-inflammatory 
activation of alveolar macrophages upon co-culture with mesenchymal stromal cells [3, 
20, 30]. A similar pattern of arginase activity was observed in our previous experiment 
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after co-culturing of BMDM from mice of different age with MSC [10]. Thus, MSC ex-
ert arginase-stimulating effect on phagocytes irrespective of their ontogeny and donor 
age. However, considering already enhanced arginase activity in tissue-resident macro-
phages from old animals, and the ability of arginase to suppress T-lymphocyte prolifera-
tion by limiting arginine availability [26], such effect may not always be beneficial. In par-
ticular, phagocytes were shown to acquire immunosuppressive and tumor-promoting 
function after co-culture with MSC [17].

Fig. 1. Arginase activity of the alveolar macro-
phages obtained from mice of different ages. 
Values are given as mean±SEM (n = 4).  
*p < 0.05 compared to young Mph group. 
Mph – macrophages

Рис. 1. Аргіназна активність альвеолярних ма-
крофагів, отриманих від мишей різного 
віку. *p < 0,05 порівняно з групою макро-
фагів молодих мишей. Mph – макрофаги

Fig. 2. Arginase activity of the peritoneal mac-
rophages obtained from mice of different 
ages, alone or after co-culturing with syn-
geneic thymic MSC. Values are given as 
mean±SEM (n = 3). *p < 0.05 compared to 
young Mph group; **p < 0.001 compared to 
young Mph group; # p < 0.05 compared to 
old Mph group. Mph – macrophages, MSC – 
mesenchymal stromal cells

Рис. 2. Аргіназна активність перитонеальних 
макрофагів, отриманих від мишей різно-
го віку, культивованих окремо або разом 
зі сингенними тимічними мезенхімними 
стовбуровими клітинами. *p < 0,05 по-
рівняно з групою макрофагів молодих 
мишей; **p < 0,001 порівняно з групою 
макрофагів молодих мишей; # p < 0,05 
порівняно з групою макрофагів старих ми-
шей. Mph – макрофаги, MSC – мезенхімні 
стовбурові клітини

Fig. 3. Arginase activity of the neutrophils obtained 
from mice of different ages. Values are given 
as mean±SEM (n = 4). *p < 0.05 compared 
to young Mph group.  Neu – neutrophils

Рис. 3. Аргіназна активність нейтрофілів, отри-
маних від мишей різного віку. *p < 0,05 
порівняно з групою макрофагів молодих 
мишей. Neu – нейтрофіли
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There were not statistically significant differences in nitrite levels between cells 
obtained from mice of different age in all investigated phagocyte populations (Fig. 4–6). 
Therefore, basal nitric oxide production is preserved in phagocytes of aged mice at 
the same level as in young animals. These data corroborate our previous findings on 
BMDM [10] and splenic macrophages [11] obtained from young and aged intact C57/B6 
and immunized CВА/Са mice, respectively, and are in concordance with the results of 
another research groups [6, 19]. However, Cecílio et al. as well as Kohut et al. reported 
dramatical age-related changes in stimulated NO generation by murine phagocytes [6, 
19]. According to the observations of mentioned research groups, phagocytes from mice 
of different age respond differently to exogenous (pro- and anti-inflammatory) stimuli, 
depending on the origin and maturity of these cell donors. Arginine metabolism of BMDM 
from aged animals was more sensitive to exogenous stimuli than that from young mice. 
Whereas susceptibility of tissue phagocytes to exogenous arginine metabolism indu cers 
did not differ significantly as a whole in the animals of different age [6, 19]. 

Fig. 4. The level of NO production by the alveolar 
macrophages obtained from mice of diffe-
rent ages. Values are given as mean±SEM 
(n = 4). *p < 0.05 compared to young Mph 
group. Mph – macrophages

Рис. 4. Рівень продукції оксиду азоту альвео-
лярними макрофагами, отриманими від 
мишей різного віку. *p < 0,05 порівняно 
з групою макрофагів молодих мишей. 
Mph – макрофаги

Fig. 5. The level of NO production by the peritoneal 
macrophages obtained from mice of diffe-
rent ages, alone or after co-culturing with 
syngeneic thymic MSC. Values are given as 
mean±SEM (n = 3). *p < 0.05 compared to 
young Mph group; # p < 0.01 compared to 
old Mph group. Mph – macrophages, MSC – 
mesenchymal stromal cells

Рис. 5. Рівень продукції оксиду азоту перитоне-
альними макрофагами, отриманими від 
мишей різного віку, культивованими окре-
мо або разом зі сингенними тимічними 
мезенхімними стовбуровими клітинами. 
*p < 0,05 порівняно з групою макрофа-
гів молодих мишей; # p < 0,01 порівняно  
з групою макрофагів старих мишей. Mph – 
макрофаги, MSC – мезенхімні стовбурові 
клітини
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Fig. 6. The level of NO production by the neutro-
phils obtained from mice of different ages. 
Values are given as mean±SEM (n = 4).  
*p < 0.05 compared to young Mph group.  
Neu – neutrophils

Рис. 6. Рівень продукції оксиду азоту нейтрофі-
лами, отриманими від мишей різного віку. 
*p < 0,05 порівняно з групою макрофагів 
молодих мишей. Neu – нейтрофіли

MSC display both anti-inflammatory and proinflammatory effects in vivo, and can be 
considered as bi-directional exogenous modulators of arginine metabolism [1]. Unlike 
BMDM in our previous experiments [10], peritoneal macrophages after the co-culture 
with syngeneic thymic MSC exhibited higher nitric oxide production compared to cor-
responding control cells, regardless of donor age (p<0.05 and p<0.01 as compared to 
macrophages from young and old animals, respectively). Apart from its role as cytotoxic 
agent, NO plays important signaling role in the regulation of the development, differentia-
tion, and function of T-lymphocytes, where low levels of NO in the microenvironment of 
these cells, including reactive nitrogen species produced by tissue phagocytes, up-regu-
late their differentiation and survival, whereas high levels inhibit their proliferative acti-
vity [2]. Thus, it can be speculated, that stimulation of NO production may be a part of the 
immunosuppressive action of MSC. However, this suggestion warrants further study.

CONCLUSION
Arginine metabolism of tissue-resident mononuclear phagocytes from aged C57/B6 

mice is shifted to alternative or anti-inflammatory phenotype (M2). Besides, there was 
non-statistically significant shift towards an anti-inflammatory N2 phenotype of polymor-
phonuclear phagocytes. Meanwhile basal NO production by tissue phagocytes from 
different locations appears to be unaltered with age, and arginine metabolism skew is 
mostly stipulated by arginase activity fluctuations. Age-related changes in phagocyte 
arginase activity depend on their location and, most likely, ontogeny. Statistically signifi-
cant increase in arginase activity was observed in alveolar and peritoneal macrophages 
of old mice, indicating more pronounced anti-inflammatory activation of tissue-resident 
mononuclear phagocytes with age. MSC greatly stimulate arginase activity, and there-
fore, anti-inflammatory activation of peritoneal macrophages and donor age turns out 
to be irrelevant. Co-culturing with MSC also moderately up-regulates NO generation 
by tissue mononuclear phagocytes regardless of cell donor age. Thus, MSC may si-
multaneously inhibit inflammatory response and enhance defense mechanisms against 
pathogens in these cells. One can suggest that targeted cell therapy based on MSC 
might be effective in patients suffering from immune-inflammatory disorder coupled with 
recurrent infectious diseases.
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Метаболізм аргініну відіграє важливу роль у активації фагоцитів, необхідних для 
ініціації, регуляції та резолюції запалення. Порушення функціонування цих клітин 
вважається причиною розвитку хронічного запалення й інших вікових захворювань. 
Мезенхімні стовбурові клітини відомі своїми імунорегуляторними властивостями та 
здатністю модулювати активаційний статус мононуклеарних фагоцитів. Метою на-
шої роботи було порівняти аргіназну активність і продукцію оксиду азоту фагоцита-
ми, отриманими з різних джерел у молодих і старих тварин, а також дослідити ефект 
співкультивування зі сингенними тимічними мезенхімними стовбуровими клітинами 
на ці показники тканинних фагоцитів. Встановлено, що метаболізм аргініну тканин-
них мононуклеарних фагоцитів старих мишей зміщувався в бік протизапального 
фенотипу, завдяки статистично достовірному підвищенню аргіназної активності. 
Сингенне співкультивування з мезенхімними стовбуровими клітинами значно сти-
мулювало аргіназну активність і підвищувало продукцію оксиду азоту тканинними 
мононуклеарними фагоцитами незалежно від віку тварин. Такий вплив може бути 
сприятливим під час клінічного застосування мезенхімних стовбурових клітин для 
одночасного пригнічення запалення та інфекційних процесів. 

Ключові слова: фагоцити, мезенхімні стовбурові клітини, старіння, аргіназа, 
оксид азоту
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