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We reported, in previous experiments, that AA is a global regulator of cAMP pools. In this study, we dem-
onstrate that K873, an analog of AA we synthesized and presenting antiproliferative properties, has also
an impact on cAMP production. However, K873 has no antioxidant activity, at the contrary of AA. It defin-
itively demonstrates that action of AA on the cAMP production is not linked to antioxidant activity. These
data suggest that AA, and derivatives of this molecule, could be promising drug acting on biological pro-
cesses that are under the control of cAMP dependent pathway.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

In 2004, we demonstrated that treatment of a mouse model of
the Charcot-Marie-Tooth 1A disease (an inherited peripheral neu-
ropathy) by high doses of ascorbic acid (AA) reverts at least partly
the phenotype of transgenic mice [1]. This disease is due to the
over expression of a major gene of myelin, PMP22, and AA treat-
ment results in lowering PMP22 expression. In further experiments
we demonstrated that Schwann cell lines incubated with increas-
ing concentrations of AA results in a dosage dependant inhibition
of PMP22 expression. In addition, an evaluation of the intracellular
cAMP pool demonstrated that this pool is decreased when cells are
incubated with increasing concentration of AA [2]. This inhibition
is specific to AA and is not shared by other antioxidants [3].
Recently, using classical enzymatic experiments, we demonstrated
that AA is a competitive inhibitor of adenylate cyclase, probably
because AA and ATP present both the furanic ring of ribose [4].
Therefore, AA is probably a molecule that inhibits expression of
genes under the control of cAMP dependant pathway [for review,
5]. Finally, we demonstrated that AA inhibits cell proliferation
in vitro as well as in vivo [6]. These studies led us to propose AA
as a potential player in cell differentiation [5].

In order to validate our previous work and to develop poten-
tially more active molecules, we decided to synthesize derivatives
of ascorbic acid presenting a structure more similar to ATP, by
adding phosphate or adenine lateral chains to the furanic ring.
We synthesize a small series of derivatives of AA and tested their
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antiproliferative properties [7]. One of these new molecule
(K873, structure and synthesize has already been described in
[7]), presenting in vitro and in vivo antiproliferative and cytotoxic
agent on human cancer cells, has been selected.

In this article we demonstrated that this molecule lowers pro-
duction of cAMP as ascorbic acid does and that it inhibits PMP22
expression, as AA does but a lower concentration. We also demon-
strated that other vitamins with antioxidant properties, did not act
on the cAMP pool, at the exception of B-carotene that increases the
intracellular cAMP pool. The potential impact of these findings on
cellular processes, as cell proliferation, will be discussed.

2. Materials and methods
2.1. Sciatic nerves organ-culture

Sciatic nerves of CMT mice (C22) were surgically extracted and
deposited in 12 wells microplate containing a specific medium
composed of RPMI 1640 with 25 mM HEPES supplemented with
15% fetal bovine serum and 100 U/ml penicillin, 100 pig/ml strepto-
mycin (GIBCO®). Microplates were incubated at 37°C in 5%
C0,/95% air.

2.2. Schwann cell line culture

Cells were purchased from the American Type Culture Collec-
tion (ATCC). S16 line was derived from a primary culture of rat
sciatic nerve Schwann cells (Rattus norvegicus). Cells were grown
according to the manufacturer’s instructions in RPMI 1640 with
25mM HEPES supplemented with 10% fetal bovine serum
(GIBCO®) at 37 °C in 5% C0O,/95% air. Cells were counted under a
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Fig. 1. Schwann cell lines have been incubated (see methods) either with increasing doses of K873 (A) or AA (B). Production of cAMP has been evaluated as described in

methods.

microscope (10x lens) using a Neubauer hemocytometer. Cell
viability was estimated using Trypan Blue staining.

2.3. RNA extraction and RT-PCR

Total RNA was extracted using TRIZOL® reagent (Invitrogen™)
following the manufacturer’s instructions. To double-check RNA
integrity prior to use, the quality and concentration of each sample
was tested on an Agilent 2100 Bioanalyzer.

2 pg of total RNA from each sample (nerves) was reverse-tran-
scribed using Superscript II reverse transcriptase (Invitrogen™) to
produce cDNA. To compare the levels of PMP22 mRNA in nerves
treated by Ascorbic Acid, K873 or without treatment conditions,
cDNA was amplified with a thermocycler (Eppendorf-Mastercy-
cler®) using two primers pairs. The first one, primers was specific
for exon1A of PMP22 gene, the variant only expressed in Schwann
cells. The second one, for normalization, primers was specific for
mouse B-actin gene. The PCR product crosses an intron and does
not amplify from genomic DNA. Amplification was for 30 cycles.
After, PCR products were analyzed on 2% agarose gels. Pictures
were captured using a digital imager. Evaluation of band intensity
was accomplished using the Image] package.

2.4. RNA extraction and qRT-PCR

Total RNA of nerves was extracted from cells using TRIZOL® re-
agent (Invitrogen™) following the manufacturer’s instructions. To
double-check RNA integrity prior to use, the quality and concentra-
tion of each sample was tested on an Agilent 2100 Bioanalyzer.

Quantitative reverse-transcriptase PCR was performed using a
LightCycler® 480 Real-Time PCR System (Roche) with a universal
probe library (UPL). 2 pg of total RNA from each sample (nerves)
was reverse-transcribed using Superscript Il reverse transcriptase
(Invitrogen™) to produce cDNA. Mouse B-actin was used for data
normalization. The results were processed using comparative CT,
where the amount of the target, normalized to the endogenous ref-
erence and relative to a calibrator, is given by 2 4A¢T,

2.5. Evaluation of cAMP concentration

Intracellular cAMP level was measured using cAMP-Glo™
Assay (Promega Corp.). Briefly, 100 ul of S16 cells solution

(5 x 10*cells/ml) was deposited in a sterile 96-wells microplate
(culture treated) and incubated at 37 °C in 5% CO,/95% air. After cell
adhesion (24 h), culture medium was replaced by 20 pl of our com-
pounds solutions, prepared in “induction buffer”. Each solution dilu-
tion was tested in triplicate, and wells containing S16 cellsin 20 pl of
induction buffer alone were used as controls like basal level of
intracellular cAMP. Then, assay was performed according to the
manufacturer’s instructions. At the end, plates were read using a
microplate reader (Victor™ X4, PerkinElmer®). According to kit
instructions, “Induction Buffer” was composed with PBS containing
500 uM of 3-isobutyl-1-methylxanthine (IBMX) and 100 uM of 4-
(3-butoxy-4-methoxybenzyl)imidazolidin-2-one (Ro20-1724). The
IBMX and Ro20-1724 are inhibitors of phosphodiesterases and used
to prevent cAMP hydrolysis during the assay. In summary, this assay
evaluates cAMP production, as a consequence of adenylate cyclase
activity.

2.6. Evaluation of antioxidant potential by ORAC technology

Oxygen Radical Absorbance Capacity was measured according
to manufacturer kit instructions (YELEN, France). The principle is
to register degradation kinetics of a fluorescent probe subjected
to oxidative stress. Briefly, 25 pul of compounds solutions were
diluted in 150 pl of fluorescein solution and incubated 10 min at
37 °C. Then, 25 pl of AAPH (peroxyl radicals’ generator) solution
(37 °C) was added and fluorescence (Ex485/Em530) kinetics was
recorded with a fluorimeter microplate reader (Infinite® M200,
TECAN). Trolox was used as reference of antioxidant molecules.

2.7. Statistical analysis

Statistical analysis was performed using Prism® v5.0 GraphPad
software. For qPCR analysis and cAMP-Glo assay, we used the
Mann-Whitney two-tailed statistical significance test, with a
confidence interval of 95%. For ORAC assay, we used the “One-
way ANOVA” analysis with “Bonferroni’s Multiple Comparison
Test”. A p-value lower than 0.05 was considered significant. One
asterisk (*) indicates a p-value <0.05, two asterisks (**) a p-value
<0.01, and three asterisks (x*x) a p-value <0.001.
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Fig. 2. The same experiment has been conducted with AA, K873, Trolox, o- and y-Tocopherol and B-carotene. cAMP pool has been evaluated as in Fig. 2.

3. Results and discussion
3.1. Action of AA and KN873 on cAMP productionl
We previously demonstrated that AA is a global regulator of

cAMP pool [4]. In this article we asked the same question for a
derivative of AA, K873. Is this molecule, as AA, acts on cAMP

production? As our previous work has been performed using Schw-
ann cell lines, we used the same line in the present experiments
(516, [8]). cAMP production by S16 cells treated or not with AA
or K873, was evaluated (see methods). We could observe in
Fig. 1 that incubation of cells with increasing concentration of
either AA or K873 lowers cAMP production. This effect is dosage
dependent and ICsq is about 400 uM for AA and 80 uM for K873.
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Fig. 3. Sciatic nerves have been incubated in a specific medium (see methods)
without addition (1 and 4), with 0.5 mM of AA (2 and 5) and with 0.08 mM of K873
(3 and 6) during 24 h. RNAs was extracted. (A) RT-PCR has been performed using
primers specific of PMP22 Schwann specific transcript (1-3) or B actin (4-6) as
reference. (B) Same as in A but using qPCR technology (see methods).
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Fig. 4. (A) Antioxidant activity of K873 has been evaluated using the ORAC
technology. Antioxidant activity of AA and Trolox was also conducted as references.
(B) ORAC index of K873, AA and trolox and statistical analysis of results of ORAC
assays.

In a further experiment, we compared the impact of other vitamins
(A, D, E) or molecule (Trolox), described as antioxidant, on cAMP
production (Fig. 2). We could see that no molecules have an effect
on the cAMP production at standard concentrations, except p-car-
otene. However, this molecule did not lower cAMP production but
increases it. This interesting data will be discussed below. How-
ever, as a conclusion, K873 acts on cAMP production as AA does.

3.2. Action on PMP22 expression

Our preceding work on CMT1A disease demonstrated that AA
could act on gene expression via the modulation of intracellular
cAMP [1]. We demonstrated that AA inhibits expression of
PMP22, the gene involved in CMT1A, in a dosage sensitive way
[2]. Therefore, we evaluated the action of K873 on expression of
this gene. In order to be as close as possible of in vivo situation,
we developed a medium able to maintain surgical pieces of sciatic
nerve alive, without differentiation, during 1/2 days (see methods).
AA or K873 were added to the medium, RNAs extracted and
expression of the Schwann specific transcript of PMP22 was ana-
lyzed by RT-PCR and qPCR. We could observe in Fig. 3 that K873
inhibits PMP22 expression at lower doses than AA. This observation
suggests that this molecule is able to act on the expression of the
same genes as AA. Moreover, K873 could be a potential new drug
for CMT1A, inhibiting PMP22 over expression. Finally, this mole-
cule has been found not toxic in in vitro cellular tests [7].

3.3. KN873 is not an antioxidant

We demonstrated, in previous experiments, that AA lowers, in a
dose dependent, the intracellular cAMP pool. We also demon-
strated that this activity is not shared by other vitamins presenting
antioxidant properties. However, AA is an antioxidant. We thus
tested a potential antioxidant activity of K873, using the ORAC
technology, using AA and trolox as references [9-11]. Results are
presented in Fig. 4. These results demonstrated that K873 has no
significant antioxidant property. This demonstrates that action of
K873 on cAMP pool is not due to an antioxidant property. More-
over it confirms that the impact of AA on cAMP production is thus
not due to its antioxidant properties.

4. Conclusion

We demonstrated in previous work, that ascorbic acid is an inhib-
itor of the expression of the gene PMP22 [ 1], a gene over expressed in
CMT1A. We demonstrated, in further works, that this inhibition is
due to the action of AA on the intracellular pool of cAMP [2-4]. In this
article, we demonstrate that K873, an analog of AA, is also a dose
dependent inhibitor of cAMP production, as AA is (although K873
seems to act at lower concentration). Moreover, we demonstrated
that K873 inhibits expression of PMP22, the gene involved in CMT1A
and under the control of CAMP dependent pathways.

AA has been described for a long time only as an antioxidant,
and its biological activity linked to this property [5]. However,
there is actually an increasing number of data that demonstrate
that AA has function that could not be linked to its antioxidant
properties [12-14]. In this study, we demonstrate that an analog
of AA, K873, has no significant antioxidant properties but this mol-
ecule acts in cAMP production, and gene expression, as AA did. It
definitively demonstrates that action of AA on the cAMP pool is
not linked to antioxidant activity.

These data suggest that AA, and derivatives of this molecule,
could be a promising drugs acting on biological processes that
are under the control of cAMP dependent pathway. As we already
observed, these molecules are weak inhibitors and are thus proba-
bly global regulator of cAMP pool. This is probably why they are
not toxic [4]. It is well known that AA is not toxic, even at high con-
centrations, but we recently demonstrated that K873 is also not
toxic using in vitro cellular tests [7].

As a last conclusion, we tested the principle vitamin precursor
(A, C-E), that has been associated with an antioxident activity. We
detected only one, B-carotene, the precursor of retinoic acid, ex-
cepted AA, that acts on cAMP production. However, this molecule
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did not inhibit cAMP production but enhances it. This is particularly
interesting as retinoic acid has been demonstrated as an activator of
cAMP production [15]. On the contrary AA, and its analogs, lower
cAMP pool and repress cell proliferation. These two molecules could
thus act in competition on different cell processes like cell differen-
tiation. This will be a very promising way in future researches.
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