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ABSTRACT
Objectives: Vitamin C is an important low-molecular
weight antioxidant at the air-lung interface. Despite its
critical role as a sacrificial antioxidant, little is known
about its transport into the respiratory tract lining fluid
(RTLF), or the underlying airway epithelial cells. While
several vitamin C transporters have been identified,
such as sodium-ascorbate cotransporters (SVCT1/2)
and glucose transporters (GLUTs), the latter
transporting dehydroascorbate, knowledge of their
protein distribution within the human lung is limited, in
the case of GLUTs or unknown for SVCTs.
Setting and participants: Protein expression of
vitamin C transporters (SVCT1/2 and GLUT1-4) was
examined by immunohistochemistry in endobronchial
biopsies, and by FACS in airway leucocytes from lavage
fluid, obtained from 32 volunteers; 16 healthy and 16
mild asthmatic subjects. In addition, antioxidant
concentrations were determined in RTLF. The study
was performed at one Swedish centre.
Primary and secondary outcome measures: The
primary outcome measure was to establish the location
of vitamin C transporters in the human airways.
As secondary outcome measures, RTLF vitamin C
concentration was measured and related to transporter
expression, as well as bronchial epithelial inflammatory
and goblet cells numbers.
Results: Positive staining was identified for SVCT1
and 2 in the vascular endothelium. SVCT2 and GLUT2
were present in the apical bronchial epithelium, where
SVCT2 staining was predominately localised to goblet
cells and inversely related to RTLF vitamin C
concentrations.
Conclusions: This experimental study is the first to
demonstrate protein expression of GLUT2 and SVCT2
in the human bronchial epithelium. A negative
correlation between SVCT2-positive goblet cells and
bronchial RTLF vitamin C concentrations suggests a
possible role for goblet cells in regulating the
extracellular vitamin C pool.

INTRODUCTION
The antioxidant network within human respira-
tory tract lining fluids (RTLF) provides an
important defence against inhaled oxidants1

and limits damage by inflammatory-derived
oxidants during inflammation.1 2 Ascorbate
has been shown to be an important low-
molecular weight antioxidant within this com-
partment, with clear evidence that its concen-
tration is reduced during and following acute
inflammation,3 4 or as a direct consequence of
exposure to inhaled oxidants.4 5 Consequently,
numerous studies have attempted to augment
RTLF antioxidant defences through high-dose
vitamin C supplements.6–8 The rationale for
this approach is based on the contention that
ascorbate enters the RTLF from the plasma
pool paracellularly9 and that by increasing

Strengths and limitations of this study

▪ The present study is the first clinical investigation
of vitamin C transporter expression in the airways
of healthy subjects and patients with asthma.

▪ We present evidence of vitamin C transporter
(GLUT2 and SVCT2) protein expression in the
bronchial epithelium, with evidence that SVCT2
expression is localised to goblet cells.

▪ Vitamin C is an important antioxidant in the lung,
yet little is known about its transport into the
respiratory tract lining fluid (RTLF). The presence
of ascorbate and dehydroascorbate transporters
(SVCT2 and GLUT2, respectively) within the pul-
monary epithelium provides a potential salvage
mechanism for vitamin C, to prevent its oxidative
loss from the surface of the lung. This helps to
explain a hitherto significant gap in our knowl-
edge of how vitamin C concentrations are main-
tained in vivo.

▪ Our observation of an inverse association between
SVCT positive goblet cells and bronchial RTLF
vitamin C suggests a possible role for goblet cells
in the regulation of vitamin C at the surface of the
lung, however, the present study was not config-
ured to pursue this further. Further research is
required to confirm the role of goblet cells in
airway vitamin C homeostasis.

▪ The current results only inform our understand-
ing of vitamin C in the proximal airways as we
did not have tissue from the alveolar region.
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plasma ascorbate, knock-on increases in RTLF concentra-
tions will be achieved, conferring heightened protection
against oxidative insults. However, the human supplementa-
tion studies performed to date have yielded modest or no
protection against pulmonary oxidative stress.6–8 10 In add-
ition, in the majority of studies, while plasma concentra-
tions of ascorbate have been increased, RTLF
concentrations have either remained unchanged7 11 or
have only demonstrated transient increases.12 13

These observations likely indicate the absence of a sim-
plistic association between plasma and RTLF ascorbate
pools. Either because ascorbate moving into the RTLF is
rapidly lost by oxidation within this compartment, for
which there is some support,12 13 or because it is seques-
tered into the cells of the airway, epithelial and resident
inflammatory cells, effectively masking any underlying
association between the plasma and RTLF pools.2 14 Thus
at this time, the fate of RTLF ascorbate is unknown.
Continual loss of ascorbate at the air-lung interface would
constitute a significant drain on the body’s vitamin C
reserves, with the oxidation of ascorbate to dehydroascor-
bate and its subsequent hydrolysis to 2,3-doketogulonic
acid, resulting in the loss of its antioxidant function.15

Some form of recycling or salvage mechanism is therefore
required to maintain pulmonary vitamin C reserves. As the
RTLF does not appear to contain any functional dehy-
droascorbate reductase activity and as the concentration of
glutathione16 within the compartment is insufficient to
achieve this non-enzymatically,17 it appears that cellular
uptake would be essential.
Two separate mechanisms exist for vitamin C uptake

into cells: the high affinity, sodium-ascorbate cotranspor-
ters (SVCTs),18 (also known as SLC23A1-2 (solute carrier
family)) and glucose transporters (GLUTs),19 (also known
as SLC2A) the latter permitting the uptake of dehydroas-
corbate via facilitated diffusion. Dehydroascorbate trans-
port, predominately by GLUT1 and 3,19 and, to a lesser
extent, by GLUT420 and GLUT2,21 is coupled to its rapid
intracellular reduction back to ascorbate by a family of
dehydroascorbate reductases, including glutaredoxin.14 22

The relevance of this salvage pathway in vivo is somewhat
contentious due to the saturation of the transporters with
glucose in most tissues. It is notable, however, that the con-
centrations of glucose in the RTLF are significantly lower
than cellular and plasma concentrations: 0.4±0.2 mM,
based on the analysis of breath condensate.23 To date, rela-
tively few studies have examined the expression and cellu-
lar localisation of glucose transporters in the healthy lung,
and these have returned contradictory results. Pezzulo
examined GLUT transporter expression in primary
human airway epithelial cells, demonstrating mRNA for
GLUT1–12, but only protein expression for GLUT1 and
10, in the basolateral and apical membranes, respect-
ively.24 GLUT1 protein has also been detected in human
lung homogenates by western blotting,25 in the absence of
detectable GLUT3, 4 and 5. In the human lung adenocar-
cinoma epithelial cell line, H441, western blotting demon-
strated GLUT2 and GLUT4 protein in non-polarised cells,

with GLUT2 being present in the apical and basolateral
membranes when the cells were polarised.26 This expres-
sion of GLUT2 was subsequently confirmed by immuno-
histochemistry in human airway biopsies, again with apical
as well as basolateral expression.26

Messenger RNA for SVCT1 and SVCT2 has been
reported in human bronchiolar epithelium,27 based on
northern blotting, but there is currently no comparative
information on protein expression and cellular localisa-
tion. Jin28 addressed this question in rats by immunohisto-
chemistry, demonstrating SVCT1 and SVCT2 expression in
the apical membrane of the tracheal, bronchial and alveo-
lar epithelium. The resolution of the images did not allow
a more detailed cellular attribution, however, and the rele-
vance of these observations to non-ascorbate synthesisers,
such as humans, remains unknown.
The primary aim of the present study was to establish

the localisation of ascorbate (SVCT1/2) and dehydroas-
corbate (GLUT1-4) transporter proteins in the human
bronchial epithelium and to determine whether vitamin
C uptake by the respiratory epithelium played a role in
the regulation of the extracellular ascorbate pool within
the lung. We also evaluated the expression of SVCT 1/2
and GLUT 1-3 transporters in airway leucocytes obtained
from bronchoalveolar (BAL)-fluid, to provide a compre-
hensive examination of vitamin C transporter expression
in the distal airways. The relationship between RTLF
vitamin C concentrations, and transporter expression in
the central and distal airways, was subsequently exam-
ined. Finally, as previous reports have indicated dimin-
ished RTLF ascorbate concentrations in asthmatics
compared to the healthy,29 30 we also examined whether
vitamin C handling at the air-lung interface differed
between the two groups.

METHODS
Subjects
Healthy and asthmatic participants were invited to par-
ticipate in the study through advertisement. Inclusion
criteria were: age 18–40 years, no history of smoking,
normal lung function (forced expiratory volume in 1 s
(FEV1) and forced vital capacity (FVC) of at least 80%
of predicted, and a normal FEV1/FVC ratio) and
absence of concomitant diseases, apart from allergy in
the asthmatic group. All asthmatics had a positive history
of allergy together with at least one positive skin prick
test against a standard panel of common aeroallergens.
In the asthmatic group, increased bronchial hyper-
responsiveness to methacholine, with a provocative con-
centration causing a 20% fall in FEV1 <8 mg/mL, was
required. In total, 16 healthy subjects and 16 age-
matched patients with asthma were included in the
study. Further details of the subject groups are sum-
marised in the online supplementary material and
within table 1. Informed consent was obtained from all
volunteers after verbal and written information.
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Study design
The study was performed outside the pollen season.
Prior to the study visit, subjects fasted from midnight. All
bronchoscopies were performed in the morning, and
healthy and asthmatic participants were examined in a
randomised order. Airway lavages and endobronchial
biopsy sampling were performed as outlined previously.3

Further details are provided in the online supplementary
material, with information on differential cell counts and
lavage processing. Data on lung function and differential
cell counts have been published previously.31

Immunohistochemistry
Endobronchial mucosal biopsies were processed and
embedded into glycol methacrylate resin (Polyscience;
Northampton, UK)3—see online supplementary mater-
ial. For the initial analyses, 2-μm sections were stained
with monoclonal antibodies (mAb) directed against neu-
trophil elastase (NE), tryptase (AA1) (DAKO, Glostrup,
Denmark), eosinophil cationic protein (EG1), CD3
(lymphocytes) (Serotec, Oxford, UK) and glucose trans-
porters 1–3 (R&D Systems, Abingdon, UK) and 4 (Santa
Cruz Biotechnology, Inc, Heidelberg, Germany). Rabbit
polyclonal antibodies were used to stain the ascorbate
transporters SVCT 1 and 2 (Santa Cruz Biotechnology,
Inc, Heidelberg, Germany). Stained inflammatory cells
were counted in the epithelium and in the submucosa,
and expressed as cells/mm and cells/mm2, respectively.
Epithelial staining for vitamin C transporters was quanti-
fied and expressed as per cent of stained epithelial area.
Goblet cells were identified using a Periodic acid-Schiff
(PAS) stain,32 expressed as cell number/mm of epithe-
lial length. To assess possible colocalisation of SVCT2 in
PAS-positive cells, double immunostaining for PAS/
SVCT2 was performed. PAS/SVCT2-positive cells were
expressed as the percentage of total goblet cells. Length
and areas of the epithelium and submucosa were deter-
mined using the program LeicaQWin V3 (Leica
Microsystems, Wetzlar, Germany). All analysis was per-
formed in a blinded manner.

Flow cytometry analysis
Cells obtained from BAL-fluid were stained with
antibodies against Peridinin Chlorophyll Protein (PerCP)
conjugated antihuman CD3 (lymphocytes) (Becton
Dickinson, San Jose, California, USA), phycoerytrin (PE)
conjugated antihuman CD14 (monocytes/macrophages)
(DAKO, Glostrup, Denmark) and fluorescein isothiocyan-
ate (FITC) conjugated antihuman CD16b (neutrophils)
(Serotec, Oxford, UK). Antibodies against SVCT1-2
and GLUT 1-3 were the same as those used for immuno-
histochemistry. Staining for flow cytometry analysis of
SVCT1-2 and GLUT1-3 was performed in two steps using
PE-conjugated rabbit antimouse secondary antibody
(DAKO, Glostrup, Denmark) for GLUT 1-3 antibodies
and FITC-conjugated swine antirabbit antibody (DAKO,
Glostrup, Denmark) for SVCT1-2. Immunoreactivity was
analysed using the BD FACS Calibur (Becton Dickinson,
San Jose, California, USA) to evaluate the expression of
transporters on different airway cell types. Further details
are provided in the online supplementary material.

Antioxidant analysis
Vitamin C, ascorbate, dehydroascorbate, total glutathione
(GSx), glutathione (GSH) and glutathione disulphide
(GSSG) concentrations were determined in bronchial
wash (BW) and BAL as previously described,3 6 further
details are provided in the online supplementary material.
Cell-free lavage supernatants for vitamin C determinations
were treated with the metal chelator desferoxamine mesy-
late (DES) and the synthetic antioxidant butylated hydro-
xytoluene (BHT), both at 2 mM; 5 μL of each to 490 μL of
lavage, prior to storage at −80°C. Glutathione and urea
determinations were performed in untreated lavage
samples. Lavage and plasma urea concentrations were
determined using the QuantiChrom urea assay kit
(BioAssay Systems, Hayward). Urea dilution factors for BW
and BAL for each subject were calculated as [urea]plasma/
[urea]lavage. Each subject’s lavage measurements were
multiplied by his/her unique dilution factors to correct
for dilution, to derive bronchial and alveolar RTLF

Table 1 Demographics and clinical characteristics of the study population n=32

Characteristics Healthy controls n=16 Patients with asthma n=16

Male/female 5/11 10/6

Age (years) 25 (2) 26 (6)

BMI (kg/m2) 23 (2) 24 (3)

Methacholine PC20 (mg/mL) – 1.1 (0.7–4.4)

Skin prick test Negative Positive

Lung function (mean SD)

3 FEV1 4.09 (0.77) 3.61 (0.69)

FEV1 % pred 105 (8) 98 (10)*

FVC 4.81 (1.05) 4.48 (1.22)

FVC % pred 106 (9) 101 (13)

These data have been presented previously.s8

*p=0.043.
BMI, body mass index; FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity; PC20, provocative concentration causing
a 20% fall in FEV1.
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concentrations. Lavage samples for ascorbate determina-
tions underwent deproteination with metaphosphoric acid
(final concentration 5%) and lipid extraction with
heptane prior to analysis by reverse phase HPLC, with
electrochemical detection (500 mV, 100 nA). An identical
protocol was followed for the determination of vitamin C
(ascorbate plus dehydroascorbate), with the exception
that the samples underwent a reduction step with Tris
(2-carboxylethyl) phosphine (TCEP) (Molecular Probes,
Eugene, Oregon, USA).33 The dehydroascorbate concen-
tration was determined by subtracting the measured ascor-
bate from the vitamin C concentration. Glutathione and
glutathione disulfide concentrations were determined
using the glutathione disulfide reductase–dithiobisnitro-
benzoic acid recycling assay.3 6

Statistics
Antioxidant, inflammatory cell and immunohistochemis-
try data were not normally distributed, and are therefore
described as medians with 25th and 75th centiles.
Mann-Whitney U tests were employed to compare
healthy and asthmatic data, with Spearman’s rank correl-
ation employed for analysis of association. Statistical ana-
lyses were performed using the IBM SPSS software, V.20
(SPSS, Armonk, New York, USA). A p value <0.05 was
regarded as significant.

RESULTS
Bronchoscopies with endobronchial biopsy sampling,
and collection of BW and BAL, were performed in all
participants. Median BW and BAL recoveries were 42%
and 72%, with no significant differences between the
two groups. In the asthmatic group, predicted FEV1 was
significantly lower than in the healthy controls (table 1).

Consistent with their allergic status, patients with
asthma had increased eosinophil and mast cell numbers
in their BW and bronchial mucosa (see online supple-
mentary table S1). Antioxidant concentrations in BW
and BAL, corrected for sample dilution using the urea
method, are presented in table 2, with no significant
differences between the two groups. The ratio between
dehydroascorbate and total vitamin C was significantly
higher in the bronchial compared to distal airways; 89%
(53–100) versus 13% (10–21) consistent with a more oxi-
dative environment in proximal airways, with no signifi-
cant differences between the two groups.
Sufficient biopsy material for immunohistochemistry

analysis was obtained from all 32 participants.
Endobronchial biopsies were stained for SVCT and
GLUT transporters (table 3).
Staining with GLUT1 yielded a distinct cell membrane

staining, most likely attributed to lymphocytes (figure 1).
Positive membrane staining for GLUT2 was observed in
bronchial epithelial cells, at their apical and their basolat-
eral aspects, with little staining evident in the underlying
basal cells (figure 1). Diffuse cytoplasmic staining was
also seen, with a strong positive staining associated
with the nuclear membrane. No differences in GLUT1
and 2 staining were evident between the healthy
and patients with asthma (table 3). Staining for GLUT3
and 4 yielded inconclusive results due to unspecific back-
ground staining (data not shown). The FACS data exam-
ining GLUT1-3 demonstrated equivalent expression in
BAL-fluid macrophages (CD14+) and neutrophils
(CD16+), with evidence of a significant reduction of
GLUT3 (1.4-fold) in lymphocytes (CD3+) obtained from
asthmatic compared to healthy subjects, online supple-
mentary table S2.
Positive staining was found in blood vessels for SVCT1

and 2, with localised staining for SVCT2 also observed in

Table 2 Low molecular weight antioxidants in bronchial wash (BW) and bronchoalveolar lavage (BAL) in patients with

asthma and healthy individuals

Antioxidant

Healthy controls

n=16

Patients with asthma

n=16 p Value

Bronchial RTLF

Ascorbate (μM) 10.5 (0.0–71.0) 6.39 (0.0–97.9) 0.92

Dehydroascorbate (μM) 40.7 (33.0–57.0 38.5 (21.2–53.0) 0.58

Vitamin C (μM) 52.3 (37.3–138) 49.1 (23.0–149) 0.72

GSH (μM) 323 (277–605) 348 (205–442) 0.49

GSSG (μM) 52.3 (32.0–75.7) 43.4 (15.6–94.0) 0.71

GSx (μM) 508 (350–757) 465 (287–622) 0.49

Alveolar RTLF

Ascorbate (μM) 103 (81.2–150.1) 79.4 (55.7–119) 0.10

Dehydroascorbate (μM) 16.2 (10.8–20.4) 16.9 (12.0–23.9) 0.65

Vitamin C (μM) 118 (96.5–174) 93.2 (75.8–139) 0.14

GSH (μM) 124 (101–181) 126 (46.6–219) 0.50

GSSG (μM) 21.3 (17.2–37.5) 19.3 (12.1–26.5) 0.25

GSx (μM) 162 (127–195) 177 (81.4–244) 0.84

Data are presented as median (IQR). Values are corrected for urea dilution.
GSH, reduced glutathione; GSSG, glutathione disulfide (oxidised glutathione); GSx, total glutathione; RTLF, respiratory tract lining fluid.
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the apical epithelium (figure 2). No difference in the epi-
thelial expression of SVCT1 or 2 was observed between
the patients with asthma and healthy subjects (table 3).
Similarly, no difference in SVCT staining was observed in
leucocyte subsets by FACS (see online supplementary
table S2). Within the bronchial epithelium, the localisa-
tion of SVCT2 staining to goblet-like cells was confirmed

using PAS, to identify mucin-containing cells, and SVCT2
in consecutive and double-stained sections. These ana-
lyses were performed on 10 biopsies, five from the
healthy group and five from the asthmatics (figure 2).
The selected samples were chosen to encompass the full
range of measured vitamin C concentrations within the
bronchial RTLFs. No significant differences in the
number of goblet cells or SVCT2-positive goblet cells
were observed between the two groups (table 4).
There was a negative correlation between total vitamin

C concentration in the bronchial RTLFs and goblet cells
in bronchial biopsies: ρ=−0.842, p<0.01. This negative
correlation remained when only SVCT2-positive goblet
cells were considered: ρ=−0.661, p<0.05 (figure 3). No
other correlations were observed between the measured
RTLF antioxidants with vitamin C transporters within
the bronchial epithelium.

DISCUSSION
This study represents the first assessment of vitamin C
transporter protein expression in human bronchial epi-
thelium. In the proximal airways, SVCT2 expression was
colocalised in mucin containing goblet cells, with the
number of SVCT2-positive goblet cells inversely corre-
lated with bronchial RTLF vitamin C concentrations.
There was no difference in the expression SVCT1 and 2
within the bronchial mucosa between the healthy sub-
jects and patients with asthma. With regard to GLUT
expression, GLUT2 appeared the predominate glucose
and, hence, potential dehydroascorbate transporter in
the bronchial epithelium, with equivalent expression in
the two groups. Overall, these data demonstrate the
presence of ascorbate and dehydroascorbate transpor-
ters within the pulmonary epithelium, providing a
salvage mechanism to prevent the loss of ascorbate from
the surface of the lung.
In the present study, we did not observe evidence of

lower ascorbate concentrations within the asthmatic
RTLFs, in contrast to previous observations.3 30 In the
former study,3 a pronounced airway neutrophilia was
present in patients with asthma compared to healthy
subjects, which was absent here. In contrast, enhanced
numbers of neutrophils were observed in the bronchial
wash and bronchial submucosa of the healthy controls.
However, in absolute terms, the neutrophilia was less

Table 3 Quantification of SVCT 1 and 2 and GLUT 1 and 2 within the bronchial epithelium of healthy and mild patients with

asthma (n=32)

Vitamin C transporters in

the bronchial epithelium

Healthy controls

n=16

Patients with asthma

n=16 p Value

SVCT 1 (%) 0.19 (0.11–0.82) 0.10 (0.04–0.26) 0.30

SVCT 2 (%) 0.52 (0.23–1.08) 0.28 (0.15–0.89) 0.50

GLUT 1 (%) 0.60 (0.00–2.50) 2.89 (0.00–4.11) 0.21

GLUT 2 (%) 0.22 (0.06–1.11) 0.24 (0.05–0.48) 0.57

Staining is given as the percent positively stained area of the total epithelial area. Data are given as medians and IQR.
GLUT, glucose transporters; SVCT, sodium-ascorbate cotransporters.

Figure 1 Immunohistochemical staining of glucose

transporters (GLUT1) and (GLUT2) in bronchial biopsies

obtained from a healthy subject. The upper panel shows

GLUT1 staining with distinct cell membrane staining

associated with lymphocytes within the submucosa (*).

The lower panel demonstrates GLUT2 staining associated

with the apical epithelium. The inset provides a magnification

of the epithelium illustrating diffuse cytoplasmic staining, with

more pronounced staining around the nuclear membrane.
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marked than that previously observed in the asthmatic
groups.3 Thus, there seems little relationship between
the extent of neutrophilic or allergic inflammation and
airway ascorbate concentrations, though the production
of reactive oxygen species by activated phagocytes was
not assessed in this or the previous studies.
It was also notable that a significant proportion of the

RTLF vitamin C pool was present as its oxidised product,
dehydroascorbate. In the alveolar samples the proportion
of dehydroascorbate was 13.7 and 18.1% of the total
vitamin C pool in the healthy subjects and patients with
asthma, respectively; with a similar proportion of GSSG
making up the GSx pool: 13.3 and 10.9%. Though the
concentrations of dehydroascorbate and GSSG were
somewhat elevated, the measured concentrations were
not implausible in a compartment lacking the intracellu-
lar mechanisms for regenerating ascorbate and glutathi-
one. The proportion of dehydroascorbate to the vitamin
C pool within the bronchial lavages was, however,
extremely high in both groups: 77.8% (healthy) and
78.4% (asthmatics). This is a challenging observation, as
the conditions likely to promote the formation of dehy-
droascorbate would also likely result in its further oxida-
tion and, therefore, with current knowledge, we believe
this result needs to be viewed with caution, especially as
GSSG concentrations in the BW samples were not simi-
larly increased. As the samples used for vitamin C analysis
were pretreated with the metal chelator DES and syn-
thetic antioxidant BHT to prevent erroneous sample oxi-
dation during storage, these high concentrations are
unlikely to be wholly attributable to erroneous oxidation
during storage or sample processing. One explanation
for the elevated concentrations of dehydroascorbate in

human RTLFs is that ascorbate moving onto the surface
of the lung is subject to oxidation, partly explaining the
absence of a clear association between plasma and RTLF
pools previously reported,3 33 the higher concentrations
in the bronchial RTLFs reflecting a more oxidative envir-
onment. Previous supplementation studies have shown a
rapid flux of ascorbate into the airways,12 13 which is sub-
sequently lost over a 24 h period.13 Schock et al12 demon-
strated that ascorbate in induced sputum is rapidly
oxidised in an azide-inhibitable manner, suggesting that
endogenous peroxidases contribute to the oxidative
losses observed. The RTLF has also been shown to
contain appreciable concentrations of non-transferrin-
bound iron,34 consistent with a pro-oxidant environment.
The problem with this contention is that if such losses
were occurring across the large surface area of the lung,
this would constitute a major drain on bodily vitamin C
reserves. In the absence of a putative dehydroascorbate
reductase within the RTLF, it would therefore be neces-
sary to have mechanisms to rapidly transport ascorbate
and dehydroascorbate into the pulmonary epithelium, to
maintain antioxidant defences at the air-lung interface.
To detect and localise vitamin C transporters in the

bronchial mucosa and in airway leucocytes obtained
from BAL-fluid, commercially available antibodies were
used. There is a lack of in vivo human studies on these
transporters especially in regard to the lung. Most
studies looking at tissue localisation have been con-
ducted in animals that can synthesise vitamin C them-
selves. Much of the data accumulated on expression in
particular cells have also been conducted using in vitro
experiments, however, expression of the SVCTs has been
shown to change depending on culture conditions and

Figure 2 Immunohistochemical staining of sodium-ascorbate cotransporters (SVCT1) and (SVCT2) in bronchial biopsies. Upper

left: SVCT1 was found present in blood vessels. Lower left: SVCT2 was found present in blood vessels and in the apical airway

epithelium. Middle: Staining of mucins in goblet cells by Periodic acid-Schiff (PAS) staining. Upper and lower right: Consecutive

sections from the same subject. SVCT2 apical epithelial staining largely localised to goblet cells.
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therefore is a factor to consider. In one paper addressing
the distribution of SVCT1 and 2 transporters in rat liver,
they found colocalisation of SVCT1 and 2 with endothe-
lial cells. Of note, in that paper they used the same anti-
bodies as in the present study.35

Dehydroascorbate uptake into cells occurs by facili-
tated diffusion through glucose transporters,

predominately GLUT1 and GLUT3,19 but with evidence
that GLUT221 and 420 can also mediate uptake.
Knowledge concerning the epithelial expression of
GLUTs in the lung, excluding lung carcinomas, is
scarce, with conflicting evidence obtained from tissue
biopsies and primary and immortalised human epithe-
lial cells.23–26 Once internalised, dehydroascorbate is
rapidly reduced to ascorbate by NADPH-dependent
dehydroascorbate reductases.2 14 It has been argued that
dehydroascorbate uptake via facilitated glucose transpor-
ters is unlikely to play a major role under physiological
conditions, as high cellular and extracellular glucose
concentrations will block dehydroascorbate influx.
Hence dehydroascorbate uptake has been argued only
to occur during episodes of oxidative stress, where high
local concentrations of dehydroascorbate exist near cells
producing reactive oxygen species (ROS). This has been
demonstrated in neutrophils undergoing oxidative
burst,14 and in cells near the site of ROS production.2

While dehydroascorbate uptake by cells is typically antag-
onised by glucose, the RTLF has a low glucose concen-
tration compared with other body compartments.23 This
raises the possibility that dehydroascorbate formed in
this compartment may be taken up by airway cells. In
the current study we found cell immunoreactivity for
GLUT2 expressed at the apical and also basolateral
aspects of the columnar epithelial cells. A recent paper
has demonstrated that GLUT2 plays an important role
in dehydroascorbate uptake from the gut lumen,21 and
it is possible that it performs a similar function in the
lung.
SVCT1 and 2 have been shown to act as intracellular

transporters of ascorbate,18 27 SVCT1 being associated
predominately with epithelial cells,27 and SVCT2 with a
wider range of metabolically active cells.27 Although pre-
vious studies have demonstrated mRNA for both SVCT1
and 2 within human bronchiolar epithelium,27 no infor-
mation is available on cellular distribution or protein
expression. An examination of SVCT1 and 2 expression
in the rat has shown immunoreactivity at the apical epi-
thelium of the trachea, bronchi and alveoli.28 In vitamin
C synthesisers, SVCT-2 has been shown to be essential,
with knock-out mice dying, shortly after birth, of respira-
tory failure.36 Over expression of SVCT2 has also been
shown to confer protection against paraquat-induced oxi-
dative stress in transgenic mice expressing additional
copies of the gene, associated with elevated pulmonary

Table 4 Quantification of goblet cells and SVCT2-positive goblet cells within the bronchial epithelium of selected healthy and

mild patients with asthma

Goblet cells

(cells/mm)

SVCT2-positive goblet

cells (cells/mm)

Per cent SVCT2-positive

goblet cells

Healthy subjects (n=5) 25.5 (16.6–41.8) 16.3 (9.2–33.6) 60.5 (54.0–77.6)

Patients with asthma (n=5) 20.6 (8.0–31.7) 11.2 (3.8–17.5) 54.1 (42.1–62.7)

p Value 0.42 0.42 0.22

Data are given as number of cells per mm epithelium and % SVCT2-positive goblet cells. Data are presented as median (IQR).
SVCT, sodium-ascorbate cotransporters.

Figure 3 (A) Goblet cells in bronchial biopsies and total

vitamin C concentrations in bronchial wash show a negative

correlation (ρ=−0.842, p<0.01). (B) sodium-ascorbate

cotransporters (SVCT2)+goblet cells in bronchial biopsies and

total vitamin C concentrations in bronchial wash show a

negative correlation (r=−0.661, p<0.05).

Larsson N, et al. BMJ Open 2015;5:e006979. doi:10.1136/bmjopen-2014-006979 7

Open Access

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://bm

jopen.bm
j.com

/
B

M
J O

pen: first published as 10.1136/bm
jopen-2014-006979 on 8 A

pril 2015. D
ow

nloaded from
 

http://bmjopen.bmj.com/


tissue ascorbate concentrations.37 These observations
highlight the importance of vitamin C salvage mechan-
isms in the lung, which are likely even more significant in
non-synthesising species such as man. Here we report for
the first time evidence of pronounced SVCT2 protein
expression within goblet cells of the bronchial epithe-
lium. In addition, vitamin C concentrations were
inversely correlated with the number of SVCT2-positive
goblet cells, indicating a possible role for these cells in
vitamin C homeostasis. These data are consistent with the
ascorbate pool within the proximal airway being largely
determined by its uptake into goblet cells. However,
whether ascorbate can be released onto the airway
surface from these cells under conditions of oxidative
stress remains an area for future research. While vitamin
C uptake mechanisms are well defined, less is known con-
cerning potential efflux from cells.38 Transport through
volume sensitive anion channels has been shown,39 as has
the release of ascorbate-containing vesicles,40 and ascor-
bate–ascorbate homoexchange;41 though, to date, the
information on these transport mechanisms remains
limited. In light of these results, there is now a motivation
to address this issue in goblet cells, especially as exposure
to airway irritants such as diesel exhaust42 and ozone6 has
been shown to elicit acute increases in ascorbate and
vitamin C concentrations in upper airway secretions of
human subjects. To date, these increases have tended to
be related to alterations in the permeability of the blood–
air barrier, but this has not been conclusively established.
As goblet cells are often increased in asthmatic airways,
one might therefore expect differences in cellular uptake
to impact on RTLF ascorbate concentrations compared
with the healthy population, that is, lower extracellular
vitamin C concentrations due to increased uptake by
goblet cells. This was not shown in the present study, with
equivalent number of goblet cells in the two groups, pos-
sibly reflecting the relatively mild clinical status of the
patients with asthma.
In the present study immunohistochemical character-

isation of vitamin C transport expression was limited to
the bronchial airways, and therefore the question of the
regulation of the extracellular ascorbate pool in the
alveolar region remains unresolved. We did attempt to
gain some insight into vitamin C transport in the distal
lung using FACS-based analysis of SVCT and GLUT
transporters in the resident leucocyte population, recov-
ered by bronchoalveolar lavage. Focusing on macro-
phages, neutrophils and lymphocytes, we observed no
differences in SVCT1 and 2 expressions between the
healthy subjects and patients with asthma. There was evi-
dence of reduced GLUT3 expression in CD3+lympho-
cytes in asthmatics, but overall there was no clear
relationship between the measured vitamin C concentra-
tions and the SVCT and GLUT expression observed in
BAL cells.
In conclusion, we have shown that the human bron-

chial epithelium has two potential salvage mechanisms,
SVCT2 and GLUT2, allowing cellular uptake of ascorbate

moving into the RTLF from the plasma pools, hence pre-
venting its irreversible oxidation to 2,3-doketogulonic
acid and loss of its antioxidant function. Further studies
are warranted to explore vitamin C transporters in the
alveolar region of the lung.
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Methods 

 

 

Subjects: All participants were free of chest infection within 6 weeks prior to and during the 

study. No antioxidant supplementation or anti-inflammatory medication was allowed within 2 

weeks prior to or during the study. Asthma severity was classified as intermittent according to 

GINA guidelines,[s1] with short-acting inhaled 2-agonists on demand as sole medication. 

Inhaled or nasal corticosteroids were terminated at least three months prior to the study.  

The sample size in the present study was calculated from previous studies, where a statistical 

significant difference in inflammatory cells in the bronchial mucosa could be determined.   

 

Lung function: Lung function was measured using a Vitalograph spirometer (Vitalograph 

Ltd. Buckingham, UK). At least three satisfactorily performed and well-co-operated 

measurements of each variable were carried out, according to recommendations of the 

American Thoracic Society. [s2] Methacholine challenge was carried out using the method 

described by Juniper et al. [s3] 



2 

 

 

 

Bronchoscopy: Premedication with 1.0 mg of atropine was given subcutaneously 30 minutes 

before the procedure. Subjects with asthma inhaled 0.2 mg of salbutamol. Lidocaine was used 

for topical anaesthesia. A flexible video bronchoscope (Olympus BF-1T160, Tokyo, Japan) 

was inserted through the mouth, with the subject in the supine position. In a randomised 

manner, bronchial biopsies were taken either from the anterior aspect of the main carina and 

the subcarinae of the second to fourth generation airways of the right side, or from the 

posterior aspect of the main carina and the corresponding subcarinae on the left side. 

Bronchial wash (BW, 2x20 ml) and bronchoalveolar lavage (BAL, 3x60 ml) were carried out 

on the contralateral side using sterile sodium chloride. The aspirates were collected into 

separate siliconised containers and immediately placed on ice. All lavage samples were 

filtered through nylon (pore diameter 100 m) and centrifuged at 400xg for 15 min to 

separate the cell pellet from the supernatant. Cell pellets were re-suspended in phosphate 

buffered saline (PBS) at a cell concentration of 10
6
 cells/ml. Differential cell counts were 

performed on cytocentrifuge preparations stained with May-Grünwald Giemsa and 400 cells 

per slide were counted. 

Immunohistochemistry: Endobronchial mucosal biopsies were processed and embedded into 

glycol methacrylate resin (Polyscience; Northampton, UK), according to the method 

developed by Britten et al. [s4] The immunostaining procedure has been described previously. 

[s5] Stained inflammatory cells were counted in the epithelium and in the submucosa 

excluding glands, blood vessels and muscle. Inflammatory cell counts were expressed as 

cells/mm in the epithelium and cells/mm
2
 in the submucosa and counted using a light 

microscope. Staining of vitamin C transporters was assessed in inflammatory cells, blood 

vessels, epithelium and goblet cells.  
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Flow cytometry analysis: Cells obtained from BAL-fluid were stained with antibodies 

against CD3 (lymphocytes), CD14 (monocytes / macrophages), CD16b (PMNs), as well as 

antibodies against SVCT1, SVCT2 and GLUTs 1-3. Immunoreactivity was analysed by BD 

FACS Calibur to evaluate the expression of transporters on different airway cell types. 

 

BAL cells were centrifuged and diluted to a final concentration of 2*10
6 

cells/ml. For each 

test, 10 μl of primary antibody (GLUT 1-3, SVTC 1-2) was added to 200 μl of cell suspension 

and allowed to bind for 30 minutes at 4
0
C in darkness. Red blood cells were lysed with 1 ml 

FACS
TM

 Lysing solution (Becton Dickinson Immunocytometry Systems, San Jose, CA, USA) 

for 10 minutes at room temperature. The remaining cells were then washed by adding PBS to 

the tubes and centrifuged at 4
0
C for 10 minutes, 300 g and repeated once. To each tube, 50 μl 

of BSA solution (3%) was added for 15 min, room temperature. Then, 5 μl of secondary 

antibodies was added (RAM PE to GLUT and SWAR FITC to SVTC), allowed to bind for 30 

minutes at 4
0
C in darkness. The cells were then washed as described earlier. The remaining 

cells were then stained with 10 μl of conjugated antibodysolution (CD3PerCP, CD16bFITC, 

CD14FITC, CD14PE), allowed to bind for 30 minutes at 4
0
C in darkness. The cells were then 

washed by adding PBS to the tubes and centrifuged at 4
0
C for 10 minutes, 300 g, once. Cells 

were thereafter fixed with 400 μl CellFIX
TM

 (Becton Dickinson Immunocytometry Systems, 

San Jose, CA, USA) before analysis using a FACSCalibur
TM

 (Becton Dickinson) flow 

cytometer.  The percentage of each specific vitamin C transporter was determined out of gated 

CD3
+
, CD14

+
and CD16

+
 cells.  

 

Antioxidant analysis: Total vitamin C, ascorbic acid, dehydroascorbate, total glutathione 

(GSx), glutathione (GSH), and glutathione disulphide (GSSG) concentrations were 
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determined in BW and BAL. Ascorbate concentrations were determined in the BHT and DES 

treated BW and BAL fluid samples following protein and lipid extraction: 400l of lavage 

was treated with 50l 50% metaphosphoric acid (MPA), 50l water and 100l heptane, the 

sample vortexed for 60s and centrifuged at 13,000 rpm, for 5min (4°C). The protocol for 

establishing vitamin C was similar but included a reduction step employing Tris(2-

carboxylethyl) phosphine (TCEP) (Molecular Probes, Eugene, Oregon USA), with 400 l of 

the sample being treated with 50l 50% MPA plus 50l TCEP prior to mixing and incubation 

for 1h at room temperature. After this incubation the sample underwent lipid extraction with 

100l heptane with a 60s vortex and centrifugation at 13,000 rpm as outlined previously. The 

lower layer was then carefully decanted into brown glass HLPC vials for analysis.[s7]   

 

A Gilson 234 auto-sampler was used to inject 20µl aliquots of each sample for analysis on a 

5µm C18 column (4.6 x 150mm) from Phenomenex, eluted with a 0.2mM K2HPO4-H3PO4 

mobile phase containing 0.25mM octanesulphonic acid (pH 2.1) at a flow-rate of 1.5 ml/min. 

An E&EG amperometric electrochemical detector was used for detection with the voltage set 

at 500mV and a current sensitivity of 100nA. Ascorbate, vitamin C (following TCEP 

reduction) concentrations in the samples were measured by comparison with known 

standards.  The DHA concentration was determined by subtracting the ascorbate from the 

vitamin C concentration. For the determination of glutathione, untreated samples were used. 

Glutathione and glutathione disulfide concentrations in lavage fluid were determined using 

the glutathione disulfide reductase–dithiobisnitrobenzoic acid recycling assay, as previously 

described. [s7]  
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Table S1: Inflammatory cell counts in bronchial wash (BW), bronchoalveolar lavage (BAL) 

fluid, submucosa (SM) and epithelium (EP) obtained from mild asthmatic and healthy 

individuals. 
a
 

 

Cell type and location 

 

 

Healthy controls 

n = 16 

 

Asthmatics 

n = 16 

 

 

p value 

 

  

 

    

BW     

(×10
4
 cells·mL

−1
)    

Macrophages 7.2 (5.2–12.3) 5.3 (4.6–9.2) 0.07 

Neutrophils 0.7 (0.3–1.0) 0.2 (0.1–0.6) 0.06 

Lymphocytes 0.3 (0.2–0.7) 0.6 (0.3–0.9) 0.35 

Eosinophils 0.0 (0.0–0.1) 0.1 (0.0–0.3) 0.01 

Mast cells 0.01 (0.00–0.02) 0.03 (0.01–0.04) 0.01 

    

BAL-fluid     

(×10
4
 cells·mL

−1
)    

Macrophages 13.9 (8.9–17.6) 12.0 (10.6–16.1) 0.60 

Neutrophils 0.1 (0.0–0.2) 0.1 (0.0–0.2)  0.66 

Lymphocytes 0.7 (0.5–1.0) 1.1 (0.6–1.4) 0.20 

Eosinophils 0.0 (0.0–0.1) 0.1 (0.0–0.2) 0.18 

Mast cells 0.01 (0.00–0.03) 0.02 (0.01–0.04) 0.13 

    

Bronchial biopsies    

(cells/mm
2
 SM, cells/mm EP) 

Neutrophils SM 104.4 (55.9 – 167.3) 38.8 (23.1-93.9) 0.029 

CD3+ lymphocytes SM 20.4 (4.2 – 135) 20.9 (4.6 – 51.2) 0.777 

Eosinophils SM 0.0 (0.0–0.0) 1.1 (0.0–9.3) 0.083 

Mast cells SM 31.1 (16.1-52.0) 29.0 (18.0 – 36.2) 0.474 

Neutrophils EP 0.0 (0.0 – 2.3) 0.5 (0.0 – 1.7) 0.441 

CD3+ lymphocytes EP 1.3 (0.0 – 6.6) 3.7 (0.0 – 6.0) 0.538 

Eosinophils EP 0.0 (0.0-0.0) 0.0 (0.0 – 1.3) 0.006 

Mast cells EP 0.0 (0.0 – 0.0) 0.0 (0.0 – 1.3) 0.006 

    
a
 = Data given as medians (interquartile range). Data previously published (s8) 
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Table S2: Vitamin C transporters in airway leukocytes analysed by FACS. 
a 

 

Vitamin C transporters 

in airway-leukocytes (%) 

 

Healthy controls 

n = 16 

 

Asthmatics 

n = 16 

 

 

p value 

 

  

 

    

Leukocyte subsets     

(%)    

CD4+ /CD3+ 63.2 (46.4-71.5) 46.4 (37.8-68.3) 0.34 

CD8+ /CD3+ 31.3 (23.6-50.5) 48.7 (26.5-59.4) 0.41 

CD4+ /CD8+ 2.0 (0.9-3.0) 0.96 (0.65-2.53) 0.36 

CD14+ /CD3+ 95.9 (94.6-97.2) 92.3 (89.1-96.4) 0.05 

CD8+ /CD3+ 31.3 (23.6-50.5) 48.7 (26.5-59.4) 0.41 

    

Vitamin C transporters  

on CD3+ lymphocytes  

   

(%)    

GLUT1+ CD3+ 88.9 (81.3-92.0) 88.0 (78.0-91.2) 0.59 

GLUT2+ CD3+ 86.4 (76.7-91.7) 66.9 (56.5-88.1) 0.15 

GLUT3+ CD3+ 71.0 (63.1-79.9) 51.9 (43.1-77.4) 0.03 

SVCT1+ CD3+ 31.4 (25.7-44.1) 37.6 (26.9-43.5) 0.68 

SVCT2+ CD3+ 30.9 (25.0-43.1) 39.6 (26.6-44.8) 0.45 

    

Vitamin C transporters  

on CD14+ macrophages 

   

GLUT1+ CD14+ 40.9 (20.2-60.3) 46.4 (24.3-81.5) 0.46 

GLUT2+ CD14+ 34.0 (19.3-70.2) 40.3 (30.5-62.0) 0.51 

GLUT3+ CD14+ 8.7 (5.3-18.3) 9.9 (4.7-33.1) 0.71 

SVCT1+ CD14+ 88.1 (85.2-90.3) 85.3 (80.9-92.6) 0.82 

SVCT2+ CD14+ 38.7 (28.9-55.3) 40.9 (32.6-61.5) 0.59 

 

Vitamin C transporters  

on CD16+neutrophils 

   

GLUT1+ CD16+ 49.0 (42.8-67.9) 50.7 (40.0-62.2) 0.87 

GLUT2+ CD16+ 64.1 (54.7-74.4) 64.6 (53.1-76.4) 0.97 

GLUT3+ CD16+ 79.7 (59.4-86.8) 44.9 (32.2-85.3) 0.17 

 

CD3+ = lymphocytes, CD4+ = T-helper cells, CD8+ = T cytotoxic cells, CD14+ = macrophages, CD16+ = 

neutrophils, GLUT = glucose transporters, SVCT = sodium-ascorbate co-transporters.  

SVCT data from CD16+ cells is lacking due to limited amount of material.  

a
 = Data given as medians (interquartile range). 
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