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Ascorbic acid is well known to acutely stimulate norepinephrine synthesis in neurosecretory cells, but it
has also been shown over several days to increase tyrosine hydroxylase mRNA and norepinephrine syn-
thesis in cultured neurons. Since tyrosine hydroxylase is the rate-limiting step in catecholamine synthe-
sis, an effect of ascorbate to increase tyrosine hydroxylase protein could contribute to its ability to
increase or sustain catecholamine synthesis. Therefore, we evaluated whether tyrosine hydroxylase pro-
tein expression and function is increased in SH-SY5Y neuroblastoma cells by physiologically relevant
intracellular ascorbate concentrations. SH-SY5Y neuroblastoma cells did not contain ascorbate and had
only very low levels of norepinephrine in culture with L-tyrosine, the substrate for tyrosine hydroxylase.
However, treatment of cells with ascorbate for 6 h or more markedly increased norepinephrine synthesis,
such that intracellular ascorbate and norepinephrine increased in parallel with half maximal intracellular
concentrations of about 1 mM ascorbate and 150 lM norepinephrine. This increase was enhanced by
supplementing tetrahydrobiopterin, but was not mimicked by several antioxidants or by catalase or
superoxide dismutase. Tyrosine hydroxylase protein expression increased at intracellular ascorbate con-
centrations above 1.5 mM. This contributed to norepinephrine generation, which was decreased 50–60%
by inhibition of protein synthesis with cycloheximide at high intracellular ascorbate. These results sug-
gest that expected physiologic neuronal ascorbate concentrations enhance norepinephrine synthesis
both by maintaining tetrahydrobiopterin and increasing tyrosine hydroxylase expression.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction A third effect of ascorbate to stimulate catecholamine synthesis
Neuronal catecholamine synthesis is acutely enhanced by ascor-
bic acid at two steps in the pathway [1]. First, ascorbate helps to
maintain the activity of tyrosine hydroxylase by recycling its essen-
tial co-factor, tetrahydrobiopterin. Ascorbate does this in a one-
electron reduction of the trihydrobiopterin radical that is generated
on hydroxylation of L-tyrosine by tyrosine hydroxylase. Ascorbate is
much more efficient in this recycling than cellular thiol antioxi-
dants, including reduced glutathione and cysteine [2]. Second,
ascorbate directly contributes an electron to dopamine b-hydroxy-
lase in neurosecretory vesicles to allow it to hydroxylate dopamine
to form norepinephrine. Without ascorbate, the activity of dopa-
mine b-hydroxylase is low, possibly maintained by an electron from
dopamine itself [3,4]. Both of these reactions are acute and depend
on existing levels of the enzymes and co-factors involved.
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may also be to enhance the transcription of tyrosine hydroxylase.
Seitz et al. [5] reported that culture of SK-N-SH neuroblastoma
cells with 200 lM ascorbate for 5 days more than doubled both
intracellular norepinephrine levels and tyrosine hydroxylase
mRNA, although tyrosine hydroxylase protein was not measured.
In that work, a 2 h treatment with ascorbate increased dopamine
and norepinephrine synthesis from L-tyrosine, but did not affect
tyrosine hydroxylase mRNA.

In this work we examined the mechanism by which ascorbate
stimulates norepinephrine generation from L-tyrosine in SH-SY5Y
neuroblastoma cells, finding that optimal stimulation by ascorbate
required at least 6 h, occurred at what are likely physiologic intra-
cellular ascorbate concentrations, and was associated with in-
creased tyrosine hydroxylase protein expression.
2. Materials and methods

2.1. Materials

Sigma/Aldrich Chemical Co. (St. Louis, MO) supplied the
analytical reagents, including L-ascorbic acid, bovine liver catalase,
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Fig. 1. Time course of stimulation of norepinephrine generation by ascorbate. Panel
A: Time-dependent accumulation of intracellular norepinephrine when SH-SY5Y
cells were treated every for the times indicated in culture with 100 lM ascorbate.
For incubations beyond 24 h, fresh ascorbate was added again at 24 h intervals.
Panel B: Intracellular concentrations of ascorbate measured in the same cells as in
Panel A. Results are shown from 4 separate experiments.
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L-3,4-dihydroxyphenylalanine (L-DOPA), dopamine, norepineph-
rine, N-2-hydroxyethylpiperazine N0-2-ethanesulfonic acid (Hepes),
sepiapterin, bovine liver superoxide dismutase, Tempol (4-hydro-
xy-2,2,6,6-tetramethylpiperidine-N-oxyl), and Trolox (6-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid).

2.2. Cell culture

SH-SY5Y neuroblastoma cells were obtained from the American
Type Culture Collection) and were cultured in Dulbecco’s minimal
essential medium containing 10% (v/v) fetal bovine serum, which
was prepared by the Cell Culture Core of the Vanderbilt Diabetes
Research and Training Center. This culture medium contained
100 lM L-tyrosine. Cells were cultured to confluence at 37 �C in
humidified air containing 5% CO2. All experiments were performed
in culture medium, with rinsing of the cells after the experiment 2
times in 2 ml of Krebs-Ringer-Hepes buffer (KRH) at 37 �C. KRH
buffer consisted of 20 mM Hepes, 128 mM NaCl, 5.2 mM KCl,
1 mM NaH2PO4, 1.4 mM MgSO4, and 1.4 mM CaCl2, pH 7.4.

2.3. Assay of catecholamines

The catecholamines norepinephrine, dopamine, and L-DOPA
were measured in cell extracts by high performance liquid chroma-
tography as previously described [6] with minor modifications.
After treatments as noted for cells at confluence in 6-well culture
plates, culture medium was removed followed by 2 rinses of cells
with 2 ml of KRH. The cells were lysed in 0.5 ml of the HPLC mobile
phase buffer, scraped from the plate and centrifuged at 13,000g for
1 min. Aliquots (0.1 ml) of the supernatant were taken for duplicate
assays. The mobile phase consisted of 100 mM trichloroacetic acid,
10 mM sodium acetate, 0.1 mM EDTA, and 10.5% methanol. The iso-
cratic flow rate was 1 ml/minute, pumped by an ECS Model 582
pump. The column was an Absorbosphere C18, 5 l
(4.6 � 150 mm). Samples were injected on a Rheodyne model
7725i injector and catecholamines were detected using an ESA
Model 5011 analytic cell set at 0.5 volts on an ESA Model 5100A
detector. Peak heights were quantified on a Shimadzu C-R5A
integrator. Under these conditions, the void volume was 1.8 ml,
ascorbate eluted at 2.2 min, norepinephrine eluted at 4.0 min, L-
DOPA at 6.6 min, and dopamine eluted at 11 min. Sensitivity for
norepinephrine was 50 nM. Intracellular concentrations of ascor-
bate and norepinephrine were calculated based on the intracellular
space of 3-O-[3H]methylglucose in SH-SY5Y cells, which was
10.7 ± 3.4 ll/mg protein (N = 24, ±SD) [7]. This space was measured
as described previously for endothelial cells in culture [8]. Protein
was measured by the Bradford method as described by the manu-
facturer (Bio-Rad Laboratories, Hercules, CA).

2.4. Western blotting

Western blotting was performed as previously described [9].
Confluent cells were lysed with Radio-Immunoprecipitation Assay
(RIPA) buffer (#R0278, Sigma–Aldrich, St. Louis, MO). Solubilized
protein was subjected to sodium dodecyl sulfate–polyacrylamide
gel electrophoresis according to the method of Laemmli [10]. Tyro-
sine hydroxylase was probed with an affinity-purified rabbit poly-
clonal antibody (1:400) (sc-14007, Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA). Protein levels were expressed relative to b-actin
(1:400) to account for possible differences in protein loading (sc-
1616, Santa Cruz Biotechnology, Inc., Santa Cruz, CA). Following
appropriate secondary incubations, bands were illuminated using
ECL Plus Western blotting reagents (RPN 2132, Amersham Biosci-
ences, Piscataway, NJ). Densitometry was determined using ImageJ
and tyrosine hydroxylase expression was normalized to that of
b-actin.
2.5. Data analysis

Results are shown as mean + standard error. Statistical compar-
isons were made using GraphPad Prism version 5.04 for Windows
(GraphPad Software, San Diego, CA). Differences between treat-
ments were assessed by one- or two-way ANOVA as noted in the
figure legends. Parametric or non-parametric tests were used,
depending on whether the data appeared have a normal distribu-
tion and equal variances.
3. Results

In the absence of added ascorbate, SH-SY5Y cells in culture con-
tained very low amounts of norepinephrine (7.0 ± 3.1 lM, Fig. 1A,
circle at zero hours) and no ascorbate (Fig. 1B, circle at zero hours).
When cells were incubated with 100 lM ascorbate for various
times, the norepinephrine content (Fig. 1A) of the cells increased
in concert with intracellular ascorbate (Fig. 1B), both requiring
6 h to become maximal. Dopamine and L-DOPA levels were very
low in these cells (results not shown), so norepinephrine was used
to measure catecholamine generation.

When cells were treated for 24 h in culture with a single addi-
tion of increasing concentrations of ascorbate, there was a progres-
sive increase in norepinephrine (Fig. 2A) that again mirrored the
intracellular ascorbate content (Fig. 2B). Increases in both ascor-
bate and norepinephrine tended to plateau above about 100 lM
loading ascorbate. Ascorbate was concentrated up to 10-fold
compared to the initial loading concentrations (Fig. 2B). Plotting
norepinephrine as a function of the measured ascorbate concentra-
tion resulted in a significant linear dependence of intracellular nor-
epinephrine on intracellular ascorbate (Fig. 2C).



Fig. 2. Concentration dependence of ascorbate stimulation of norepinephrine
synthesis. Panel A: SH-SY5Y cells in culture were treated for 24 h with the
indicated concentration of ascorbate, rinsed twice in in KRH and taken for assay of
norepinephrine (Panel A) and ascorbate (Panel B). In Panel C, intracellular
norepinephrine concentrations are plotted as a function of the measured intracel-
lular ascorbate concentrations. The solid line shows the linear regression fit. Results
are shown from 7 experiments, with an ‘‘�’’ indicating p < 0.05 compared to cells not
treated with ascorbate by one-way ANOVA using the Kruskal–Wallis test followed
by Dunn’s multiple comparison test.

Fig. 3. Stimulation of norepinephrine synthesis by ascorbate compared to other
agents. Panel A: Cells were treated for 24 h in culture with the following agents: No
additions (Control), ascorbate (50 lM), Tempol (250 lM), N-acetylcysteine (NAC,
250 lM), Trolox (250 lM), and dithiothreitol (DTT, 250 lM). After 2 rinses in KRH,
cells were taken for assay of norepinephrine. Results are shown from 5 experi-
ments, with an ‘‘�’’ indicating p < 0.05 compared to Control by one-way ANOVA
using the Kruskal–Wallis test followed by Dunn’s multiple comparison test. Panel B:
Cells in culture were treated for 24 h with no additions (Control), 500 lM ascorbate
(AA), 750 units/ml catalase (CAT), 140 units/ml superoxide dismutase (SOD), or
combinations thereof. After 24 h cells were taken for assay of norepinephrine.
Results are shown from 3 experiments, with ‘‘�’’ indicating p < 0.01 compared to
Control, catalase alone, or superoxide dismutase alone by repeated measures
ANOVA and Tukey’s test. Panel C: Cells were treated in culture with the indicated
concentrations of sepiapterin, without (circles) or with (squares) 50 lM ascorbate.
At 24 h cells were rinsed twice and taken for assay of intracellular norepinephrine.
Results are shown from 4 experiments, with ‘‘�’’ indicating p < 0.05 compared to
zero sepiapterin with or without ascorbate by repeated measures ANOVA and
Tukey’s test. The two curves were different at each point (p < 0.001) by two-way
ANOVA and the Bonferroni test.
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Treatment of cells for 24 h with concentrations of several anti-
oxidants known to be effective in preventing oxidative stress in
cultured cells did not enhance norepinephrine synthesis compared
to a low concentration of ascorbate (Fig. 3A). To further test
whether a pro-oxidant effect of ascorbate could account for its
ability to increase norepinephrine, cells were cultured for 24 h
with a relatively high concentration of ascorbate (500 lM) in the
presence of catalase or superoxide dismutase (Fig. 3B). Neither en-
zyme alone increased norepinephrine, nor did either enzyme blunt
the effects of ascorbate to increase norepinephrine levels. On the
other hand, a 24 h treatment of cells with sepiapterin, which is a
precursor to tetrahydrobiopterin through the salvage pathway
[11], did progressively increase norepinephrine synthesis (Fig. 3C,
circles), an effect that was enhanced by ascorbate with a modest
synergistic effect on the absolute norepinephrine levels at 25 lM
sepiapterin.



Fig. 4. Stimulation of tyrosine hydroxylase expression and norepinephrine gener-
ation by ascorbate. Panels A and B: SH-SY5Y cells were treated in culture with the
indicated concentration of ascorbate for 24 h, rinsed twice in KRH, and removed
from the plate for Western blotting as described in Methods. Panel A shows a
representative Western blot with measured intracellular ascorbate concentrations
in a parallel cell incubation. Panel B shows Western blots from 4 separate
experiments, normalized for gel protein loading to b-actin. ‘‘TH’’ = tyrosine
hydroxylase. An ‘‘�’’ indicates p < 0.05 compared to zero ascorbate by repeated
measures one-way ANOVA and Dunn’s test. Panel C: Cells were treated for 24 h in
culture with the indicated concentration of ascorbate in the absence or presence of
5 lg/ml cycloheximide, as indicated. Results are shown from 4 experiments with an
asterisk (�) indicating p < 0.05 compared to cells not treated with cycloheximide by
two-way ANOVA and the Bonferroni test.

J.M. May et al. / Biochemical and Biophysical Research Communications 426 (2012) 148–152 151
To test whether ascorbate might increase tyrosine hydroxylase
protein, cells were treated for 24 h with increasing ascorbate con-
centrations and the cells taken for immunoblotting of tyrosine
hydroxylase. Tyrosine hydroxylase was detected as a 60 kDa band,
the intensity of which progressively increased above an intracellular
ascorbate concentration of 0.5 mM in the example shown in Fig. 4A.
Data from 4 separate experiments (Fig. 4B) also showed a progres-
sive increase above an ascorbate loading concentration of 100 lM,
although statistical significance was not reached until the loading
concentration was 1000 lM, or between 1.6 and 2.5 mM intracellu-
lar ascorbate. The maximal increase was 170% of control.

To assess the extent to which ascorbate-stimulated tyrosine
hydroxylase protein expression contributed to its ability to stimu-
late norepinephrine synthesis, SH-SY5Y cells were incubated for
24 h in the presence of relatively high concentrations of ascorbate
with or without 5 lg/ml cycloheximide, an inhibitor of protein
synthesis. As shown in Fig. 4C, cycloheximide decreased ascor-
bate-stimulated norepinephrine levels by 60% and 50%, at 500
and 1000 lM ascorbate, respectively. Intracellular ascorbate
concentrations in these cells were 1.9 ± 0.13 mM at 500 lM
loading ascorbate, and 2.2 ± 0.04 at 1000 lM loading ascorbate.
Intracellular ascorbate concentrations were not significantly
affected by co-treatment with cycloheximide (500 lM ascor-
bate = 1.75 ± 0.04 mM; 1000 lM ascorbate = 2.0 ± 0.04 mM).
4. Discussion

SH-SY5Y cells contained very little norepinephrine and no
detectable ascorbate in culture with 100 lM L-tyrosine, the
substrate for tyrosine hydroxylase. However, treatment of the cells
for 6 h with ascorbate increased norepinephrine to maximal levels.
This effect was not mimicked by several other cell-penetrant
antioxidants, including the one-electron-donor Tempol, a water-
soluble vitamin E analog (Trolox), and two different thiol reagents
(N-acetyl cysteine and dithiothreitol). It is also possible that
ascorbate-stimulated norepinephrine synthesis could be due to a
pro-oxidant effect of the vitamin, which is known to be caused
by generation of H2O2 and other products by ascorbate in Dul-
becco’s minimal essential medium [12,13]. However, culture of
cells with either catalase or superoxide dismutase did not diminish
the increase in norepinephrine generation due even to a relatively
high concentration of ascorbate. This, and the finding that thiols,
which also can generate H2O2 in culture media [14], failed to in-
crease norepinephrine levels, suggest that stimulation of norepi-
nephrine generation is specific for ascorbate and that it is not
due to a pro-oxidant effect.

Seitz et al. [5] previously reported stimulation of catecholamine
synthesis after 2 h of ascorbate treatment in SK-N-SH cells,
although ascorbate-stimulated levels of L-DOPA and dopamine
were 20–30-fold greater than those of norepinephrine in that
study. Very little L-DOPA or dopamine were generated in response
to ascorbate in SH-SY5Y cells, which suggests that they convert
dopamine to norepinephrine more efficiently than the cells from
which they were derived. The response to ascorbate in both neuro-
nal-derived cell types differs from that observed in extracts from
rat brain corpus striatum and rat pheochromocytoma PC-12 cells,
in which ascorbate inhibited the activity of tyrosine hydroxylase
[15]. However, in situ catecholamine levels were not measured in
that study and measurement of TH enzyme activity in extracts
may not reflect behavior of the enzyme in situ.

A major finding of this work is that a 24 h treatment of SH-SY5Y
cells increased tyrosine hydroxylase protein in a concentration-
dependent manner to about 170% of basal when the intracellular
ascorbate concentration was 1.6 mM and higher. This result shows
that the 2–3-fold increase in tyrosine hydroxylase mRNA after
5 days of every other day treatment with 200 lM ascorbate ob-
served by Seitz et al. [5] extends to tyrosine hydroxylase protein
expression, although at a more modest level. Such an ascorbate ef-
fect on protein expression is novel and likely contributes to the
marked increase in norepinephrine in 24 h cultures observed in
the present study at higher intracellular concentrations of the vita-
min. This is also supported by the finding that a 24 h treatment of
cells with cycloheximide to inhibit new protein synthesis partially
prevented the ability of ascorbate to stimulate norepinephrine
generation. The mechanism of this ascorbate-induced increase in
tyrosine hydroxylase expression remains to be determined, but it
has been attributed to activation of a cyclic AMP response element
on the tyrosine hydroxylase promoter [5]. This is based on findings
that increases in intracellular cyclic AMP [16] or protein kinase A
[17] increased tyrosine hydroxylase mRNA levels in PC-12 cells,
and also on the observation that ascorbate increased cyclic AMP
in hypothalamic neuronal cultures [18].

It is clear from the present study that SH-SY5Y cells are ‘‘defi-
cient’’ in tetrahydrobiopterin, since supplementation of the cells
with the tetrahydrobiopterin precursor sepiapterin alone caused
a modest increase in cellular norepinephrine levels. This response
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was significantly increased by ascorbate supplements at 24 h,
either because of the ascorbate effect on tyrosine hydroxylase
expression, or because ascorbate continued to recycle tetrahydro-
biopterin near the enzyme active site, or both. Our data and that
of Seitz et al. [5] favor a combined mechanism in which tetrahy-
drobiopterin recycling accounts for stimulation of norepinephrine
generation during the first 1–2 h after ascorbate addition, whereas
increases in tyrosine hydroxylase expression contribute to greater
increases in norepinephrine levels after at least 6 h, especially at
higher intracellular ascorbate concentrations.

It is thus relevant to consider whether intracellular ascorbate
levels that increase norepinephrine levels and tyrosine hydroxy-
lase expression are in the physiologic range. We found in the pres-
ent and in a previous study that treatment of SH-SY5Y cells with
100–250 lM ascorbate for 24 h results in intracellular ascorbate
levels of 1.5–2 mM, which significantly increased tyrosine hydrox-
ylase protein expression. Since ascorbate concentrations measured
in CSF are also 100–300 lM [19,20], it seems likely that intracellu-
lar ascorbate in vivo will be in the range required for increased
tyrosine hydroxylase expression. Indeed, ascorbate concentrations
in neurons may be even higher, since whole cortex ascorbate levels
are 4 lmol/g in mice [21], which would translate into even higher
levels when expressed as a function of the intracellular cytoplas-
mic space.

In conclusion, loading SH-SY5Y cells with ascorbate for 24 h
markedly increased intracellular levels of norepinephrine, an effect
due in part to enhanced tyrosine hydroxylase expression as well as
to the well-known effect of ascorbate to recycle tetrahydrobiopter-
in required for enzyme function. It will be important to assess the
mechanism of this effect of ascorbate on tyrosine hydroxylase
expression, as well as whether it is affected by ascorbate deficiency
or excess in vivo.
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