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Introduction

Vitamin C (L-ascorbic acid) is rapidly oxidized due to 
light, heat, and in aqueous solutions, so there have been 

numerous researches into developing stabilized forms of 
vitamin C to maintain or enhance its activity [1, 2]. There 
are various derivatives of vitamin C, each with unique char-
acteristics in terms of stability, skin absorption rates, and 
efficacy. The most common derivatives include ascorbic 
acid 2-phosphate, magnesium ascorbyl phosphate, tetrahex-
yldecyl ascorbate, and ascorbyl glucoside [3-6]. These are 
much more stable than conventional form of vitamin C, but 
they have been developed mainly for use in the field of skin 
care such as skin whitening and wrinkle care [7]. For this 
reason, they are not suitable for medication through orally or 
intravenously administration to activate immune functions. 
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Abstract: Vitamin C is a well-known antioxidant with antiviral, anticancer, and anti-inflammatory properties based on 
its antioxidative function. Aptamin C, a complex of vitamin C with its specific aptamer, has been reported to maintain or 
even enhance the efficacy of vitamin C while increasing its stability. To investigate in vivo distribution of Aptamin C, Gulo 
knockout mice, which, like humans, cannot biosynthesize vitamin C, were administered Aptamin C orally for 2 and 4 weeks. 
The results showed higher vitamin C accumulation in all tissues when administered Aptamin C, especially in the spleen. 
Next, the activity of natural killer (NK) cells were conducted. CD69, a marker known for activating for NK cells, which had 
decreased due to vitamin C deficiency, did not recover with vitamin C treatment but showed an increasing with Aptamin C. 
Furthermore, the expression of CD107a, a cell surface marker that increases during the killing process of target cells, also did 
not recover with vitamin C but increased with Aptamin C. Based on these results, when cultured with tumor cells to measure 
the extent of tumor cell death, an increase in tumor cell death was observed. To investigate the signaling mechanisms and 
related molecules involved in the proliferation and activation of NK cells by Aptamin C showed that Aptamin C treatment 
led to an increase in intracellular STAT3 activation. In conclusion, Aptamin C has a higher capability to activate NK cells and 
induce tumor cell death compared to vitamin C and it is mediated through the activation of STAT3.
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In some cases, their high stability means that the inherent 
antioxidant function of vitamin C is relatively low [8, 9], 
which consequently reduces their effectiveness as a vitamin 
C, because vitamin C should rapidly be oxidized for its con-
ventional anti-oxidant activity.

Recently, there is study that have focused on aptamers 
that bind to vitamin C to increase its stability and persistence 
in the body [10, 11]. Vitamin C in combination with aptamer 
is called as a “Aptamin C.” The reported efficacies of Apta-
min C are mainly based on its anti-inflammatory function, 
one of the most representative characteristics of vitamin C. 
Effective anti-inflammatory functions through the suppres-
sion of inflammatory cytokines like interleukin (IL)-6 and 
tumor necrosis factor-α in skin inflammation models using 
house dust mite (HDM) extracts and the down-regulation of 
glial cell-derived neurotrophic factor, which is closely related 
with itching during HDM-induced skin inflammation, have 
been reported [12]. Moreover, reports suggest it may improve 
symptoms in degenerative brain disease animal models like 
Parkinson’s and Alzheimer’s, neuronal diseases that don’t yet 
have a significant effective treatment, indicating its potential 
as an effective treatment or supportive therapeutic agent for 
diseases [13].

However, there has not been research on Aptamin C 
related to the activation of immune functions, which is a 
representative function of vitamin C. The immune system 
is divided into innate and adaptive immunity, based on the 
specificity, diversity, and memory of immune system [14, 
15]. It is further divided into humoral immunity, mediated 
by bodily fluids like antibodies and complement, and cell-
mediated immunity, mediated by immune cells including 
natural killer (NK) cells and cytolytic T lymphocytes (CTLs) 
[16]. Cell-mediated immunity by NK cells and CTLs is 
known to be an important immune system that primarily 
acts in antiviral immunity against virus-infected cells and 
antitumor immunity against tumor cells [17]. The activation 
of these cells is primarily induced by cytokines such as IL-2, 
IL-15, IL-22, and IL-32 [18, 19]. However, the production of 
these cytokines is typically increased in pathological situa-
tions, and unregulated production can lead to other immune 
diseases [20, 21]. Therefore, maintaining a minimal state of 
NK cell and CTL activation before pathological situations 
develop and responding quickly and effectively when viral 
infections or tumors occur is crucial.

Nutrients and foods, such as ginseng rich in saponin and 
mushrooms rich in beta-glucan, are known to play roles 

in the activation of NK cells and CTLs [22, 23]. Vitamin C 
is well-known for inducing the activation of NK cells and 
CTLs, with its effective antiviral and anticancer efficacy re-
ported in both in vitro and in vivo studies involving animals 
[24]. Despite some controversy, cohort studies involving hu-
mans have also reported that vitamin C shows effective an-
tiviral and anticancer efficacy [25-27]. Based on these facts, 
this study aimed to examine the activation level of immune 
cells, focusing on NK cells, by orally administering Aptamin 
C to Gulo knockout (KO) mice, which cannot synthesize 
vitamin C like humans and thus must receive vitamin C ex-
ternally to sustain life, in a human-like environment.

Materials and Methods

Animal model 
Gulo (–/–) KO mice (Strain: C57BL/6) were interbred 

and housed under specific pathogen-free conditions at the 
animal facility of the Seoul National University College of 
Medicine. After vitamin C supplementation was discon-
tinued for 3 weeks, the KO mice were maintained with the 
oral administration of vitamin C (3.3 g/L) and Aptamin C 
(vitamin C 3.3 g/L, aptamer 0.033 g/L) for 4 weeks. Animal 
experiments were reviewed and approved by the Institution-
al Animal Care and Use Committee of the Seoul National 
University College of Medicine animal facility (IACUC no. 
SNU-230601-2-2).

Aptamin C preparation 
Aptamer were dissolved in phosphate buffered saline 

(PBS) containing 1 mM of MgCl2 and heated for 30 minutes 
at 60°C to unfold aptamer. The production of Aptamin C for 
the purpose of verifying its efficacy in relation to the distri-
bution of vitamin C within the body through oral adminis-
tration is as follows. L-ascorbic acid (Sigma) was added to the 
aptamer in a ratio of 1:100 (w/w) and mixture sit for 30 min-
utes at room temperature (RT) to enable the aptamers to fold 
into their tertiary structures. L-ascorbic acid (Sigma) was 
added to the aptamer in a ratio of 1:50 (w/w) and mixture sit 
for 30 minutes at RT to enable the aptamers to fold into their 
tertiary structures. Aptamin C were stored at 4°C.

Measurement of vitamin C concentration 
After orally administering vitamin C and Aptamin C, 

the stomach, lungs, liver, brain, spleen, and adrenal glands 
were harvested at 2 and 4 weeks, quickly frozen in liquid ni-



Anat Cell Biol 2024;57:408-418  Tomoyo Agura, et al410

www.acbjournal.orghttps://doi.org/10.5115/acb.24.120

trogen, and then stored at –70°C until use. After measuring 
the weight, the tissues were homogenized with TissueLyser 
II (Qiagen) in PBS. The homogenates were centrifuged at 
14,000 rpm for 30 minutes at 4°C, and the supernatants were 
used for measuring vitamin C. The tissue homogenates were 
diluted in PBS, and vitamin C (ascorbic acid) was converted 
into its oxidized form, dehydroascorbic acid (DHA), after 
which the total DHA concentration was measured using a 
colorimetric microtiter plate assay kit (Immundiagnostik 
AG) according to the manufacturer’s instructions. The final 
concentration of vitamin C in each tissue was normalized to 
tissue weight.

Mouse NK cell isolation
NK cells from Gulo (–/–) KO mice were isolated from 

splenocytes. NK cells were then purified from splenocytes 
utilizing the NK cell isolation kit (Miltenyi Biotec). To sepa-
rate NK cell in splenocyte, negative selection was performed 
by auto MACS pro separator (Miltenyi Biotec) to obtain NK 
cell in splenocytes. To examine the purity of NK cells, stain-
ing with fluorescein isothiocyanate (FITC)-conjugated anti-
CD3e (BD science) and APC-conjugated anti-NK1.1 (BD 
science) was performed. Purified NK cells were used in cyto-
toxicity assay.

Inhibition assay
To observe the proliferation inhibition of Aptamin C 

treated NK-92, NK-92 was seeded in the 96-well plate at 
1×104 cells per well and pretreated with inhibitor STAT3 
50 μM (S3I-201; Sigma), inhibitor ERK 20 μM (PD98059; 
Sigma). NK-92 was treated in presence and absence of 20 μg/
ml of aptamin C and treated with IL-2 25 IU/ml for 48 hours. 
To examine the mechanism of NK-92 proliferation, the Ala-
mar Blue assay was performed. After 48 hours, 10% of the 
total volume of Alamar Blue reagent (Serotec) was added to 
each well of the plate. The plate was incubated for 6 hours at 
37°C absence of light. The absorbance was measured at 570 
and 600 nm using the SpectraMax iD3 and normalized with 
Softmax Pro software (Molecular Devices). The prolifera-
tion formula is as follows: % Reduction=[{(Absorbance 570 
nm sample–Absorbance 570 nm background)–(Absorbance 
600 nm sample–Absorbance 600 nm background)}/{(Absor-
bance 570 nm control–Absorbance 570 nm background)– 
(Absorbance 600 nm control–Absorbance 600 nm back-
ground)}]×100.

NK cytotoxicity assay
NK cells were obtained from Gulo (–/–) mice that were 

administered vitamin C (3.3 g/L) or Aptamin C (vitamin 
C 3.3 g/L, aptamer 33 mg/L) for 4 weeks following 3 weeks 
of vitamin C depletion. YAC-1 target cells were labeled by 
staining PKH-26 (Sigma) for 5 minutes at RT in the dark and 
then washed with complete RPMI media. NK cells (effector 
cells) were seeded in 96 well U-bottom plates into 5:1 and 
10:1 effector–target (E/T) ratios. After co-culture with YAC-
1 for 4 hours at 37°C in the atmosphere of 5% CO2, the co-
cultured samples were stained with 7-aminoactinomycin D 
(BD Science) for detection of dead cells in the samples. Flow 
cytometry analysis was performed using Flowjo software 
(BD Science) to analyze the data. The assay was conducted in 
triplicate for E/T ratios. In these experiments, spontaneous 
lysis of YAC-1 never exceeded 6%.

Flow cytometry
Splenocytes were obtained from Gulo (–/–) mice. These 

mice were given vitamin C (3.3 g/L) or Aptamin C (vitamin 
C 3.3 g/L, aptamer 33 mg/L) for 4 weeks following 3 weeks 
of vitamin C depletion. To detect CD107a surface marker 
expression, splenocytes were incubated with YAC-1 target 
cells at 100:1 E/T ratio in the presence of FITC-labeled anti-
CD107a Ab (BD Science) for 1 hour in 96 well U-bottom 
plates. Subsequently, Brefeldin A/Monensin cocktail (Invi-
trogen) was added for an additional 3 hours of incubation. 
To detect CD69 surface marker expression, splenocytes and 
YAC-1 were co-cultured at an E/T ratio of 100:1 for 4 hours. 
After co-culture, cells are stained with FITC-labeled anti-
CD69 Ab (BD Science). Expressions of CD69 and CD107a 
which are known to be activation markers of NK cells were 
assessed by flow cytometry. To analyze the data, analysis was 
performed using Flowjo software (BD Science). The assay 
was conducted in triplicate for E/T ratios.

Western blot analysis
Human NK cell line, NK-92 and splenocytes from Gulo 

(–/–) KO mice were cultured with vitamin C (20 μg/ml), ap-
tamer (0.2 μg/ml) and Aptamin C (a mixture of vitamin C 
[20 μg/ml] with aptamer [0.2 μg/ml] in a ratio of 1:100 [w/
w]) for 30 minutes. And then washed three times with PBS 
and lysed with lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM 
NaCl, 1% NP40, 0.25% sodium deoxycholate, and 1 mM 
EDTA) supplemented with a protease inhibitor cocktails 
(Sigma). Protein concentration was determined with the 
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BCA protein assay. Equal amounts of protein (30 μg/sample) 
from cell lysates were electrophoretically separated on 10% 
polyacrylamide-SDS gel with 100 V for 3 hours. The transfer 
of proteins from 10% SDS to nitrocellulose membrane (Mil-
lipore) was performed with 750 mA for 1 hour 30 minutes 
on ice. After the transfer, membranes were blocked with 5% 
nonfat milk in PBS containing 0.1% Tween 20 (PBS-T) for 1 
hour at RT. The blocked membrane was incubated with 5% 
nonfat milk, washed with 0.1% Tween 20-PBS for 1 hour, 
and then exposed to primary antibody (rabbit anti-human 
phosphorylation of STAT3 (p-STAT3) antibody [1:2,000; Cell 
Signaling], rabbit anti-human STAT3 antibody [1:2,000; Cell 
Signaling] or mouse anti-human β-actin antibody [1:5,000; 
Santa Cruz Biotechnology]) in 0.1% Tween-20-PBS at RT for 

1 hour. After the blots were washed, they were exposed to 
anti-rabbit IgG antibodies (1:5,000; Cell Signaling Technol-
ogy) for detection of p-STAT3 and STAT3 or with HRP-
conjugated anti-mouse IgG antibody (1:10,000; Cell Signal-
ing) for detection of β-actin as a secondary antibody at RT 
for 1 hour. The membranes were washed three times for 10 
minutes each wash and exposed to X-ray film after treatment 
with Lumi La, Femto (DoGenBio) detection reagents for 
visualization of immunoreactive proteins. The bands were 
analyzed for the density using the Image J software (NIH).

Statistical analysis
Data are presented as the mean±SD. To evaluate the level 

of vitamin C levels in tissues, One-way analysis of variance 
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Fig. 1. Comparison of vitamin C levels in the tissues of Gulo knockout (KO) mice treated with vitamin C and Aptamin C. Vitamin C levels 
were measured in the stomach, spleen, brain, liver, lung, and adrenal gland of Gulo KO mice (n=5) supplemented with vitamin C (3.3 g/L) and 
Aptamin C (vitamin C 3.3 g/L, aptamer 33 mg/L) for 2 and 4 weeks. Vitamin C level was measured by using a colorimetric microtiter plate assay 
kit as described in Materials and Methods. Data were analyzed by one-way ANOVA with Tukey’s multiple comparison test and presented as the 
mean±SD. Three independent experiments were performed. ns, not significant; WT, wild type. *P<0.05, **P<0.01, ***P<0.001.
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(ANOVA) was performed when multiple groups were com-
pared. Unpaired t-tests were applied to assess the relation 
between proliferation and Aptamin C in vitro. Statistical 
analysis was performed using the Prism software (GraphPad 
Software).

Results

Aptamin C shows in a higher duration and absorption 
rate of vitamin C in vivo compared to administering it 
as a vitamin C in its conventional form

We investigated how the absorption rate and duration of 
vitamin C in vivo differ when administered as Aptamin C 
compared to vitamin C in its conventional form. Gulo KO 
mice, which, like humans, cannot synthesize vitamin C by 
themselves, were deprived of vitamin C for 3 weeks to lower 
their internal vitamin C levels. Afterwards, they were orally 
administered vitamin C and Aptamin C for 2 and 4 weeks. 
And then, the amount of vitamin C in each organ, stomach, 

liver, lungs, spleen, and adrenal glands at 2 and 4 weeks after 
administration was measured. Even in the group given vita-
min C in its conventional form, an increase in the amount of 
vitamin C in each organ was observed at 4 weeks compared 
to 2 weeks. Interestingly, in the case of administration over 
4 weeks, the groups administered with Aptamin C showed 
higher levels of vitamin C in each organ compared to those 
given vitamin C in its conventional form (Fig. 1). This sug-
gests that administering vitamin C in the form of Aptamin 
C results in a longer duration and increased absorption rate 
of vitamin C in the body compared to a vitamin C in its con-
ventional form.

Aptamin C induces a higher increased expression of 
CD69 and CD107a compared to vitamin C

According to the results presented in Fig. 1, due to the 
high accumulation of vitamin C in the spleen from the oral 
administration of Aptamin C, it was desired to examine 
if the activity of immune cells present in the spleen also 
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Fig. 2. Effect of Aptamin C on expression of surface activation marker in immune cell. Splenocytes were isolated from Gulo knockout (KO) 
mice (n=4) supplemented vitamin C (3.3 g/L) and Aptamin C (vitamin C 3.3 g/L, aptamer 33 mg/L) for 2 and 4 weeks. Splenocytes were 
stained with antibodies specific to CD69 and CD107a as described in Materials and Methods. Representative flow cytometry graph is shown in 
CD69 expression (A) and CD107a expression (B). The CD69 and CD107a positive cell percentage represents on flow cytometry histogram. The 
presented data represent data analyzed from splenocytes of the four mice used in the experiment. Data were analyzed by one-way ANOVA with 
Tukey’s multiple comparison test and presented as the mean±SD. ns, not significant. *P<0.05, **P<0.01. 
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increased. We first measured and compared the weights 
of spleens extracted from the mice in each experimental 
group. There was a slight trend towards an increase in the 
groups treated with vitamin C, aptamer, and Aptamin C 
compared to the control group (control: 0.33±0.07 g, vitamin 
C: 0.36±0.03 g, aptamer: 0.35±0.03 g, Aptamin C: 0.35±0.03 
g), but this was not statistically significant. Furthermore, 
there were no significant differences observed among these 
three groups (data not shown). Among the immune cells, 
changes centered on NK cells and CTLs, which are impor-
tant for antiviral and anti-cancer immunity, were examined 
through the changes on the expression of CD69, a marker 
that increases at the early stage of activation, and CD107a, a 
marker that increases with the increase of apoptosis capabil-
ity of immune cells. As a result, the oral administration of 
vitamin C did not increase the expression of CD69. However, 
it was confirmed that the oral administration of Aptamin 
C increased the expression of CD69 (Fig. 2). Similarly, for 
CD107a, the oral administration of vitamin C did not induce 
an increase in CD107a, but a significant increase was ob-

served with the oral administration of Aptamin C (Fig. 2).

Aptamin C increases the tumor-killing ability of NK 
cells and CTLs more than vitamin C

Based on the results from Fig. 2, the tumor cell-killing 
ability of NK cells isolated from Gulo KO mice administered 
with Aptamin C orally was compared with that of NK cells 
isolated from mice administered with vitamin C. For this, 
spleen cells from Gulo KO mice administered with vitamin 
C and Aptamin C were isolated, and then NK cells were iso-
lated and cultured with tumor cells YAC-1 as a target cells at 
E:T ratios of 5:1 and 10:1, after which the extent of YAC-1 cell 
apoptosis was analyzed. At both 5:1 and 10:1 E:T ratios, the 
killing ability of NK cells obtained from mice administered 
with Aptamin C was observed to be higher than that of NK 
cells obtained from mice administered with vitamin C (Fig. 
3).

Aptamin C activates STAT3 in NK cells
To investigate the signaling mechanisms and related 
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Fig. 3. Cytotoxicity of natural killer (NK) cells in Gulo knockout (KO) mice supplemented with vitamin C and Aptamin C. Splenocytes were 
isolated from Gulo KO mice (n=4) supplemented vitamin C (3.3 g/L) and Aptamin C (vitamin C 3.3 g/L, aptamer 33 mg/L) for 2 or 4 weeks. 
And then NK cells were purified from the isolated splenocytes as described in Materials and Methods. Target cell, YAC-1 were prepared after 
labelling by staining with PKH-26 to distinguish YAC-1 from NK in flow cytometry analysis. Four hours co-culture of PKH26 labelled YAC-
1 with NK cells with 5:1, 10:1 effector–target ratio, 7-aminoactinomycin D (AAD) was stained for detection dead cell in the samples. Double 
positive cells with PKH26 and 7-AAD were gated and analyzed flow cytometry analysis. Dead cells were selected based on the YAC-1 target 
cells. The presented data represent data analyzed from splenocytes of the four mice used in the experiment.
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molecules associated with the proliferation of NK cells by 
Aptamin C, groups treated without IL-2 (a cytokine essential 
for NK cell proliferation and activation) and groups treated 
with IL-2 at a concentration that maintains baseline levels of 
NK cell proliferation were given treatments of vitamin C, an 
aptamer, and Aptamin C. The results showed an increase in 
NK cell proliferation in the group treated with both IL-2 and 
Aptamin C. Subsequently, to identify the intracellular signal-
ing factors involved in NK cell proliferation by Aptamin C, 
cells were pre-treated with specific inhibitors for STAT3, and 
ERK for 1 hour before treatment of Aptamin C. As shown 
in Fig. 4A, NK cell proliferation was inhibited in the cells 
treated with the STAT3 inhibitor S3I-201, indicating that 
Aptamin C-induced NK cell proliferation is dependent on 
STAT3 activation. This was confirmed at the protein level by 
treating the NK-92 cell line with Aptamin C and perform-

ing immunoblotting, which showed increased activation of 
STAT3 (Fig. 4B). Similarly, immunoblotting of NK cells from 
Gulo KO mice administered with Aptamin C confirmed in-
creased STAT3 activation (Fig. 4C), consistent with the find-
ings in the NK-92.

Discussion

Vitamin C, known as ascorbic acid, is a potent antioxi-
dant that plays diverse roles within the human body [28]. It 
supports the function of the immune system and is crucial 
in aiding the growth and repair of tissues [29]. Furthermore, 
vitamin C enhances the absorption of iron and aids in the 
synthesis of collagen [30-32], essential for maintaining the 
health of skin, bones, and connective tissues [33]. We have 
been conducting studies on the antiviral, anticancer, and 
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Fig. 4. Enhanced effect of Aptamin 
C on activation of STAT3 in NK 
cells. (A) Human natural killer (NK) 
cell line, NK-92 was pretreated with 
specific inhibitor for STAT3 (S3I-201, 
50 μM) and ERK inhibitor (PD98059, 
20 μM) for 1 hour, and then cells were 
incubated in the presence or absence 
of Aptamin C (mixture of vitamin 
C [20 μg/ml] with aptamer [0.2 μg/
ml]) in medium containing 25 IU/
ml of IL-2. NK-92 cell proliferation 
was assessed by Alamar Blue assay as 
described in Materials and Methods. 
(B) The phosphorylation of STAT3 
( p - S TAT 3)  i n  N K-9 2  up o n  t h e 
treatment of Aptamin C was analyzed 
by Western blot analysis. After cells 
were treated with Aptamin C for 30 
minutes, cell lysates were prepared 
and the p-STAT3 was analyzed as 
described in Materials and Methods. (C) 
Based on the results with NK-92, the 
p-STAT3 in murine NK cells upon the 
treatment of Aptamin C for 30 minutes 
was analyzed by Western blot analysis. 
Unpaired two-tailed Student’s t-test and 
one-way ANOVA with Tukey’s multiple 
comparison test were performed. Data 
is presented as mean±SD. ns , not 
significant. **P<0.01, ***P<0.001.
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anti-inflammatory effects of vitamin C over the past years [2, 
34]. Vitamin C is known to regulate the production of pro-
inflammatory cytokines including IL-6, IL-18, and IL-22 
and effectively inhibiting the occurrence and progression of 
several kinds of inflammatory diseases and cancer [35, 36].

NK cells are part of the innate immune system and are 
cells that possess potent antiviral and anticancer effects 
without being dependent on antigens [37-39]. Therefore, 
inducing NK cell activity is a crucial concept in immuno-
therapeutic approaches aimed at treating viral infections and 
cancer. However, excessive induction of NK cell activity can 
lead to serious autoimmune diseases, accompanied by severe 
damage to tissues or organs, hence NK cell activity must be 
induced within appropriate limits [40]. Antioxidants, includ-
ing vitamin C, are well-known substances that can induce 
immune activity within these limits, and previous studies 
have reported that vitamin C can effectively enhance anti-
viral and anticancer efficacy through the activation of NK 
cells and overall immune activity [34]. Nevertheless, vitamin 
C rapidly oxidizes when in solution or exposed to air, and 
although various studies have been conducted to compensate 
for this, applying it effectively in vivo still presents challeng-
es. In this regard, Aptamin C used in this study is considered 
a promising candidate to overcome the limitations of vita-
min C.

Aptamers are single-stranded DNA or RNA oligonucle-
otides with high affinity and specificity for their target 
molecules [12, 41, 42]. They can selectively bind to specific 
targets both inside and outside the body, making them use-
ful in diagnostics, therapeutic development, and biological 
research [43]. Aptamers are particularly valuable due to their 
high binding specificity, adjustable biocompatibility, and 
relatively low immunogenicity [42, 44]. An example of an 
aptamer-based therapeutic is Macugen (pegaptanib), used to 
treat age-related macular degeneration (AMD) [45, 46]. This 
drug specifically binds to the vascular endothelial growth 
factor contributing to vision loss in AMD, inhibiting its 
function [46, 47]. Thus, Macugen suppresses abnormal blood 
vessel growth and reduces macular edema, slowing vision 
loss in AMD patients. Aptamers binding specifically to vita-
min C can effectively inhibit the rapid oxidation of vitamin C, 
neutralizing free radicals and preventing cell damage more 
effectively [10, 47]. In other words, aptamers form a protec-
tive layer around vitamin C, preventing it from reacting with 
oxygen or other oxidizing agents, enhancing the stability of 
vitamin C, and maintaining its antioxidant effects over an 

extended period. This maximizes the health benefits of vita-
min C, including its anti-inflammatory, antiviral, and skin-
protective properties. The complex of aptamers and vitamin 
C, termed Aptamin C, could be utilized in developing more 
stable vitamin C formulations, such as injectables or oral 
supplements [11].

For vitamin C to be effective, the concentration accumu-
lated in organs is considered very important, perhaps even 
more so than its concentration in the blood [48]. As shown 
in Fig. 1, the concentration of vitamin C in various organs 
of the body demonstrates that orally ingested vitamin C is 
absorbed through the digestive system and then accumulates 
in various organs where it is used as needed. Particularly, 
the accumulation in the spleen, an immune organ, clearly 
explains the efficacy of vitamin C in activating immune cells 
including NK cells within these organs. Moreover, admin-
istering vitamin C in the form of Aptamin C leads to higher 
organ accumulation compared to administering vitamin C 
in its typical form, highlighting the advantage of Aptamin C 
over vitamin C in activating immune functions, especially 
the activity of NK cells. Specifically, in Gulo KO mice, which 
like humans cannot synthesize vitamin C endogenously, 
when vitamin C and Aptamin C were orally administered, 
and spleen cells were obtained and NK cells isolated and cul-
tured with tumor cells, the group administered Aptamin C 
showed higher expression of the NK activation marker CD69 
and the NK killing marker CD107a, as well as a higher direct 
killing capacity of target cells compared to the group given 
vitamin C. This suggests that intake of Aptamin C could be 
expected to enhance NK cell activity and its based antitumor 
capabilities (Figs. 2, 3).

It has been reported that the activation of immune cells, 
including NK cells, is mediated through the activation of 
STAT3 or ERK [35, 49], and our previous research has in-
dicated that the anti-inflammatory effects of vitamin C are 
mediated through the activation of ERK. Based on these 
findings, additional research was conducted to identify the 
intracellular mediators involved in the activation of NK 
cells by Aptamin C. As shown in Fig. 4A, treating the NK 
cell line, NK-92 with specific inhibitors for STAT3 or ERK 
showed no significant difference in the proliferation of NK-
92. However, when treated with baseline levels of IL-2 and 
Aptamin C, a remarkable increase in NK cell proliferation 
was observed, and this proliferation was effectively inhibited 
by the treatment with a specific inhibitor for STAT3, not by 
a specific inhibitor of ERK. These results indicate that Ap-



Anat Cell Biol 2024;57:408-418  Tomoyo Agura, et al416

www.acbjournal.orghttps://doi.org/10.5115/acb.24.120

tamin C induces the activation of STAT3 in NK cells, which 
was also confirmed by immunoblotting using NK-92 treated 
with Aptamin C and splenocytes isolated from Gulo KO 
mice administered with Aptamin C.

In conclusion, Aptamin C not only stabilizes vitamin C 
but also possesses characteristics of higher accumulation in 
organs compared to vitamin C, and it induces the activation 
of immune cells, especially NK cells, which play crucial roles 
in antiviral and anticancer immunity, through the activation 
of STAT3. Therefore, it is considered that Aptamin C can be 
effectively used as an adjuvant substance in enhancing im-
mune function targeting NK cells and in NK cell-based anti-
cancer therapies in the future.
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