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ABSTRACT

The aim of this work was to study the immunomodulatory effects of lithium salt gamma-lactone of 2,3-dehydro-L-
gulonic acid (LiAc) on healthy blood leukocytes and leukemia cells in vitro.

Materials and methods. Peripheral blood lymphocytes and neutrophils obtained from healthy donors, as well as 
THP-1 cells (human monocytic leukemia) were used as test systems. To assess the proliferative activity, lymphocyte 
blast transformation was used. The antiproliferative effect was studied by the 3H-thymidine incorporation assay. 
Cytotoxic effects were studied using the Alamar Blue test. The effect on the phagocytic activity was studied using 
the method for assessing the neutrophil function during bacterial phagocytosis.
Results. LiAc exerted a dose-dependent effect on target cells, including antiproliferative and cytotoxic effects on 
leukemia cells and a stimulating effect on neutrophils in phagocytosis.

Conclusion. LiAc can be considered as a promising drug with immunomodulatory effects, including a suppressive 
effect on the proliferative activity of leukemia cells and a stimulating effect on immune mechanisms mediated by 
neutrophils and macrophages.
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effect, phagocytosis

Conflict of interest. The authors declare the absence of obvious and potential conflicts of interest related to the 
publication of this article.
Source of financing. The authors state that they received no funding for the study.

For citation: Plotnikov E.V., Tretyakova M.S., Krivoshchekov S.V., Kolobovnikova Y.V., Belousov M.V. 
Immunomodulatory effect of lithium salt gamma-lactone 2,3-dehydro-L-gulonic acid in vitro. Bulletin of Siberian 
Medicine. 2023;22(4):65–72. https://doi.org/10.20538/1682-0363-2023-4-65-72.

*  Plotnikov Evgeny V., plotnikov.e@mail.ru

Bulletin of Siberian Medicine. 2023; 22 (4): 65–72



66

Иммуномодулирующее действие литиевой соли гамма-лактон 
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РЕЗЮМЕ

Цель – изучение иммуномодулирующих свойств литиевой соли гамма-лактон 2,3-дегидро-L-гулоновой 
кислоты (LiAc) на нормальные лейкоциты крови и злокачественные лейкозные клетки in vitro.

Материалы и методы. В качестве тест-систем использованы лимфоциты и нейтрофилы периферической 
крови здоровых доноров, а также злокачественные клетки линии THP-1 (моноцитарная лейкемия челове-
ка). Для оценки пролиферативной активности использовалась реакция бластной трансформации лимфо-
цитов. Изучение антипролиферативного действия выполнено методом включения меченого 3Н-тимидина. 
Цитотоксические эффекты препарата исследованы с помощью аламарового теста. Изучение влияния на 
фагоцитарную активность выполнено с помощью метода оценки функциональной активности нейтрофи-
лов при фагоцитозе бактерий. 

Результаты. LiAc оказал дозозависимое влияние на клетки-мишени, что проявилось в антипролифератив-
ном и цитотоксическом действии в отношении лейкозных клеток и стимулирующем действии в отношении 
фагоцитирующих нейтрофилов. 

Заключение. LiAc может рассматриваться как перспективный препарат, обладающий иммуномодулиру-
ющими свойствами, включая супрессивное влияние на пролиферативную активность лейкозных клеток и 
стимулирующее действие на нейтрофильно-макрофагальное звено иммунитета.  

Ключевые слова: соли лития, иммуностимулятор, нейтрофилы, лимфоциты, моноцитарный лейкоз, анти-
пролиферативный эффект, фагоцитоз
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INTRODUCTION
The immune system is a complex self-regulating 

mechanism, providing specific and non-specific 
protection from both external pathogens and internal 
threats, including malignant cells. At the same time, 
an effective immune response implies a balance 
of immune activation to eliminate the antigen and 
immunosuppression, which prevents damage to one’s 
own healthy tissues. This balance is ensured by the 
interaction of macrophages, and regulatory T cells; by 
the induction of chemokines, cytokines, and antibodies; 
by the expression of the corresponding receptors and 
inhibition and proliferation of effector cells. 

Thus, normal functioning of the immunity is sup- 
ported by intrinsic immunostimulatory and immu- 
nosuppressive processes [1]. Providing an external 
regulatory effect on the immune system is a difficult task, 
which is currently achieved using immunomodulators, 
i.e. drugs that can stimulate, inhibit or regulate 
components or alter the functions of the immune 
system [2]. The compounds with immunostimulatory 
or immunosuppressive effects may belong to different 
chemical groups and have different biological targets. 
Mainly, immunomodulatory effects are realized 
through the influence on immunocompetent cells, the 
processes of maturation, migration, cooperation, as 
well as through the interaction of these cells and their 
products (cytokines) with the corresponding targets [3].

Many xenobiotics and chemical compounds 
have unidirectional immunotoxic effects, which is 
manifested by a negative impact on the functioning 
of both local and systemic immunity, and induced 
immunosuppression can lead to an increase in the 
incidence or severity of infectious diseases and cancer 
[4]. Therefore, the study of the immunomodulatory 
properties of promising biologically active compounds 
is an integral stage in the development of new drugs 
based on them. A substance acting on cellular immunity 
in vitro will have a complex non-specific effect on the 
entire immune system, due to high interconnectedness 
of the components. 

A significant number of immunostimulants are 
currently available as dietary supplements. However, 
their effect on the actual immune status is very 
contradictory. Not all immunostimulants have been 
tested with immunocompetent cells. It is especially 
difficult to test various herbal stimulants due to high 
variability of the composition and difficulties of 
identifying the active agent [5]. 

Targeted immunostimulation is one of the 
promising approaches to the treatment of cancer, while 

non-specific immunostimulation is considered as a 
maintenance therapy [6]. In general, immunotherapy 
is the most promising approach to cancer treatment 
and combines well with chemotherapy and 
immunostimulants to improve treatment outcomes [7]. 
Immunomodulators are an important component in the 
treatment of comorbid pathologies, which improves 
the prognosis of the primary disease. Recently, it has 
been shown that immune dysregulation can contribute 
to tumor progression [8]. Effective immunocorrection 
requires drugs that have low toxicity and a complex 
immunomodulatory effect and combine well with 
known methods of treating tumors, including 
chemotherapy and radiation therapy.

In this context, lithium preparations stand out due 
to the presence of a known immunotropic effect. A 
good example is lithium carbonate, which is widely 
used in psychiatric practice and is still the mainstay 
for the treatment of affective disorders, while having 
pronounced immunostimulatory properties [9, 10]. 
Lithium has stimulating effects towards hematopoiesis, 
and, thus, it is a drug for the recovery of the body after 
radiation exposure [11, 12].  The main molecular 
target explaining the hematopoietic effect of lithium 
is the effect on the intracellular enzyme glycogen 
synthase kinase-3 (GSK-3) [13]. 

 The role and positive effects of lithium in the 
treatment of cancer patients, including individuals 
after radiation exposure, have been studied [14]. It 
is important to note the ability of lithium to activate 
antiviral immunity [15]. During the coronavirus 
epidemic of 2020–2021, the effectiveness of lithium 
drugs in the treatment of COVID-19 was shown [16].  
The combination of these data forms a solid basis for 
an in-depth study of the mechanisms of lithium action 
and the search for new niches for its use, including the 
creation of new lithium-containing compounds with 
complex properties [17].

However, it should be noted that disorders 
related to oxidative stress play an important role in 
the pathogenesis of many socially sensitive human 
pathologies [18–20]. Oxidative stress is a fundamental 
phenomenon in biology that causes a cascade of 
reactions [21]. The influence of oxidative stress in 
autoimmune, mental, cardiovascular diseases, and 
cancer has been established, therefore, reduction 
of oxidative stress by antioxidant drugs is clinically 
justified in many cases [20].  In this context, it is 
important to obtain and study the properties of new 
lithium complexes with antioxidant activity towards 
immunocompetent cells, which reveals certain 
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prospects for obtaining drugs with combined activity 
that allow to modulate immunity and reduce oxidative 
stress in a wide range of pathologies [22–24].

The aim of this work was to study the effect of the 
lithium salt gamma-lactone of 2,3-dehydro-L-gulonic 
acid (LiAc) on the proliferative and functional activity 
of healthy blood leukocytes and leukemia cells, that 
will provide grounds for developing a promising 
antioxidant drug with immunomodulatory effects.

MATERIALS AND METHODS
Gamma-lactone of 2,3-dehydro-L-gulonic acid 

(ascorbic acid) and lithium carbonate (ACS, Sigma-
Aldrich, Germany) were used to synthesize the 
research object. The salt preparation reaction was 
carried out with stirring and heating up to 40 ºС in 
deionized water. The reaction product was washed 
and sterilized with ethanol, then dried. The identity 
of the compound was confirmed by atomic emission 
spectroscopy (AES with inductively coupled plasma 
iCap 6300 Duo), infrared spectroscopy (Agilent 
Cary), thermogravimetric analysis (thermal analyzer 
with mass spectroscopy SDQT 600, Thermo Electron 
Corp.). The elemental analysis found 33% (C), 5.33% 
(H), 8.1% (Li2O); theoretically calculated values were 
33.03% (C), 5.05% (H), 8.21% (Li2O). The water 
content in the salt was 16.15% (theoretical – 16.51%). 
The reaction product corresponded to the general 
formula LiC6H7O6*2H2O. The resulting powder was 
packed in sealed test tubes and used in experiments.

The effect of the synthesized lithium preparation 
on human immune blood cells was studied in vitro 
using the lymphocyte blast transformation (LBT). 
The method is based on the assessment of the 
transformation and proliferation of lymphocytes 
when exposed to various antigens and the mitogen 
phytohemagglutinin (PHA). Lymphocytes were 
obtained from whole blood samples of three healthy 
donors. Lymphocytes were isolated by density gradient 
centrifugation and resuspended in a standard RPMI 
1640 medium containing 20% fetal bovine serum, 
L-glutamine, and streptomycin. Aliquots of 0.1 ml 
(2×106 cells / ml) of the cell mixture were placed in 
microtest plates. The drug was added to the plate in 
concentrations of 0.1–0.001 mg / ml with or without 
PHA. The microtest plates were incubated for 72 hours 
at 37 °C in an atmosphere of 5% CO2. Stimulation with 
PHA, which induces cell proliferation, was used as a 
positive control. To do this, mononuclear cells (2 × 105 
cells per well) in a culture medium were introduced 
into the wells of a 96-well flat-bottomed plate in the 

presence of PHA (final concentration – 15 mcg / ml). 
The cells were also incubated for 72 hours at 37 °C 
with 5% CO2. 

In the last 24 hours of the cell culture process, 1 
µCi of [3H]-thymidine was added to each well of 
the experimental and control groups. The cells were 
collected by fiberglass filters (Seaton, Ind. Sterling, 
VA) and the amount of included [3H]-thymidine 
was determined using the liquid scintillation 
β-counter (Delta 300, model 6891, TM Analytic Inc., 
Netherlands).

The phagocytic activity of neutrophils was 
evaluated using bacterial phagocytosis [25]. 
Heparinized venous blood was washed with a medium 
199 by centrifugation of samples to determine the 
phagocytic activity of neutrophils. Gram-positive 
bacteria Staphylococcus aureus – H209 were used as 
a substrate for phagocytosis. Bacteria were added to 
the leukocyte suspension. The studied compound in 
various concentrations (0.1–0.001 mg / ml) was added 
to the microtest plates. The samples were placed in 
the incubator for 30 minutes and shaken every 10 
minutes. After incubation, the cells were fixed in 
formalin. Then the samples were centrifuged to make 
smears with the parameter determining phagocytosis. 
The smears were stained according to Romanowsky – 
Giemsa staining. Next, the following parameters were 
calculated. The percentage of active neutrophils was 
calculated as the number of neutrophils positive for S. 
aureus in terms of 100 neutrophils. The engulfment 
capacity of neutrophils was characterized by the 
phagocytic index, which was calculated as the total 
number of S. aureus cells engulfed by 100 positive 
neutrophils and divided by 100, which gives the 
average number of microbes engulfed by one active 
neutrophil. 

In the experiment, the THP-1 monocytic leukemia 
cell line was used at a concentration of 2 × 105 cells 
per well of a 96-well plate in a complete culture 
medium RPMI 1640 containing 10% fetal bovine 
serum, L-glutamine, and antibiotics. The cells were 
introduced into the wells of 96-well flat-bottomed 
plates in 100 mcl of medium. After that, LiAc was 
added in the dose range from 0.1 mg / ml to 0.001 mg / 
ml. Then, 1 µCi of [3H]-thymidine was added to each 
well. The cells were incubated for 24 hours at 37 °C 
with 5% CO2. The cells were collected by fiberglass 
filters (Seaton, Ind. Sterling, VA) and the amount of 
incorporated [3H]-thymidine was determined using 
the liquid scintillation β-counter (Delta 300, model 
6891, TM Analytic Inc., Netherlands).
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THP-1 monocytic leukemia cell lines and healthy 
human peripheral blood mononuclear cells were used 
as a biological object for cell cytotoxicity tests in vitro. 
The cytotoxicity of the studied drug was evaluated on 
cell cultures using the Alamar Blue assay.  The cells 
were cultured in a complete RPMI 1640 medium 
enriched with fetal bovine serum, L-glutamine, 
and antibiotics and plated into a 96-well plate with 
20,000 cells per well (in 180 mcl of medium). Then 
the drug was added to each well in the appropriate 
concentration (in the dose range of 0.1–0.001 mg / 
ml). Additional wells were used for untreated control 
(negative control) and control of dead cells (positive 
control). Then the plate was placed in the incubator 
with 5% CO2 and at a temperature of 37 °C. After 48 
hours of incubation, 20 mcl of Alamar Blue reagent 
was added to each well. The plate was placed back in 
the incubator for 4 hours. Then the optical density was 
measured at 570 nm (with background subtraction at 
620 nm). Cell viability was evaluated by the formula 
(sample optical density (OD) – positive control OD) 
/ (negative control OD – positive control OD) and 
expressed as a percentage of the surviving cells.

RESULTS
The study of the intensity of LBT after 

introduction into the culture of LiAc cells made it 
possible to establish the presence of a suppressive 
effect of the drug on lymphoproliferation, depending 
on the concentration. Thus, a dose of 0.1 mg / ml 
significantly inhibited cell proliferation by more than 
60% compared to the control group (Fig. 1).

T a b l e  

The effect of LiAc on the phagocytic activity of neutrophils,  
M ± SD

Parameter Control 0.1  
mg/ml

0.01  
mg/ml

0.001 
mg/ml

Percentage of active 
neutrophils, % 56 ± 3 61 ± 4 67 ± 5* 55 ± 4

Engulfment capacity of 
neutrophils, bact. units 4.2 ± 0.2 4.9 ± 0.2* 5.1 ± 0.5* 4.2 ± 0.3

Statistically significant differences in the experimental group vs. the 
control group (p ˂ 0.05)

Table 1 shows that after exposure to LiAc, 
the percentage of active neutrophils capable of 
phagocytizing staphylococci and the engulfment 
capacity of neutrophils in the dose range of 0.1–0.01 
mg / ml increase by 15–20%.

As can be seen from Table 1, LiAc does not 
significantly affect phagocytic activity in all dose 
ranges, but phagocytosis completeness at low 
concentrations increases slightly. The percentage of 
active neutrophils increases. The data obtained indicate 
the absence of an inhibitory effect on phagocytes in 
this dose range.

The cytotoxic effect of the drug on THP-1 cells 
was evaluated. The results are shown in Fig. 2. 

Fig. 1. The effect of LiAc on the lymphocyte PHA-stimulated 
proliferation (by the incorporation of 3H-thymidine (count per 
minute)).  Here and in Fig. 2, 3, the data are presented as M ± 

SD. * significant difference from the control, p ≤ 0.05 
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The effect of the drug on the functional activity of 
peripheral blood neutrophilic leukocytes of donors was 
studied using the model of incomplete phagocytosis. 
The obtained results regarding the effect of the drug 
on phagocytic activity are presented in Table. 

The antiproliferative effect of LiAc on leukemia 
cells was also evaluated; the results are shown in 
Fig. 3. Studying bioactivity on the THP-1 cell model 
made it possible to confirm the presence of the 
antiproliferative effect of the drug.
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Fig. 2. Cytotoxic effect of LiAc on THP-1 cells

Fig. 3. The effect of LiAc on the proliferative activity of THP-1 
cells, by 3H-thymidine incorporation (count per minute)
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DISCUSSION 

The obtained results revealed a noticeable 
antiproliferative effect of the drug on PHA-
stimulated lymphocytes in the LBT (Fig. 1). The 
effect on lymphocytes observed at the dose of 0.1 
mg / ml was statistically significant. In general, the 
antiproliferative effect on the mitogen-stimulated 
lymphocyte population under the influence of the 
studied drug correlates with the previously shown 
effect of ascorbic acid [26]. However, it is important 
to note that a stimulating effect on the activity of 
phagocytes was not observed. This study revealed 
a stimulating effect on phagocytosis parameters 
(Table). This phenomenon characterizes the complex 
properties of LiAc. At the same time, an increase in 
several parameters was noted, including the percentage 
of active neutrophils and the engulfment capacity  
of neutrophils in the concentration range of 0.1– 
0.01 mg / ml. No significant effect was recorded at 
lower doses. Stimulation of phagocytosis parameters 
may have a certain interpolation to cellular immunity 
in general. 

Based on this, it is possible to predict the presence 
of a mild immunostimulating effect in vivo. These 
data generally correlate with the literature data on the 
stimulating effect of lithium on hematopoiesis, and 
in particular on granulocytopoiesis [27]. Lithium-
mediated immunostimulation can be used in cases 
of leukopenia of various origins [28] and even 
immunodeficiency [29]. However, when lithium salts 
are used, the mechanisms of hematopoiesis induction 
are primarily due to the action of the cation. The 
anionic component of the salt provides new properties, 
for example, antioxidant, antihypoxant, and also 
participates in the regulation of hematopoiesis [30]. 
At the same time, there are studies showing the 
cytotoxic effect of antioxidants [31, 32]. In vitro, this 
effect has been proven for LiAc (Fig. 2), when a dose-
dependent decrease in the viability of the leukemia cell 
population was shown. These data were confirmed on 
other types of tumor cells and via in vivo testing in 
liver cancer [33]. The study by K. Pollireddy et al. 
shows the inhibitory effect of ascorbate on pancreatic 
tumors [34]. 

Our study on the effect of LiAc on the THP-
1 cell model with the incorporation of labeled 
thymidine confirmed the presence of a pronounced 
antiproliferative effect on actively dividing malignant 
cells (Fig. 3). Thus, the level of inhibition of malignant 
cell proliferation by the incorporation of 3H-thymidine 

24 hours after exposure to the drug at a concentration 
of 0.1 mg / ml decreased from 4,579 ± 327 count per 
minute from the baseline (in the control) to 2,293 ± 
241 count per minute (59% of the control values). 
Lower concentrations of the drug (0.001–0.01 mg / ml) 
did not have a suppressive effect on the cells  
(p ≤ 0.05).

It is obvious that the intracellular mechanisms of 
the established antiproliferative and cytotoxic action 
are non-specific to the cell type and are generally due 
to the ambivalent action characteristic of ascorbates, 
which exhibit an antioxidant effect only in small 
concentrations. It should also be borne in mind that 
high antioxidant parameters of a substance in vitro do 
not always reflect the effects obtained in vivo due to 
the limited assessment methodology [35]. Exposure 
to ascorbates at high doses leads to a pro-oxidant 
reaction and an increase in the intracellular level of 
ROS, primarily hydrogen peroxide [36]. This effect 
can be considered as the main non-specific component 
responsible for the antiproliferative effect of the drug. 
In this case, the dualism of in vitro action manifests 
itself through a dose-dependent decrease in cell 
viability and proliferation.

CONCLUSION
The drug showed a significant dose-dependent 

suppressive effect on actively dividing cells. 
Suppression was noted on tumor lines and on 
lymphocytes stimulated to divide in LBT. A non-
specific suppressive effect of the lithium complex in 
high concentrations was observed. At the same time, it 
was shown to have a stimulating effect on neutrophilic 
leukocytes, which play an important role in the 
resistance of the body to infections. The data obtained 
allow to consider the use of LiAc for developing drugs 
with immunomodulatory effect.
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