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RESUMO 

Foi estudado o efeito do ácido ascórbico (AA) na formação de óxido nítrico (NO) em macrófagos 
peritoneais de camundongos da linha SHK. A espectroscopia de RSE e UV revelou um aumento significativo 
na formação de óxido em uma suspensão de macrófagos com AA incubado à temperatura ambiente. Nos 
estudos de VHS, a hemoglobina adicionada a uma suspensão de macrófagos foi usada como uma armadilha 
de NO, e o óxido nítrico resultante foi detectado pela formação dos complexos de hemoglobina Heme-NO. A 
avaliação quantitativa mostrou que nessas condições, sob a ação de AA, 1,5x109 moléculas de NO por célula 
são produzidas em macrófagos. O aumento da síntese de óxido nítrico sob a ação do AA também foi 
estabelecido por espectroscopia UV no sobrenadante após a incubação do macrofagócito com AA. 
Considerando os dados conhecidos sobre o efeito citotóxico do NO em vírus e bactérias, pressupõe-se que o 
efeito do aumento da síntese de óxido nítrico nos tecidos peritoneal, MP tecidual e leucócitos sob a ação do AA 
seja o principal no efeito preventivo e terapêutico do AA no uma série de doenças, como um doente de frio. 

Palavras-chave: óxido nítrico, ácido ascórbico, macrófagos peritoneais, método ESR, complexos nitrosil Hb 
Hem-NO. 

ABSTRACT 

The effect of ascorbic acid (AA) on the formation of nitric oxide (NO) in peritoneal macrophages of SHK 
line mice was studied. ESR and UV spectroscopy revealed a significant increase in oxide formation in a 
suspension of macrophages with AA incubated at room temperature. In ESR studies, hemoglobin added to a 
suspension of macrophages was used as a NO trap, and the resulting nitric oxide was detected by the formation 
of hemoglobin complexes Heme-NO. The quantitative assessment showed that under these conditions, under 
the action of AA, 1.5x109 molecules of NO per cell are produced in macrophages. The increase in nitric oxide 
synthesis under the action of AA was also established by UV spectroscopy in the supernatant after incubation of 
MP with AA. Considering the known data on the cytotoxic effect of NO on viruses and bacteria, it is assumed 
that the effect of increasing nitric oxide synthesis in peritoneal, tissue MP and leukocytes under the action of AA 
is the main in the preventive and therapeutic effect of AA in a number of diseases, such as a sick of cold. 

Keywords: nitric oxide, ascorbic acid, peritoneal macrophages, ESR method, nitrosyl complexes Hb Hem-NO.  

АННОТАЦИЯ 

Исследовано влияние аскорбиновой кислоты (АК) на процесс образования оксида азота в 
перитонеальных макрофагах мышей линии SHK. Методами ЭПР- и УФ-спектроскопии  было 
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зарегистрировано значительное повышение образования оксида в инкубированной при комнатной 
температуре суспенизии макрофагов с АК. В исследованиях методом ЭПР качестве ловушки NO 
использовали гемоглобин, добавленный в суспензию макрофагов, и образующийся оксид азота 
регистрировали по образованию нитрозильных комплексов гемоглобина Гем-NO. Количественная оценка 
показала, что в этих условиях, под действием АК в макрофагах вырабатывается 1,5х109 молекул NO на 
клетку. Увеличение синтеза оксида азота под действием АК  было установлено также методом УФ-
спектроскопии в надосадочной жидкости после инкубации МФ с АК. Учитывая известные данные о 
цитотоксическом действии NO на вирусы и бактерии предполагается, что эффект увеличения синтеза 
оксида азота в перитонеальных, тканевых МФ и лейкоцитах под действием АК является основным в 
профилактическом и лечебном  действии АК при ряде заболеваний, в частности, при простудных 
заболеваниях.  
 
Ключевые слова: оксид азота, аскорбиновая кислота, перитонеальные макрофаги, метод ЭПР, 
нитрозильные комплексы Hb Гем-NO.  
  
 
 
 
1. INTRODUCTION 
  

In the 80s, it was found that activated MP, 
cultured together with target tumor cells, kill 
target cells (Krahenbuhl and Remington, 1974). 
And the agent responsible for the death of tumor 
cells is nitric oxide (NO) synthesized by 
macrophages. The participation of NO in the 
cytotoxic activity of macrophages to tumor cells 
was one of the first functional properties 
described for this molecule (Hibbs et al., 1987a, 
1987b; Stuehr and Marletta, 1987b; Stuehr and 
Nathan, 1989). It was shown that inhibition of NO 
synthesis in macrophages leads to a decrease in 
the antitumor resistance of the body, and the 
discovery of this basic fact made a great 
contribution to the increased number of studies 
devoted to the formation and function of NO in 
normal and pathological conditions. Although 
there are various, sometimes contradictory data 
on the role of NO in the development of tumors, it 
has definitely been established that NO 
synthesized by leukocytes and macrophages 
plays a main role in their ability to destroy tumor 
cells (Stuehr and Nathan, 1989; Hibbs et al., 
1987a; Stuehr and Marletta, 1987a; Keller, 1993; 
Farias-Eisner, et al., 1994). 

It was shown that sustained continuous 
production of NO in macrophages ensures their 
cytotoxic/cytostatic activity not only to tumor cells, 
but also to viruses, bacteria, fungi, protozoa, and 
helminths (Croen, 1993; Bi and Reiss, 1995; 
Vazquez-Torres et al., 2000; Sibille and 
Reynolds, 1990; Nathan, 1995). 

On cell lines and mouse, lines were found 
that resistance to microbes is often associated 
with the expression of the induced NO synthase 
(iNOS). More direct evidence of the iNOS role 
was obtained first by Hibbs J. and his colleagues 
(Hibbs et al., 1987a, 1987b), and then by many 

other researchers. They used iNOS inhibitors and 
showed that inhibitors worsen the course of 
diseases caused by many viruses and bacteria. 
The mechanisms of nitric oxide action were 
established. They included inhibition of 
mitochondrial respiration (MR) and DNA 
synthesis, iron loss by cells, and inhibition of 
enzymes involved in the Krebs cycle (Billiar et al., 
1989a, 1989b; Kwon et al., 1991; MacMicking et 
al., 1997; Beltran et al., 2000; Fang, 1997). 

NO is obviously not the only anti-
pathogenic immune defense effector, but in most 
cases, it is either an inducer or an executor of a 
bactericidal program. 

Therefore, the increased (NO) synthesis 
in the cells of the immune system is important in 
raising the body's resistance to infectious 
diseases, and, possibly, due to the available 
literary data, the prevention of tumor diseases. 

There have been reports that in a number 
of cells, NO synthesis can be enhanced by the 
AA. Studies of the AA effect on the activity of NO 
synthesis in cells are few, and the data are quite 
contradictory. Thus, in (Nakai et al., 2003), AA 
the role in  iNOS induction and NO synthesis in 
macrophages of RAW 264.7 line mice was 
studied, and it was found that AA did not increase 
or decrease iNOS protein expression in these 
cells, in contrast to (Mizutani and Tsukagoishi, 
1999) where AA increased protein induction in a 
macrophage-like cell line J 774.1. It has also 
been shown that AA inhibits iNOS induction in rat 
endothelial cells of the skeletal muscle (Wu et al., 
2002). Increased NO production in endothelial 
cells, animal and human leukocytes, and E. Coli 
cells were described in (Kuropteva et al., 2000, 
Heller et al., 1999; Huang et al., 2000). Such 
inconsistency of data may depend on the type of 
cells. Therefore, the study of the AA effect on NO 
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synthesis in the cells that can express iNOS is 
still important. 
 

2. MATERIALS AND METHODS 
Peritoneal macrophages were isolated by 

the standard method of washing the contents of 
the abdominal cavity of SHK mice (The SHK 
male mice Swiss-H mice from nursery Kriukovo, 
Russia) with a 0.9% NaCl solution. The collected 
cells were washed twice with the same solution 
and centrifuged at 250 g for 10 min (Wasley et 
al., 1972). The precipitate was suspended in 
saline. The cell concentration was 2x109 in 1 ml. 
To feed the cells, 2% serum solution of cattle was 
added (Biowest, France). The macrophage 
suspension was divided into 2 parts. AA solution 
(AA from Sigma) in Tris-HCl buffer with pH 7 was 
added to one part. AA concentration in the MP 
suspension was 9–10 mM. The second part to 
which Tris-HCl buffer was added served as a 
control. 

MP suspensions with and without AA 
were incubated at room temperature. After 20 
and 48 hours of incubation, samples of the 
supernatant were taken, and absorption was 
measured on the Shimadzu spectrophotometer 
(Japan). 

To study ESR Hb solution in a 
concentration of 10-5 M was added as a NO trap. 
After certain periods of times of incubation, 
samples were taken, and specimens were 
prepared in the form of columns in Teflon tubes 
with a diameter of 3 mm and a height of 30 mm. 
They were frozen at liquid nitrogen temperature. 
Then, the specimens were freed from Teflon 
tubes, and macrophage suspension samples 
frozen at liquid nitrogen temperature were 
obtained in the form of columns with a diameter 
of 3 mm and a height of 30 mm. The ESR spectra 
of the prepared samples were recorded on ESR-
300 spectrometer (Bruker-Analitishe-
Messtechnik, Germany) at a temperature of liquid 
nitrogen. 

 

3. RESULTS AND DISCUSSION 
Rodent macrophages (MP) were one the 

first cell types for which nitric oxide (NO) 
formation from L-arginine was shown with the 
involvement of the inducible NO synthase 
enzyme (iNOS). In response to the administration 
of lipopolysaccharides (LPS) with or without 
gamma interferon, these cells synthesized iNOS 
mRNA and the enzyme itself. At the same time, 

the accumulation of a significant number of 
nitrites and nitrates was registered (Krahenbuhl 
and Remington, 1974). 

But it turned out that peritoneal MP 
isolated in a standard way, incubated at room 
temperature, can also synthesize a small amount 
of NO without additional stimulation, which could 
be detected by the presence of nitrites and 
nitrates, which are stable products of NO 
oxidation and are registered by UV spectroscopy 
upon absorption of 330-340 nm. This MP ability 
was used in this work to study the effect of AA on 
NO synthesis in these cells. UV and ESR 
spectroscopy methods were used for recording 
NO formed in MP suspension incubated at room 
temperature with and without AA. When studying 
the formation of NO by ESR, Hb was used as an 
NO trap, which has a high affinity to NO, and 
interacting with it, forms stable nitrosyl Hem-NO 
complexes (Heme-NO NCs), which determine the 
well-known ESR signal — a wide singlet with g-
factor 2.02 and characteristic triplet splitting of 17 
G with a g-factor of 2.01. 

ESR spectra of suspension of peritoneal 
macrophages (MP) specimens of mice incubated 
with AA (10 mM) (Figure 1 (1)) and without it 
(Figure 1 (2)) within 48 hours are shown in Figure 
1. Comparison of the spectra in Figure 1 (1) and 
Figure 1 (2) show that in the MP specimens 
incubated with AA for 48 hours, the intensive 
ESR signal is observed, in samples without AA, 
the signal is of low intensity. 

 

 
Figure 1. ESR spectra of samples of a 

suspension of peritoneal macrophages incubated 
for 48 hours at room temperature: (1) with AA (10 
mM in 0.01 M Tris-buffer); (2) without AA (0.01 M 

Tris buffer). Spectrum registration conditions: 
microwave power 20 mW, the amplitude of 

magnetic field modulation 5 G, measurement 
temperature 77 K 
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The ESR signal in MP samples incubated 
with AA is due to nitrosyl complexes of Heme-NO 
NC, and its appearance indicates the formation of 
nitric oxide in the studied cell systems. Figure 2 
shows the change in the intensity of the ESR 
signal in the MP suspension incubated for 20 and 
48 hours, both with and without AA. 

 

 
 

Figure 2. Change in ESR intensity signals of 
peritoneal macrophages suspension incubated 

for 20 and 48 hours at room temperature: in with 
and without AA. 

 
By 48 h, the intensity of the ESR signal of 

Heme-NO NC and, consequently, the amount of 
NO formed in the samples incubated with AA was 
more than three times higher than the intensity of 
this signal in samples without AA. 

A quantitative assessment showed that in 
these conditions, 1.5 x 109 NO molecules are 
produced in macrophages per cell by 48 hours 
under the action of AA. 

The optical absorption spectra of the 
supernatant of MP suspensions incubated at 
room temperature for 48 hours with and without 
AA were also analyzed. Figure 3 shows the 
optical absorption spectra of the MP supernatant 
in the region of 330-340 nm. 

In samples incubated with AA (Figure 3 
(b)), absorption was significantly higher (more 
than twice) than in supernatant samples of 
macrophages incubated without AA (Figure 3 
(a)). 

 

 

 
(a) 

 
 
 

 
(b) 
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(c) 

 

 
(d) 

 
Figure 3. Spectra of optical absorption of the 

supernatant suspension of macrophages 
incubated: (a) - without AA (control); (b) - with 

AA; (c ) - with AA + L-arginine; (d) - to samples of 
the supernatant (AA + arginine), the spectrum of 
which is shown in 3(c), immediately before the 

measurement, AA was added. 

 

The incubation medium consisted of Tris 
buffer with the addition of 2% cattle serum 
solution in control samples. AA or AA + L-
arginine were added in test samples, all in Tris 
buffer. It should be noted that the amount of 
nitrite formed in the samples in which the 
absorption spectrum is shown in Figure 3 (b) 
actually should really be more than registered 
since AA has not yet been used completely, part 
of the formed nitrite decomposes again under the 
action of AA with the formation of NO following 
the reactions in Equations 1 - 3 (Archer et al., 
1975): 

 
NO2- + H+  ↔  HNO2             (Eq. 1) 
 
2HNO2  ↔ N2O3 + H2O            (Eq. 2) 
 
N2O3 +  АA →  2H2O  + 2NO + DHA           (Eq. 3) 

 
And although nitrite can again be formed 

from the resulting NO, part of the NO is yet lost 
(leaves as a gas). Therefore, in experiments 
using the ESR method, when the formed NO 
molecules are accepted by hemoglobin, by 48 
hours, there was a more than 3-fold increase in 
NO amount compared to control samples, in 
contrast to the data shown in Figure 3(b), when 
the increase was slightly more than 2 times. 
Figure 3(c) shows the absorption spectrum of the 
supernatant of macrophages incubated in the 
presence of AA with the addition of L-arginine (10 
-3 mM), NO- synthase substrate and an additional 
source of NO, and in this case the absorption 
value (and, therefore, the amount of nitrite 
formed) was higher than in samples of 
macrophages incubated only with AA. After 
addition to the supernatant of MP incubated with 
AA and L-arginine, the absorption spectra of 
which are shown in Figure 3(c), ascorbic acid at 
the concentration of ≥5x10 mM, this absorption 
completely disappeared (Figure 3(d)) within 2-3 
minutes confirming that the absorption in the 
region of 330-340 nm was due to nitrite ions, 
which rapidly decompose under the action of AA 
by the decomposition reaction of nitrites under 
the action of AA according to the above 
equations (Eq. 1 – Eq. 3).  

Figure 4 shows the absorption spectra of 
macrophage supernatant samples after 
incubation with AA (10 mM) recorded regarding a 
control cuvette containing MP supernatant 
incubated without AA. Absorption in the region of 
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330-340 nm, due to nitrite and nitrate ions, the 
products of NO oxidation can be observed. This 
is one more evidence of the increased production 
of NO in MF under the influence of AA. 

 

 
 

Figure 4. The optical absorption spectrum of the 
supernatant suspension of macrophages 

incubated with AA for 48 hours, measured 
relative to a control cuvette containing a 
supernatant suspension of macrophages 

incubated without AA under the same conditions. 

 
The studies performed have shown that in 

peritoneal MP of SHK mice, NO synthesis in 
small amounts proceeds continuously without 
additional stimulating factors. And this is not a 
unique case. In the 1980s of the last century 
before the discovery of NO synthases, the 
formation of nitrosyl Heme-NO complexes was 
always observed during ESR study of the 
biotransformation of various biologically active 
compounds in isolated mouse liver tissues, and 
their number increased with the time of tissue 
incubation (Kuropteva and Pastushenko, 1985; 
Zhumabaeva and Kuropteva, 1986). Different 
hypotheses were made on NO appearance in the 
studied systems, but this effect became clear 
only after the discovery of NO-synthases. Now it 
is already well known that almost all cells in the 
liver tissue are able to express iNOS - 

hepatocytes, Kupffer cells, endothelial cells, Ito 
cells. The appearance of intense signals of 
Heme-NO NC during incubation of liver tissues 
indicated that NO synthesis in liver cells proceeds 
continuously without additional stimulating 
factors. It was also reported in (MacMicking et al., 
1997) that some rat kidney cells or rat ovarian 
follicles during certain phases of the cycle, just 
like airway epithelium, are able to express iNOS 
normally. But previously, there were no reports 
that iNOS is expressed in MP normally, without 
induction. 

The data obtained showed that AA is able 
to increase the synthesis of nitric oxide in 
peritoneal macrophages significantly and, 
therefore, activate NO-synthase. Using ESR, it 
was shown that after 48 hours incubation of MP 
with AA, the amount of NO formed was more 
than 3 times higher than in the samples 
incubated without AA. A quantitative assessment 
showed that each MP cell could synthesize up to 
1.5 × 109 NO molecules under the experimental 
conditions (in 48 hours). Due to the absorption 
spectra of nitrites / nitrates, less increase in NO 
synthesis was recorded than by ESR. This is due 
to the fact that in the ESR experiments, all 
formed NO molecules are accepted by Hb, 
leading to the appearance of stable Heme-NO 
NCs, whereas when recording absorption 
spectra, the formed nitrites can partially be 
decomposed under the action of AA until all AA in 
the supernatant is consumed according to 
scheme 1. 

To answer the question of the 
mechanisms of AA action, further studies are 
necessary. However, according to the data 
obtained and those available in the literature, it is 
possible to suggest that the main role of AA is to 
restore iNOS cofactors. NO-synthase is a 
carefully regulated enzyme, and for its normal 
functioning, 6 cofactors are necessary: FMN, 
FAD, NADH, BH4, NADPH, and calmodulin 
connected with the active center. Moreover, 
tetrahydrobiopterin (BH4), which is considered a 
necessary participant in the synthesis of NO as 
an active redox cofactor, is a key cofactor of 
iNOS (Heller et al., 1999; Huang et al., 2000; 
Hebel and Marletta, 1992). 

This suggestion is based on the literature 
data on the increase in the NADPH content under 
the action of AA and on its participation in the 
maintenance of BH4 in the reduced state. AA is 
necessary to prevent the irreversible oxidation of 
the key cofactor of the NO-synthase of 
tetrahydrobiopterin BH4 to dihydrobiopterin BH2 
and thereby maintain the iNOS activity. 
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Really, there are experimental data 
showing that the increased iNOS activity is 
associated with maintaining the iNOS key 
cofactor - BH4 in the reduced state (Nakai et al., 
2003; Huang et al., 2000; Hebel and Marletta, 
1992; Heller et al., 2001; Toth et al., 2002; 
D’Uscio et al., 2003). The data obtained in (Wu et 
al., 2002) that AA does not affect iNOS 
expression also confirm the suggestion of its 
participation as a reducing agent of the iNOS 
cofactors. 

This assumption is indirectly supported by 
data on the functioning of the cycle of the NO and 
arginine synthesis in MP, as in the active work of 
the cycle, the need in BH4 and NADPH increases 
significantly (Kuropteva et al., 2019). 

Previously there were reports on 
stimulation of NO formation by ascorbic acid in 
immunocompetent cells - animal and human 
leukocytes and some types of macrophages 
(Nakai et al., 2003; Mizutani and Tsukagoishi, 
1999; Kuropteva et al., 2000). We believe that 
this effect plays a main role in the stimulation of 
the human immune system by ascorbate. In 
bacterial and viral infections, both iNOS induction 
and induction of humoral factors, cytokines, occur 
(Nathan, 1995; Bogdan, 2001). Cytokines 
activate NO formation in white blood cells and 
macrophages. NO, inhibiting the respiratory 
system and DNA synthesis in target cells 
(pathogenic bacteria, tumor cells) slows their 
reproduction and contributes to the death of 
these cells. AA, the content of which is high in 
leukocytes and MP, supports the process of NO 
production. But at the same time, AA is 
consumed. Therefore, in order for leukocytes and 
MP to be able to synthesize NO in sufficient 
amounts, it is necessary to maintain a sufficient 
level of AA in the organism. 

The connection of the animal immune 
system with AA is confirmed by the fact that 
under adverse conditions in animals able to 
synthesize AA themselves AA immediately 
increases, the need in this vitamin increases 
several times. 

The fact that AA can support the human 
immune system has been known for many years. 
AA turned to be especially effective in the 
prevention and control of colds. But the 
mechanism of AA action and its involvement in 
antibacterial action was earlier unclear. We 
believe that established in the recent 

two decades effect of nitric oxide 
synthesis increase under AA action is the main 
one in the prevention and therapeutic effect of 

this compound, at least for colds. The fact 
observed in practice. 

 

5. CONCLUSION 
Thus, it was shown that AA increases NO 

synthesis in the peritoneal macrophages of SHK 
mice. The amount of synthesized NO depends on 
the duration of AA activity. Maintenance of NO 
production in the cells of the immune system is 
very important since it was established that NO 
produced by leukocytes and macrophages is their 
main means for the destruction of bacteria, 
viruses, tumor cells, and other pathogenic 
organisms (Farias-Eisner et al., 1994; Croen, 
1993; Bi and Reiss, 1995; Vazquez-Torres et al., 
2000; Sibille and Reynolds, 1990; Nathan, 1995). 

In mice macrophages and other 
immunocompetent cells, iNOS can synthesize 
NO for a long time after cell stimulation - for 
several hours or even days if there is a sufficient 
amount of arginine substrate and enzyme 
cofactors (Nathan, 1995; MacMicking et al., 
1997). In (Kuropteva et al., 2019), data were 
obtained that suggested that in cells capable of 
expressing iNOS, there is a special cyclic 
process for the synthesis of arginine and nitric 
oxide, in which citrulline formed with iNOS can 
again be used for the synthesis of L-arginine and 
NO formation. The existence of such a cycle in 
MP allows us to explain how immunocompetent 
cells provide high necessities for L-arginine, 
necessary for NO synthesis. Thus, macrophages 
provide themselves with arginine. But in addition 
to arginine, oxygen and 6 cofactors, including 
tetrahydrobiopterin and NADPH, are also 
required for the normal functioning of iNOS. With 
the depletion of reserves of compounds that 
ensure the operation of this molecular machine - 
iNOS, NO production decreases. This results in 
the decreased functional activity of leukocytes 
and macrophages and a decrease in their 
cytotoxic / cytostatic effect on pathogenic 
organisms. As suggested above, AA action is 
probably associated with maintaining iNOS 
cofactors (in particular, BH4 and NADPH) in the 
reduced working condition. 

 Therefore, the possibility of increasing 
NO production in the cells of the immune system 
using AA is important for increasing the 
effectiveness of prevention and control of 
bacteria, viruses, tumor cells, and other 
pathogenic organisms. 
 
 



Periódico Tchê Química.  ISSN 2179-0302. (2020); vol.17 (n°34) 
Downloaded from www.periodico.tchequimica.com 

  280 

6. REFERENCES 
 

1. Archer, M. C., Tannenbaum, S. R., Fan, T. 
Yi., Weisman, M. Reaction of nitrite with 
ascorbate and its relation to nitrosamine 
formation. J Natl Cancer Inst., 1975, 54(5), 
1203-1205.  

2. Beltran, B., Mathur, A., Duchen, M. R., 
Erusalimsky, J. D., Moncada, S. The effect 
of nitric oxide on cell respiration: A key to 
understanding its role in cell survival or 
death. Proc. Natl. Acad. Sci. The USA, 
2000, 97, 14602-14607. 

3. Bi, Z., Reiss, C. S. Inhibition of vesicular 
stomatitis virus infection by nitric oxide. J. 
Virol., 1995, 69, 2208-2213. 

4. Billiar, T. R., Curran, R. D., Stuehr, D. J., 
West, M. A., Bentz, B. G., Simmons, R. L. 
An L-arginine dependent mechanism 
mediates Kupffer cell inhibition of 
hepatocyte protein synthesis in vitro. J. 
Exp. Med., 1989a, 169(4), 1467-1472. doi: 
10.1084/jem.169.4.1467  

5. Billiar, T. R., Curran, R. D., West, M. A., 
Hofmann, K., Simmons, R. L. Kupffer cell 
cytotoxicity to hepatocytes in coculture 
requires L-arginine. Arch. Surg., 1989b, 
124(12), 1416-1420. DOI: 
10.1001/archsurg.1989.01410120062013 

6. Bogdan, C. Nitric oxide and the immune 
response. Nat. Immunol., 2001, 2, 907–
916. 

7. Croen, K. D. Evidence for an antiviral effect 
of nitric oxide. J. Clin. Invest., 1993, 91, 
2446-2452. 

8. D’Uscio, L. V., Milstein, S., Richardson, D., 
Smith, L., Katusic, Z. S. Long-term vitamin 
C treatment increases vascular 
tetrahydrobiopterin levels and nitric oxide 
synthase activity. Circ. Res., 2003, 92, 88-
95. 

9. Fang, F. C. Perspectives series: 
host/pathogen interactions. Mechanisms of 
nitric oxide-related antimicrobial activity. J. 
Clin. Invest., 1997, 99, 2818–2825. 

10. Farias-Eisner, R., Sherman, M. P., 
Aerberhard, E., Chaudhuri, G. Nitric oxide 
is an important mediator of tumoricidal 
activity in vivo. Proc. Natl. Acad. Sci. The 
USA, 1994, 91, 9407-9411. 

11. Hebel, J. M., Marletta, M. A. Macrophage 
nitric oxide synthase: the relationship 
between enzyme-bound tetrahydrobiopterin 
and synthase activity. Biochemistry, 1992, 
31, 7160-7165.  

12. Heller, R., Munsher-Paulig, F., Grabner, R., 
Till, U. L-ascorbic acid potentiates nitric 

oxide synthesis in endothelial cells. J. Biol. 
Chem., 1999, 274, 8254-8260. 

13. Heller, R., Unbehaun, A., Schellenberg, B., 
Mayer, B., Werner-Felmayer, G., Werner, 
E. R. L-ascorbic acid potentiates 
endothelial nitric oxide synthesis via a 
chemical stabilization of 
tetrahydrobiopterin. J. Biol. Chem., 2001, 
276, 40-47. 

14. Hibbs, J. B. Jr., Taintor, R. R., Vavrin, Z. 
Macrophage cytotoxicity: Role for L-
arginine, deiminase, and imino nitrogen 
oxidation to nitrite. Science, 1987a, 
235(4787), 473-476. 

15. Hibbs, J. B. Jr., Vavrin, Z. Taintor, R. R. L-
arginine is required for expression of the 
activated macrophage effector mechanism 
causing selective metabolic inhibition in 
target cells. J. Immunol., 1987b, 138(2), 
550-565. 

16. Huang, A., Vita, J. A., Venema, R. C., 
Keaney, J. F. Ir. Ascorbic acid enhances 
endothelial nitric oxide synthase activity by 
increasing intracellular tetrahydrobiopterin. 
J. Biol. Chem., 2000, 275, 17399-17406. 

17. Keller, R. The macrophage response to 
infectious agents: mechanisms of 
macrophage activation and tumor cell 
killing. Res. Immunol., 1993, 144, 271-273. 

18. Krahenbuhl, J. L., Remington, J. S. The 
role of activated macrophages in specific 
and nonspecific cytostasis of tumor cells. J. 
Immunology, 1974, 113, 507-516.  

19. Kuropteva, Z. V., Bayder, L. M., Nagler, L. 
G., Bogatyrenko, T. N., Belaya, O. L. 
Synthesis of arginine and nitric oxide in 
cells with inducible NO synthase. Izv. RAS. 
Ser. Chem., 2019, 1, 174-180. 

20. Kuropteva, Z. V., Bayder, L. M., 
Zhumabaeva, T.T. The effect of ascorbic 
acid on the production of leukocytes of 
nitric oxide. Biophysics, 2000, 45(4), 671-
674. 

21. Kuropteva, Z. V., Pastushenko, O.N. 
Changes in paramagnetic complexes of 
blood and liver of animals under the 
influence of nitroglycerin. Rep. USSR 
Academy of Sciences, 1985, 281(1), 189-
192. 

22. Kwon, N. S., Stuehr, D. J., Nathan, C. F. 
Inhibition of tumor cell ribonucleotide 
reductase by macrophage-derived nitric 
oxide. J. Exp. Med., 1991, 174, 761-767. 

23. MacMicking, J., Xie, Q.-w., Nathan, C. Nitric 
oxide, and macrophage function. Annu. 
Rev. Immunol., 1997, 15, 323-350. 



Periódico Tchê Química.  ISSN 2179-0302. (2020); vol.17 (n°34) 
Downloaded from www.periodico.tchequimica.com 

  

281

 

24. Mizutani, A., Tsukagoishi, N. Molecular role 
of ascorbate in the enhancement of NO 
production in the activated macrophage-like 
cell line, J774.1. J. Nutr. Sci. Vitaminol. 
(Tokio), 1999, 45, 423-435. 

25. Nakai, K., Urushihara, M., Kubota, Y., 
Kosaka, H. Ascorbate enhances iNOS 
activity by increasing   tetrahydrobiopterin in 
RAW 264.7 cells. Free radical Biology and 
Medicine, 2003, 35, 929-937. 

26. Nathan, C. Natural resistance and nitric 
oxide. Cell, 1995, 82, 873–876. 

27. Sibille, Y., Reynolds, H. Y. Macrophages 
and polymorphonuclear neutrophils in lung 
defense and injury. Am. Rev. Respir. Dis., 
1990, 141, 471–501. 

28. Stuehr, D. J., Marletta, M. A. Induction of 
nitrite/nitrate synthesis in murine 
macrophages by BCG infection, 
lymphokines, interferon-gamma. J. 
Immunol., 1987a, 139, 518-525.  

29. Stuehr, D. J., Marletta, M. A. Synthesis of 
nitrite and nitrate in Murine macrophage 
сell lines. Cancer Res., 1987b, 47(21), 
5590-5594.  

30. Stuehr, D. J., Nathan, C. F. Nitric oxide. A 
macrophage product is responsible for 
cytostasis and respiratory inhibition in tumor 
target cells, J.Exp. Med., 1989, 169, 1543-
1555. 

31. Toth, M., Kukor, Z., Valent, S. Chemical 
stabilization of tetrahydrobiopterin by L-
ascorbic acid: contribution to placental 
endothelial nitric oxide synthase activity. 
Mol. Hum. RESRod., 2002, 8, 271-280. 

32. Vazquez-Torres, A., Jones-Carson, J., 
Mastroeni, P., Ischiropoulos, H., Fang, F. C. 
Antimicrobial actions of the NADPH 
phagocyte oxidase and inducible nitric 
oxide synthase in experimental 
salmonellosis. I. Effects on microbial killing 
by activated peritoneal macrophages in 
vitro. J. Exp. Med., 2000, 192, 227–236. 

33. Wasley, G. D. Animal Tissue Culture. 
Williams & Wilkens Co., Baltimore, 1972. 

34. Wu, F., Timl, K., Wilson, J. X. Ascorbate 
inhibits iNOS expression in endotoxin- and 
IFN-gamma-stimulated rat skeletal muscle 
endothelial cells. FEBS Lett., 2002, 520, 
122-126. 

35. Zhumabaeva, T. T., Kuropteva, Z. V. On 
the molecular mechanisms of the 
radiosensitizing effect of nitro compounds. 
Radiobiology, 1986, 26(5), 671-674. 

 

The Periódico Tchê Química (ISSN: 1806-0374; 2179-0302) is an open-access journal since 2004. Journal DOI: 10.52571/PTQ. http://www.tchequimica.com.
This text was introduced in this file in 2021 for compliance reasons.
© The Author(s) OPEN ACCESS.
This article is licensed under a Creative Commons Attribution 4.0 (CC BY 4.0) International License , which permits use, sharing , adaptation , distribution , and reproduction in any medium or format, as long as you give appropriate credit
to the original author (s) and the source , provide a link to the Creative Commons license , and indicate if changes were made. The images or other third-party material in this article are included in the article ’s Creative Commons license
unless indicated otherwise in a credit line to the material . If material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.


	24_VENIAMINOVNA_pgs_273_281+



