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In this study, we investigated the properties of ascorbic acid (vitamin C), which is a naturally occurring water-
soluble vitamin. Our goal is to evaluate its pro-oxidative and/or antioxidant capabilities. To do this, we initially
used a confocal laser scanning microscope (CLSM) to visualize the differentiation pattern in U-937 cells under the
treatment of variable concentrations of ascorbic acid. Prior to induction, U-937 cells showed a spherical
morphology. After treatment, significant morphological changes were observed in the form of prominent
pseudopodia and amoeboid structures. Interestingly, pseudopodia incidences increased with an increase in
ascorbic acid concentrations. In addition, our analysis of protein modification using anti-malondialdehyde an-
tibodies showed changes in more than one protein. The findings reveal the link between the differentiation of U-
937 cells into macrophages and the protein modifications triggered by the production of reactive oxygen species
when U-937 cells are exposed to ascorbic acid. Furthermore, the transformation of ascorbic acid from a pro-
oxidative to an antioxidant property is also demonstrated.

Pro-oxidant

1. Introduction

Ascorbic acid (vitamin C) is a natural water-soluble vitamin and a
potent reducing and antioxidant agent [1-3]. It functions in fighting
bacterial infections, in detoxification, and, in the formation of collagen
in fibrous tissue, teeth, bones, connective tissue, skin, and capillaries,
besides absorption of iron [4,5]. Since it is obtained from food and
available through a wide range of supplements, severe deficiency caused
by ascorbic acid is rather rare. In unusual cases, it can lead to conditions
such as weakness, fatigue, joint and muscle aches, and bleeding gums,
which are also symptoms associated with scurvy [6].

Ascorbic acid is a powerful antioxidant and helps to protect the body
from the harmful effects of free radicals [7] Besides this, ascorbic acid is
essential for the synthesis of collagen, helps in stimulating the produc-
tion of white blood cells, iron absorption, synthesis of neurotransmitters.
It also acts as natural antihistamines and promotes the formation of
connective tissues [8-12]. Free radicals or reactive oxygen species (ROS)
are unstable molecules that can damage cells and are associated with the

development of chronic diseases such as cancer, heart diseases, and
Alzheimer’s disease [13-17]. Ascorbic acid, as an antioxidant, neutral-
izes free radicals by providing electrons to stabilize them, thus reducing
their ability to cause cell damage [1,2]. It also helps regenerate other
antioxidants, such as vitamin E, and further improves antioxidant
properties [18,19]. It is also known for its anti-inflammatory effect; it is
important to note that the body can absorb only limited amount of
ascorbic acid at a time and that excessive amounts are excreted in the
urine. Ascorbic acid supplements are usually safe, but excessive intake
can cause side effects such as diarrhea, nausea, and stomach cramps.
Ascorbate (/ascorbate anion) can induce the transformation of Fe3*t
into Fe2+, which can lead to the formation of the hydroxyl radical (HO®)
in the cytoplasmic pool. Due to this property, ascorbate (/ascorbate
anion) can also act as a pro-oxidant. Additionally, the oxidation of
ascorbate results in the generation of the ascorbyl radical (AH®) via
monodehydroascorbate radical (A*) [20,21]. Hence, it is essential to
approach hypothesis formulation with utmost care to ascertain whether
the experimentally obtained results stem directly from ascorbate or ROS
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during cell supplementation.

In the current study, we aimed to evaluate the pro-oxidant and
antioxidant capabilities of ascorbic acid. We have used the U-937 cell
line, which is a pro-monocytic myeloid leukemia cell line of human
origin [22]. Under in vitro conditions, an unlimited number of uniform
cells can be prepared from U-937 cells [23]. These leukemia cells bear
the t(10; 11)(p13; q14) translocation, which results in a fusion between
the MLLT10 (myeloid/lymphoid or mixed-lineage leukemia) gene and
the Ap-3-like clathrin assembly protein PICALM (clathrin assembly
lymphoid myeloid leukemia), which is likely important for the tumorous
nature of the cell line [24]. We investigated the relationship of ROS
production under the effects of variable concentrations/the length of
incubation of ascorbic acid. When the immune reactions are activated,
monocytes migrate to different tissues and organs within the body. After
reaching the target, depending on the specific signals from local
micro-environments, they can be differentiated into diverse types of
cells. One of the principal cell types which can be differentiated from
monocytes are the macrophages. The monocyte-to-macrophage differ-
entiation process involves several phases: Upon accessing the target
tissue, monocytes are exposed to cytokines/chemokines which are
secreted by the neighbouring cells. Following this, signalling pathways
within the monocytes are initiated leading to changes in gene expres-
sion/cellular morphology, which is also a typical characteristic of
macrophages. Macrophages acquire enlarged morphology with
increased capacity for phagocytosis. Additionally, it has been known
that the gene expression profile shifts to support macrophage-specific
functions such as the generation of inflammatory mediators and the
potential for antigen presentation.

Visualization of differentiation under induction was accomplished
utilizing confocal laser scanning microscopy (CLSM). Interestingly, it
has been shown that ascorbic acid has the potential as a differentiation
agent, i.e., unspecialized cells become specialized in different types of
cells with specific functions. Research shows that ascorbic acid can
induce differentiation in various types of cells, including stem cells,
cancerous cells, and immune cells [25,26]. In immune cells, ascorbic
acid has been shown to improve the differentiation and function of
certain types of immune cells, including T cells and dendritic cells.
Overall, the ability of ascorbic acid to induce differentiation in different
types of cells is an interesting field of research for potential therapeutic
applications. Thus, instead of inducing differentiation using another
chemical stimulant, we evaluated the dependence and relation of three
parameters: differentiation induction of monocytes to macrophages in
U-937, pro-oxidant concentration, and antioxidant concentration of
ascorbic acid. Furthermore, protein immunoblotting was used to un-
derstand protein modification. Our results show a correlation between
the differentiation of U-937 cells into macrophages and protein modi-
fication under the effect of generated ROS.

2. Materials and methods
2.1. Chemicals and antibodies

For blotting, a polyclonal anti-malondialdehyde (anti-MDA) anti-
body suitable for the measurement of MDA was used. The primary
antibody was purchased from Abcam (Cambridge, CB2 0AX, UK) [Anti-
Malondialdehyde antibody (ab27642)]; CD11b Monoclonal Antibody-
FITC from eBioscience™ (ThermoFischer Scientific, USA) and second-
ary antibody was purchased from Bio-Rad (Hercules, CA, USA) [Goat
Anti-Rabbit IgG-HRP Conjugate (1706515)]. Cell culture medium, an-
tibiotics, and inhibitors used were from Biosera (Nuaillé, France) and
Roche (Mannheim, Germany).

2.2. Cell line and growing condition

The U-937 cell line is a human pro-monocytic myeloid leukemia cell
line [22] obtained from the American Type Culture Collection (ATCC;
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Rockville, MD, USA). The TC20 automated cell counter (Bio-Rad Labo-
ratories, Hercules, CA, United States) was used to determine cell density
and was monitored using 0.25 % trypan blue dye. Experiments were
performed when viability was close to or above 70 %. To growth me-
dium (RPMI-1640) pre-supplemented with 0.05 mM r-glutamine were
added 10 % fetal bovine serum (FBS) and 1 % of the antibiotics (peni-
cillin and streptomycin) in v/v ratio.

2.3. Induction of differentiation

The differentiation of U-937 cells was studied under ascorbic acid
concentrations ranging from 0.1 to 10 pM. Culture medium with 1x10°
cell suspension/mL was supplemented with ascorbic acid at the final
concentration of either 0.1 pM, 1 pM, 5 pM or 10 pM for 72h, and fol-
lowed by a resting phase of 24 h to achieve cell adhesion and express
macrophage characteristic cytokine expression. For validation, we also
employed a widely recognized differentiation inducer, phorbol 12-myr-
istate 13-acetate (PMA) (Sigma Aldrich, St. Louis, Missouri, United
States) at final concentrations of 150 and 250 nM. The timing of the
induction protocol was deduced from our pilot experiments focusing on
U-937 cell differentiation stages in relation to ascorbic acid treatment.

2.4. Cell viability assay

The TC20 automated cell counter was used to determine the cell
viability (expressed as total cell counts mL 1) after incubation of U-937
cells with 0.25 % trypan blue in a ratio of 4:1 for approximately 2 min.
Trypan blue is used to determine the ratio of living and dead cells in a
cell suspension, and it is because the dye enters only dead cells and
stains them blue, while live cells have intact cell membranes and remain
bright and unstained [27]. In our experimental condition, cell density
and viability were measured after treatment of U-937 cells with ascorbic
acid for 72 h and following the 24 h resting period. The data obtained
are presented in Fig. 1.

2.5. Confocal laser scanning microscopy

A Fluorview 1000 confocal unit attached to the IX80 microscope was
used to image U-937 cells on glass slides (Olympus Czech Group, Prague,
Czech Republic). Staining with FM4-64 (15 pM, RT), which is a lipo-
philic dye was used to monitor cell membrane integrity, and Hoechst
33342 (2 pM, RT) was used to visualize the nucleus under the experi-
mental conditions mentioned. FM4-64 excitation was done using a 543
nm He-Ne laser and its emission was recorded in the range of 655-755
nm. The cells were co-stained with FM4-64 and Hoechst 33342 [Sigma
Aldrich GmbH (Germany)]. Following an incubation of 5 min, the cells
were transferred to a glass slide for visualization. For immunohisto-
chemistry, after treatments with 5 pM and 10 pM ascorbic acid for 48 h,
the culture medium was removed from the culture plates, and 3.5 %
paraformaldehyde was added for cell fixation for 30 min. The cells were
then washed three times with phosphate buffered saline containing 0.1
% Tween-20 (PBST) for 5 min each.

Afterward, the fixed cells were blocked with 0.5 % BSA in phosphate
buffered saline (PBS) for 30 min at room temperature (RT). Subse-
quently, the blocked samples were probed with CD11b Monoclonal
Antibody-FITC (dilution 1:2500) for 60 min at RT, followed by three
washes with PBS (5 min each) and Immunofluorescence was measured
using excitation achieved by a 488 nm line of an argon laser, and the
signal was detected by a 505-550 nm emission filter.

2.6. Protein immunoblotting

Ascorbic acid (72 h, 0.1-10 pM) or PMA (72 h, 150 and 250 nM) pre-
treated U-937 cells were incubated in serum-free medium for 24 h
(resting time), cells were then collected by centrifugation and washed
with phosphate buffer saline (PBS) (pH 7.4) twice. Following this step,
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Fig. 1. Cell viability of U-937 cells. U-937 cells at different concentrations of
ascorbic acid (0.1 pM, 1 pM, 5 pM and 10 pM). The data are presented as the
mean value (+SE) of biological replicates (n = 2).

cells were sonicated in RIPA lysis buffer [150 mM NacCl, 50 mM Tris (pH
8.0), 0.5 % sodium deoxycholate, 0.1 % SDS, 1 % NP-40] containing 1 %
(v/v) protease and phosphatase inhibitor. The processed homogenate
was centrifuged at 14,000 rpm (30 min, 4 °C) and the collected super-
natant fraction was quantified using a Pierce BCA protein estimation kit
(Thermo Fisher Scientific, Paisley, UK).

For anti-MDA blotting, samples were prepared with 5x Laemmli
sample buffer along with 100 mM Dithiothreitol (DTT); and a protein
concentration of 10 pg/lane was used for electrophoresis. The protein
samples were then boiled for 10 min at 70 °C. The proteins were
seperated on 10% SDS gels and then transferred to nitrocellulose
membranes using the Trans-Blot Turbo transfer system (Bio-Rad, Cali-
fornia, USA). The nitrocellulose membranes were then blocked for 90
min at room temperature (RT) with 5 % BSA in tris-buffered saline (TBS)
(pH 7.4) and 0.1 % Tween 20 (referred to as TBST). The blocked
membranes were probed for 90 min at RT with anti-MDA antibody
(dilution 1: 5000) followed by 3X washing (10 min each) with TBST;
incubated for another 90 min at RT with HRP-conjugated goat anti-
rabbit secondary antibody (dilution 1:10000). Following 3 steps of
TBST (10 min each), immunocomplexes were imaged using the Amer-
sham imager 600 and Immobilon Western Chemiluminescent HRP
Substrate (Sigma Aldrich, GmbH, Germany) (GE Healthcare, UK).
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3. Results
3.1. Cell viability using the trypan blue exclusion test

Quantitative estimation of viable cells exposed to varying concen-
trations of ascorbic acid in U-937 cells was carried out using trypan blue.
U-937 cells were treated for 72 h followed by a 24 h of resting period. In
Fig. 1A, the gray bar indicates the total cell count, while the green bar
indicates the number of live cells within the population (SE, n = 2),
while Fig. 1B indicates the cell viability after the resting period. From
Fig. 1, it is evident that cell viability under different concentrations used
in the experiments is more than 80 % with ascorbic acid treatment.
There was a minor/negligible effect noticed in comparison to the control
at different concentrations. Therefore, it is considered that the cells are
metabolically active in response to the treatments.

3.2. Cell differentiation induced by ascorbic acid and various inducers

Visual changes were monitored 72 h after the addition of ascorbic
acid using a confocal laser scanning microscope. Cell morphology was
altered after 72 h of incubation with doses of ascorbic acid. When
exposed to various differentiation inducers such as PMA, dimethyl
sulfoxide (DMSO), retinoic acid, Zn2+, 12-O-tetradecanoylphorbol-13-
acetate (TPA), and low concentrations of glutamine, pro-monocytic
cells tend to undergo maturation into monocytes or macrophages. To
confirm whether the cellular integrity of the U-937 cells under the
experimental conditions does not lead to damage of cells, FM4-64 which
is a lipophilic styryl compound, and Hoechst 33342 were used. It can be
observed that in U-937 cells treated with variable concentration of
ascorbic acid (Fig. 2), no obvious cell damage occurred, and cellular
integrity (red fluorescence) and nuclear integrity (blue fluorescence)
were maintained under all conditions. Differentiated U-937 cells have
distinct extensions bearing amoeboid morphology. Before the treatment,
the cell morphology exhibited a clear, spherical structure, whereas, after
treatment, significant morphological alterations can be observed in the
form of prominent pseudopodia, the incidence of which can be seen to
be higher with increasing concentration of ascorbic acid from 0.1 yM
until 5 pM. A reduction in these morphological structures was observed
at higher concentrations of ascorbic acid (10 pM) (Fig. 2).

3.3. Expression of cell surface marker CD11b

To confirm the differentiation of pro-monocytic cells into macro-
phages, we tracked the expression of the CD11b surface marker. As
shown in the results (Fig. 3), it is evident that in untreated U-937 cells,
the surface marker expression is minimal. However, in cells treated with
ascorbic acid (at 5 and 10 pM concentrations), FITC fluorescence is
visibly present under both treatment conditions.

3.4. Effect of ascorbic acid in U-937 cells and associated protein
modification

Protein modification occurs when MDA, a reactive aldehyde com-
pound, reacts with amino acid residues of proteins, resulting in the
formation of MDA-protein adducts. This is often used as a marker of
oxidative stress and lipid peroxidation in cells and tissues. Whole-cell
homogenate from U-937 cells treated with PMA and ascorbic acid
separated using SDS-PAGE followed by immunoblotting using anti-
malondialdehyde (anti-MDA) antibody showed modification of more
than one protein. In PMA-treated U-937 cells, the formation of MDA is
most pronounced as displayed by protein bands at approximately 40 kDa
(Fig. 4A) which is also evident from the densitogram presented in
Fig. 4B. In ascorbic acid treated U-937 cells, the formation of MDA is
most pronounced in the protein bands at approximately 20 kDa and 40
kDa, and this effect becomes more prominent with increasing concen-
trations of ascorbic acid (Fig. 5A and Supplementary data 1). A
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Hoechst 33342

Fig. 2. Double staining using Hoechst 33342 and FM4-64 in 72 h differentiated U-937 cells. Differentiation was induced using variable concentrations of ascorbic
acid (0.1-10 pM). Images were captured in various channels at a magnification of 1000 x after staining for 5 min (from left to right are Nomarski DIC, FM4-64 and
Hoechst 33342). For each variant, the presented images represent several scans conducted on both biological and technical replicates.

consistent and linear increase in band intensity at this molecular weight
range is observed in treated cells, especially with 1 pM and 5 pM
ascorbic acid, as indicated in the densitogram shown in Fig. 5B. Notably,
in cells differentiated with 10 pM ascorbic acid, a sudden decline in band
intensity is evident. We confirmed our findings by employing reverse-
phase HPLC to measure the concentration of MDA in cells treated with
1 and 5 pM ascorbic acid, comparing them to the control (indicated as -).

A significant increase was observed in case of ascorbic acid differenti-
ated cell (supplementary data 2). These findings can be associated with
the differentiation pattern illustrated in Fig. 2. Unexpectedly, the band
intensity at 40 kDa exhibits a slight reduction in the 0.1 pM ascorbic
acid-treated sample when compared to the control. We attribute this
phenomenon to potential non-specific interactions.
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FITC

Fig. 3. Expression of CD11b surface marker in cell treated without (upper panel) and in the presence of 5 pM (middle panel) and 10 uM (lower panel) of ascorbic acid
for 48 h. The images from left to right represent Nomarski DIC and FITC fluorescence.

4. Discussion

Monocytes are circulatory precursors that originate from a myeloid
lineage which can further differentiate into macrophages or dendritic
cells after recruitment in tissues and blood stream [28]. Our immune
system gains the advantage of phagocytosis, antigen presentation, and
cytokine production from these cells. U-937, a pro-monocytic cell lines
differentiate into macrophages or into dendritic cells in vitro in presence
of different inducers [29]. The basic feature of this cell line is the syn-
thesis and secretion of lysozyme with the absence of immunoglobulin
production.

When cells such as U-937 and THP-1 cells are exposed to differen-
tiation inducers such as PMA, retinoic acid etc., their proliferation is
slowed while the differentiation process is triggered. The monocytes

under these treatments are known as “macrophage-like” because of their
structure. However, the properties of the transformed cell line are not
yet well known. It depends on the dose and time of treatment with in-
ducers. Cells treated with different inducers have been shown to express
elevated levels of CD11b and CD14. It also starts to induce adherence
accompanied by cell cycle arrest [30]. Cell differentiation is also known
to activate the calcium and phospholipid-dependent isoforms of protein
kinase C (PKC) thereby inducing AMP metabolism, which leads to its
maturation into a macrophage [31,32]. It is now well accepted that the
treatment with differentiation inducers exogenously activates the
NADPH oxidase complex, which can lead to the formation of O3~ [33].
In the presence of superoxide dismutase (SOD), it can form HyOy and
subsequently HO® in the presence of transition metal ions [34]. During
the last decades, differentiation studies were done utilizing PMA and
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Fig. 4. A. Protein MDA adducts formed in U-937 cells treated with 250 nM
PMA. This illustrates protein modification in U-937 cells that were differenti-
ated for 72 h, visualized on blot with anti-MDA antibody. B. Quantification of
protein bands from an anti-MDA blot by densitogram analysis.

retinoic acid as inducers whereas, more recently, ascorbic acid has been
known to relate to cell differentiation [35], the molecular mechanism of
which is still unclear. Differentiation studies on dental stem cells have
been performed using ascorbic acid in the time range of 24-72 h;
however, the stability of ascorbic acid over the period of several days in
solution should be taken in account considering the instability of the
compound [36].

With the production of ROS in cells, biomolecules such as lipids,

Biochemistry and Biophysics Reports 37 (2024) 101622

proteins, and nucleic acids can be damaged. Reactive oxygen species can
directly oxidize proteins, leading to structural and functional impair-
ments, as well as the formation of protein aggregates and cross-linking.
Altogether, it can lead to change in normal protein folding and confor-
mation resulting which the protein-protein interaction and enzymatic
activity can be hampered. Amino acids, including but not limited to
cysteine, methionine, and histidine are known to be most affected by
ROS generation. Lipid particularly due to the presence of poly-
unsaturated fatty acids (PUFA’s) are prone to peroxidation leading to
the formation of lipid hydroperoxide and subsequently other reactive
lipid species. In our study, MDA which is formed as a by-product of lipid
peroxidation known to be generated through a series of reaction
involving cleavage of the peroxide bonds and rearrangement of the
resulting radicals. In addition to most damage to lipids and proteins,
ROS is known to react with DNA/RNA, oxidizing its bases, leading to the
formation of DNA adducts, chains, and DNA-cross links. If not repaired,
this can eventually lead to mutations and genomic instability that can be
responsible for disease development.

Our study shows the differentiation behavior of U-937 cells under
exogenous supplementation of ascorbic acid. During the process of cell
differentiation, it has been observed that there is a higher expression of
NADPH oxidase complex, which eventually can be hypothesized with
the increase in the production of ROS. Based on our previous study, we
observed a higher expression of NOX-4 in differentiated U-937 cells
[16]. There might be a direct/indirect role of ROS in the activation of
NADPH expression and eventually self-oxidation.

5. Conclusions

Prooxidative vs. antioxidative action of ascorbic acid (vitamin C) was
evaluated in relation to differentiation of U-937 cell line into macro-
phages. Analysis of protein modification using anti-malondialdehyde
antibodies showed changes in more than one protein. The findings
demonstrate the relationship between the differentiation of U-937 cells
into macrophages and the protein modification caused by the produc-
tion of ROS under the influence of ascorbic acid together with a switch
from pro-oxidative to the antioxidant property of the compound under
investigation. Findings from this study indicate ascorbic acid promotes
differentiation of monocytes into macrophages underlying its role in
immune response besides its antioxidant activity. Studies focusing on
ascorbic acid role in differentiation and development have to be
considered.
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