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EFFECT OF INTERACTION OF VITAMIN C ON MACROPHAGE IMMUNE
RESPONSE TO INFECTION WITH Mycobacterium bovis
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Abstract

Bovine tuberculosis is a chronic infectious disease caused by Mycobacterium bovis affecting humans and livestock. Like
Mpycobacterium tuberculosis (M.tb), M. bovis can persist in cattle without causing overt symptoms after entering a non-
replicating persistent (NRP) state. Given that M.tb enters NRP under stress conditions, we sought to find the effects of
vitamin C (VC) on M. bovis in vitro and in vivo (VC could mimic stresses like hypoxia by O, scavenging and acidic
conditions in phagosome). M. bovis was cultured in a medium with VC for 48h. The differential expression of five genes
(dosR, dosS, dosT, icl, and hspX of M. bovis) implicated in the M. bovis NRP state was measured with real-time quantitative
PCR. Expression of all five genes was increased by VC. Relative to the control, VC-exposed bacteria appeared smaller and
more rounded in shape with a much thicker inner envelope. A lower number of viable bacteria were found in comparison
with those of the control. We infected macrophage cell line ANA-1 with M. bovis and cultured it in VC-added medium
(MC group) for 24h and 48h. Expression of il-10, il-6, tnf-a, and il-ff was examined and compared with expression by cells
infected by M. bovis only without VC treatment (MB group), uninfected cells in the medium treated with VC (VC group),
and cells in the medium only without VC. II-1f, tnf-a, and il-6 transcription were up-regulated significantly in MC group.
IL-10 gene expression in MB and MC groups was less than in the control at 24h, but that of MC group increased more than
the MB group at 48h. The numbers of intracellular M. bovis in the MC group were lower than that in the other groups. Slower
growth was found in VC-treated M. bovis, and macrophages were more bactericidal for intracellular VC-stimulated M. bovis
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than for M. bovis with no VC treatment.
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INTRODUCTION

A relatively small proportion of human patients carrying
Mycobacterium tuberculosis progress to full disease for
the bacteria surviving in the host for decades in a non-re-
plicating persistent (NRP) state (31). Little is known about
the features that allow bacteria to remain within the host
in this way. M. bovis is the causative agent of tuberculosis
in cattle which remains an important zoonotic infection in
addition to being a significant world-wide economic agri-
cultural problem. About 1%—2% of human TB cases in
developed countries are caused by M. bovis (18). In addi-
tion to studying the basis of latency in M. bovis in its own
right such studies could additionally shed light on latency
in M.tb.

To elucidate the basis of the NRP mechanism, in vitro
conditions are studied to mimic the situation in vivo. M.tb
is induced to enter the NRP state under low pH or oxygen
stress conditions (30, 4). These studies generally show
that dormant-state M.tb is induced by the dosR regulon.
Expression of the dosR regulon of M.tb or M. bovis is ini-
tiated during transition into dormancy, and is regulated by
the response regulator dosR (devR, Rv3133c), which is
activated by two sensor histidine kinases, dosT (Rv2027c)
and dosS, (DevS, Rv3132c¢) (20, 22, 7).

L-ascorbic acid (Vitamin C or VC) has a special role in

redox interrelationships as an antioxidant and enzyme co-
factor (16). It is reported that its deficiency could result in
immune defect and it also could enhance the proliferative
T lymphocytes in vitro as well as the tuberculin skin hy-
persensitivity in vivo (13). Some TB patients are characte-
rized by a lack of sufficient VC (1). What’s more, Macro-
phage is of importance in oxidative stress developing for
antimicrobial and antitumoural defence within the cell-
mediated immune response, while simulated macrophages
play a crucial role in cardiovascular disease (23). Taneja et
al. found that VC induced dormancy in M.tb, this process
coinciding with up-regulation of expression in dosR, dosS
but not dosT (27).

Given the similarities between M.tb and M. bovis, we
hypothesized that VC might induce a dormant-like state of
M. bovis. The cytokine production of the macrophage will
be different when they are treated with VC post infection
of M. bovis. First, we examined changes in the expression
of selected genes related to phenotypic characteristics of
VC-treated M. bovis. Results indicated some genes were
induced to different degrees, including dosR, dosT, and
dosS. What’s more, we found a significant difference in
gene expression of cytokines related to the macrophage
immune response and the number of intracellular bacteria
after treatment with VC post infection, which was a new
discovery in the effects of VC on M. bovis infection. This
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study could clearly lead to a better understanding of the
nature of the interaction between M. bovis and the macro-
phage and possibly suggest approaches to clinical inter-
vention.

MATERIALS AND METHODS

Bacterial strains and treatment with VC in vitro

All experiments were carried out using the M. bovis Bei-
jing strain (strain 93006) from the China Institute of Ve-
terinary Drug Control (CVCC, Beijing, China). M. bovis
was cultured in Middlebrook 7H9 broth (Difco) supple-
mented with 10% (v/v) ADC (0.5g/1 BSA, 0.2g/1 dextrose
and 0.085g/1 NaCl) and 0.05% (v/v) Tween80, incubated
at 37°C with shaking for 4-6 weeks. All contents of the
medium are free of VC unless adding it according to the
protocol. Viable bacterial numbers were counted by pla-
ting 100uL of serial dilutions onto Middlebrook 7H11 agar
containing 10% (v/v) ADC plus 0.05% (v/v) Tween80.
Broth cultures were aliquoted into six 3mL-portions in
15mL tubes. L-ascorbic acid was dissolved into ultrapure
water under axenic conditions for a final concentration of
IM. Cultures were treated with VC immediately (to pre-
vent possible oxidation) at 10 mM final concentration for
8h under the same cultural conditions (27), and then com-
pared with untreated cultures. Comparisons were carried
out at least three times.

M. bovis-infected ANA-1 and RNA isolation

ANA-1 is a murine, macrophage-like cell line. The
cells were grown in RPMI 1640 medium supplemented
with 10% fetal calf serum, and plated in 12-well culture
plates, 1x10°cells per well, for 12h at 37 C, 5% CO,. All
contents of the medium are free of VC unless adding it
according to the protocol. Infections were carried out for
3h with M. bovis at a 10:1 multiplicity of infection. Wells
were subsequently washed with incomplete RPMI 1640
medium and VC was then added to the test wells (post-
infection or control) at a final concentration of 2 mM. The
four experimental groups included: M. bovis-infected cells
(MB group), cells infected by M. bovis for 3h and then
treated with VC (MC group), cells cultured in medium
added with VC (VC group), and cells cultured in medium
only (control group). Total RNA of each was isolated using
the RNApure High-purity Total RNA Rapid Extraction Kit
(Aid Lab, China) at 24h and 48h, and stored in RNase-free
water at -80°C.

RNA extraction from M. bovis and cDNA preparation

RNA was isolated from M. bovis using the following
steps. Bacterial cells of each sample (about 3x103CFU/
ml) were harvested by centrifugation at 2,000g for 10min
followed by addition of 0.5ml silica beads (0.1mm dia-
meter) (Biospec). Trizol (Invitrogen, USA) was added to
the beads at a ratio of 1:1, and mixed thoroughly. Cells
were then disrupted for 3min using a Mini Bead-beater cell
disruptor (Shimadzu, Japan) with 0.1mm glass beads. Total
RNA was purified using the RNApure High-purity Total
RNA Rapid Extraction Kit (Aid Lab, China) and stored in
RNase-free water at -80°C. M. bovis or ANA-1 cell RNA
(500ng-1000ng) was reverse transcribed to cDNA using
the RevertAid first-strand cDNA synthesis kit (Fermentas,
Lithuania).

Real-time quantitative PCR

For each group, expression levels of the selected genes
(dosR, dosS, dosT, icl, and hspX of M. bovis; 1L-10, 1L-6,
TNF-a, and IL-18 of ANA-1 cell) were examined using
real-time quantitative PCR. Expression levels were detec-
ted using the DNA Engine Opticon TM2 fluorescence
detection system (MJ Research Inc, USA) and SYBR
Green (Tiangen, China). Transcript levels between various
RNA samples were normalized using 16S rRNA or b-ac-
tin. The specific gene primer pairs designed according
to Genebank-recorded sequences are shown in Table 1.
Real-time quantitative PCR data were analyzed using the
244 method, and differences between the samples were
analyzed using a t-test with SPSS software (Spssstatistics
17.0).

Acid-fast staining

Phenotypical differences (i.e. cell shape, bacteria size)
between the two groups (VC-treated group and control)
were observed using acid-fast staining and microscopy.
Cells from each group were washed twice with PBS to
remove culture medium traces. Bacteria were then stained
using the acid-fast staining method according to a standard
Ziehl-Neelsen stain protocol.

Viable bacterial counts of M. bovis in vitro

For bacteria counting of VC-treated M. bovis in vitro at
Oh, 24h, and 48h after adding VC, samples were serially
diluted in PBS and plated onto Middlebrook 7H11 plates
containing 10% (v/v) ADC and 0.05% (v/v) Tween80 for
bacterial enumeration. Colony forming units (CFU) were
counted after incubation at 37°C for 3—4 weeks.

To count intracellular bacteria, ANA-1 cells cultured in
12-well plates were harvested by centrifugation at 500g
for 3min at 24h and 48h for the four groups. Cells from
each well were washed three times with PBS to remove
extracellular bacteria and then lysed with a 0.1% Triton
X-100 solution, serially diluted in PBS, and plated onto
Middlebrook 7H11 plates (29). Cells were then cultured
and CFUs counted as described above.

Transmission electron microscopy

Briefly, bacterial cells of the two groups (VC-treated
group and control) were harvested at 2,000g for 10min and
washed twice with PBS, followed by centrifugation before
fixation in 4% glutaraldehyde buffer for 2d at room tempe-
rature. They were then processed for electron microscopy
as previously described (19). Electron microscopy sec-
tions were prepared and observed by transmission electron
microscopy.

RESULTS

Gene expression changes induced by ascorbic acid

To estimate dosR, dosS, dosT, icl, and hspX gene expres-
sion changes, total RNA was extracted from VC-treated
cultures of M. bovis and compared with untreated cultures
using real-time quantitative PCR analysis.

The results are shown in Figure 1. The broken line shows
the boundary between up-regulated genes (above the line)
and down-regulated genes (below the line). The results
showed that dosR, dosS, and dosT gene expressions were
induced 1.9 fold, 2.3 fold, 18.89 fold respectively by VC.
These genes were associated with M. bovis dormancy. The
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Table 1. Real-time quantitative PCR primer pairs and amplicon size for all analyzed genes.

Gene Forward primer (5°-3’) Reverse primer (5°-3°) Amplicon size (bp)
dosR tcttcaccgtettttcgget gcggatatgtcgtcaaagac 252
dosS tcgatgcacaagtegtcgtc gcaccagcgttcaattcgtg 160
dosT acccgcacatcatcctcg gaatccatctacagcagcatcg 308
hspX accgtgcgaacgaaggaac tgcggctggaagacgagat 187
icl agcaggaatgggacacgaac gccageccgacaggtagat 240
16s rRNA acgtgggtactaggtgteggtttc  tctgegattagcgactaagacttca 543
il-1p gcctcaaaggaaagaatcta aaacagtccagcccatactt 297
tnf-o ggeggtgectatgtetea cacttggtggtttgctacg 221
il-6 tgecttettgggactgat ctggctttgtctttcttgtt 384
il-10 cagccaggtgaagactttct atggccttgtagacaccttg 330
b-actin tgctgteectgtatgectetg ttgatgtaccgcacgatttce 223

levels of ic/ (10.9 fold) and AspX (6.7 fold) were higher
than those of the control.

To detect the effect of VC on macrophage bacterici-
dal ability, ANA-1 cells were infected with M. bovis for
3h. After washing off the extracellular bacteria, VC was
added to the medium and kept for 24h and 48h. IL-10,
IL-6, TNF-a, and IL-1p expressions of ANA-1 cells were
examined using real-time quantitative PCR. Results (Fi-
gure 4) showed that pro-inflammatory cytokines, IL-6,
TNF-0, and IL-1pB, were more activated in MC than MB
groups at 24h or 48h. Gene expression of IL-1f was signi-
ficantly (p<0.05) up-regulated more in MC than in other
groups at 24h and 48h. IL-6 was induced more in both MC
and MB groups at 24h, and the level in MC was higher
than in the MB group. At 48h, the IL-6 gene expression
level decreased sharply (p<0.05) and arrived at the level
same as control group. IL-6 level increased constantly in
VC group within 48h. The expression of TNF-a changed
differently. At 24h, TNF-a expression in the MB group
was down-regulated compared to control, while TNF-a
in the MC group was up-regulated more than in control.
However, TNF-a in MB group increased while TNF-a in
the MC group decreased, both arriving at a similar level
at 48h. At 24h, IL-10 gene expression in the MB and MC
groups was lower than in the control group, expression in
both groups increased significantly (p<0.05) at 48h. The
IL-10 expression level in the MC group was higher than
other groups at 48h. Further, VC promoted cell production
of pro-inflammatory cytokines like IL-6, TNF-a, and IL-
1B, to different degrees. However, IL-10 gene expression
was lower in VC group than in the control at 24h and 48h.

Bacterial enumeration in vitro

To analyze changes in bacterial growth characteristics
at Oh, 24h, and 48h post-VC-treatment in vitro, M. bovis
CFU were enumerated after incubation at 37°C for 3~4
weeks. When bacteria were exposed to VC, the initial
CFU was Log,, 5.75+0.04 at Oh, decreased continually to
Log,, 5.29+0.15 at 24h, and to 5.01+0.03 at 48h. M. bovis
grew quickly in medium without-VC and the viable count
was Log , 6.62+0.03 logs at 24h, increasing to 7.94+0.01
at 48h (Figure 2A). The differences between VC-treated
and control groups were statistically significant at 24h and
at 48h.

Figure 1. Gene expression changes measured by real-time quantitative
PCR in mRNA levels of selected genes after VC-exposure. RT-PCR
analysis of selected genes was carried out with total RNA isolated from
VC-treated M. bovis cultures in vitro for 8 hours with control cultures
remaining untreated. Every bar shows the fold induction of a particular
gene with respect to untreated cultures. The fold induction of each gene
expression level is a ratio of 16s RNA-normalized transcription in VC-
treated or untreated cultures. The results are shown as mean+SD of 3
independent samples each analyzed in 3 replicate assays.

Acid-fast staining for bacterium morphology

Morphological differences between groups were obser-
ved using acid-fast staining. After VC-treatment for 48h,
bacterial cells appeared smaller and more rounded in
shape than the control cells (Figure 3A, B). Images are
representative of the bacilli in at least 10 different micros-
copic fields.

Transmission electron microscopy

VC-treated bacteria were smaller than control bacte-
ria (Figure 3C, D). Control bacteria also contained more
vesicles than did treated bacterial cells. Cell walls of the
treated group were much thicker than those of the control

group.

Enumeration of intracellular M. bovis
Growth and survival of intracellular M. bovis were as-
sessed by counting ANA-1 intracellular bacteria (Figure
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Figure 2. A: Bacteria growth arrest caused by VC in M. bovis cultures. The CFU numbers were determined at Oh, 24h, and 48h after VC treatment.
It shows the mean £SD of 3 replicates of plates in each group for every experiment (‘*’, P-value<0.05). B: Growth arrest of intracellular bacteria
caused by VC performed by CFU assessment. The intracellular M. bovis number count was determined at Oh, 24h, and 48h after stimulation with
VC or not. It shows the mean+SD of 3 replicates of plates in each group for every experiment (‘*’, P-value<0.05).

2B). Intracellular viable counts were Log,, 7.59+0.01 at
24h, which decreased significantly to 7.524+0.04 at 48h in
the MC group. The changes in CFU in the MB group were
different, namely Log,, 7.84+0.05 at 24h, which increased
significantly to 8.09+£0.02 at 48h. No bacteria were cultu-
red in the groups treated with VC and medium only. The
results were consistent with poor growth resulting from
culturing M. bovis in vitro with VC.

Figure 3. Bacteria morphology. M. bovis (red) cells were stained with
Ziehl-Neelsen stain and are shown as arrows point (A is VC-treated
group, B is untreated). Magnification x1000. (C)Electron micrograph of
VC-treated M. bovis or (D) untreated. Red arrows point to the vesicles
and black ones point to the cell walls. Magnification x120,000 (Scale
bar, 200nm).

DISCUSSION

Tuberculosis remains a major global public health pro-
blem. Bovine tuberculosis threatens livestock and has se-
rious implications for human health, where dormancy and
persistent infection is a key characteristic of the disease. A
number of studies have attempted to understand the dor-
mancy mechanism (11, 3).

M.tb dormancy could be induced by VC in several ways.
First of all, VC could scavenge O, in a rapid way and de-
velop hypoxia consequence. DosR response regulator in
M.tb is a very important regulon during hypoxia. It is cru-
cial in adaptation of hypoxia. Taneja et al have discovered
that VC rapidly induces the DosR regulon under aerobic
conditions (27). In this study, we examined dosR, dosT
and dosS gene expression level and these genes expression
were obviously induced after addition of VC, indicating
that interactions between VC and M. bovis was similar with
that of M.tb. The 16-kDa alpha crystalline (Acr), encoded
by hspX gene (Rv2031c), is the best-known member of the
dosR regulon (21). HspX expression is greatly increased
when stimulated by “stressed” conditions like hypoxia
(25). In this study, HspX gene expression increased consis-
tently when M. bovis was exposed to VC, which confirmed
the induction of the dormancy regulon. Because the addi-
tion of VC causes the acidification of culture medium to
pH~5.5, we confirmed that isolitrate lyase (ICL), a gene
is acid-inducible and is required for non-replicating per-
sistence of M.tb in macrophages and mice(5, 17), is up-
regulated 10.9 fold in this study. ICL encoded isocitrate
lyase which is a key enzyme of the glyoxylate pathway.
Therefore, VC-treated M. bovis may enter the early period
of non-replication quickly with the bacterial metabolism
adjusted to accommodate the stressed condition.

Conditions experienced by bacteria in latency are very
different from conditions to which bacteria are exposed
during activation. The host immune system is less able to
kill bacteria in granulomas in latent tuberculosis infection;
bacteria are surrounded by macrophages, neutrophil, and
T-cells with the granuloma sometimes completely walled
off (31). To detect whether VC-treated M. bovis in vitro
presented growth arrest, bacteria CFU were carried out.
VC-exposed M. bovis grew less than those cultured in nor-
mal medium. Thus, VC was able to induce growth arrest of
M. bovis in vitro. It is studied that some stress conditions
such as oxygen deficient could induce growth arrest of
M.tb. VC aqueous solution shows acidic and could induce
O, consumption, which could have potentiated the adap-
tation of M. bovis to a dormant-like state, similar to the
Wayne model (33).

M.tb exposed to nutrient-deficient cultures changed mor-
phology and became smaller and more rounded in shape
(12). Bacteria gradually lose acid-fast staining; this may be
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Figure 4. Gene expression changes measured by real-time quantitative PCR in mRNA levels of selected genes. RT-PCR analysis of selected genes
was carried out with total RNA isolated from the four groups, MC, MB, VC and control (MC: treat with VC after stimulation with M. bovis, MB:
stimulation with M. bovis only, VC: treated with VC only, control: medium only). Every point shows the fold induction of a particular gene with

respect to untreated cultures. The fold induction of each gene expression level is a ratio of b-actin-normalized transcription in each group. The

results are shown as mean+SD of 3 independent samples each analyzed in 3 replicate assays.

relevant to alterations occurring in the cell envelope struc-
ture (24). Here, as a kind of stress condition, we find that
VC-treated M. bovis cells were smaller and more rounded
in shape at 48h but did not completely lose the acid-fast
property. They are bacteria were smaller in diameter and
possessed a thicker cell envelope than non-treated bacte-
ria, which was reported first time on the effect of VC on
mycobacteria. Low et al indicated that mycobacteria could
collect lipids from cytoplasm (i.e. triacylglycerol) when
exposed to stress conditions (14). We thought that might
be the main reason to cause cell wall to become thicker
after VC treatment on M. bovis. Given the relative impe-
netrability of the mycobacterial envelope, this may explain
the phenotype of growth arrest.

The effects of VC on immune functions were studied
earlier in 1970’s. From then on, many reports have in-
volved in regulation of VC on immunity (28,15,32). VC
is highly concentrated in leukocytes and is used rapidly
during infection. It has been defined as a stimulant of
leukocyte functions, especially of neutrophil and mono-
cyte movement. Vitamin C supplementation did not in-
crease PBMC production of IL-1, IL-6 and TNF-a, but
when VC combined VE, the production of IL-1, IL-6 and
TNF-awere significantly promoted (10). In another study,
VC inhibited the LPS-induced member of monocytes pro-
ducing IL-6 and TNF-a (6). These studies demonstrate
that VC has the role of immune-modulation. In this study,
gene expression of pro-inflammatory cytokines TNF-a,
IL-6 and IL-1B were determined after macrophage infec-
ted by M. bovis for 3h and then treated with VC for 24h
or 48h. The expression of three genes, IL-1B, IL-6 and
TNF-a all increased significantly in the medium added
VC group while IL-10 decreased relative to the control no
matter at 24h or 48h, indicating that VC could selectively
influence intracytoplasmic cytokine production of ANA-1
cells. However, the cytokine production of ANA-1 chan-
ged differently between the groups that cells infected with
M. bovis (MB group) and the group that cells treated with
VC post infection (MC group). Gene expressions of IL-1[3
and IL-6 were consistently higher in MC and MB groups
at 24h and 48h than control. IL-1f continuously increased

and the level of IL-1p in MC was higher than MB group.
While IL-6 expression decreased from 24h to 48h in both
groups. IL-1p and IL-6 could protect host cells from bac-
terial invasion. From this study, Macrophages treated with
VC after infection with M. bovis are activated more than
M. bovis-stimulated-only macrophages. VC could cause
cells to secrete these two factors to help host against bac-
terial infection in the early stage. Unlike IL-1p and IL-
6, TNF-a gene expression changed inconsistently in MC
and MB groups. The level of TNF-a gene expression was
lower in cells infected with M. bovis than control at 24h
but increased from 24h to 48h and reached a higher level
than control at 48h. Because the change of this gene was
not detected before 24h, we can’t know the tendency. We
guess the production of this cytokine may rise and fall
during the early 24h. Then inactivated cells were activated
and the cytokine was reproduced and rose up again at 48h.
It could be seen from Figure 4 that VC has played an im-
portant role in this gene expression modulation, because
the gene expression of TNF-a in MC group was higher no
matter at 24h or 48h than control although the trend of the
expression level fell from 24h to 48h. IL-10 production,
one member of Th2 type cytokines, is beneficial for M.
bovis living in host cells (26). IL-10 down-regulates the
Th1-type response and up-regulates Th2-type response in
pathogen-host interactions, possibly leading to the lack of
M. bovis host-protection as indicated by Jacobs et al (8).
In humans and mice, increased IL-10 expression inhibits
host restriction of intracellular M.tb growth (9,2). Here,
IL-10 expression in all groups were lower than that of the
control, and IL-10 expression in MB and MC groups were
lower than VC medium group at 24h. This was consistent
with the effects of VC on TNF-q, IL-6, and IL-1p with the
bactericidal effect of the macrophages being stronger at
24h. But IL-10 gene expression in MB and MC group in-
creased greatly at 48h; the MC group increase was signi-
ficantly higher than that of the other groups. This finding
may indicate that intracellular VC-exposed M. bovis enters
NRP-like state with time, and develops microbiologically
as it does in vitro. It may promote Th2 type cytokine IL-
10 production and inhibit host cell immunity. In our study,
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the results at 24h and 48h indicate that the cells’ bacterici-
dal ability is improved at early stage after VC added. Be-
cause the DosR regulon of M. bovis was not determined
after infection with ANA-1, we can’t assume when the
gene was induced and the bacterial enter NRP. From the
study by Taneja et al that VC triggered M.tb growth arrest
and promotes dormancy phenotype development intracel-
lularly in THP-1 cells (27). The difference between our
study and theirs is the time duration of treatment with VC
post infection. They treated with 2 mM AA (‘AA’) for 7
days post-infection. We cannot deduce whether the bac-
terial entered dormancy in our study, but we thought the
bacteria was affected by VC also and the effect of VC on
cell immunological function was an consequence of inte-
raction with cell and bacterial together. From this point,
further study need to elucidate the complicate interaction
among the three factors.

Intracellular M. bovis growth was detected by bacte-
rial enumeration. At 24h and 48h, the CFU of intracel-
lular survival of M. bovis was lower in MC than in the
MB group. This was consistent with the observation that
M. bovis grows poorly in cultures with VC. VC induced
growth arrest of M. bovis in vitro and inhibited intracellu-
lar bacteria growth.

Latent tuberculosis and M.tb persistence in cattle and
humans remain major global health problems. Here, ex-
pression levels of ‘dormancy regulon genes’, morpholo-
gical change, and growth arrest show that M. bovis may
have entered a non-replication period quickly when M.
bovis was exposed to VC in vitro. VC promotes the bacte-
ricidal ability of macrophages by immune-modulation of
some cytokine production. This may provide a new way
to find a method to control the disease using VC or other
similar chemical compounds.

Acknowledgements

This work was supported by the key project of Ministry of Agricul-
ture, China (Project no. 2009ZX08009-183B), the special scientific
fund for non-profit public industry (Agriculture), China (Project no.
200903027), the Beijing Science Foundation of China (Project no.
6101002), and the Natural Science Foundation of China (Project no.
30972164).

REFERENCES

1. Andosca JB, Foley JA. Calcium ribonate and vitamin C (Nu 240-10)
in the treatment of tuberculosis. Dis Chest 1948; 14:107-114.

2. Bilenki L, Gao X, Wang S, Yang J, Fan Y, Han X, Qiu H, Yang X.
Dendritic cells from mycobacteria-infected mice inhibits established
allergic airway inflammatory responses to ragweed via IL-10- and IL-
12-secreting mechanisms. J Immunol 2010; 184:7288-7296.

3. Filippini P, Iona E, Piccaro G, Peyron P, Neyrolles O, Fattorini L.
Activity of drug combinations against dormant Mycobacterium tuber-
culosis. Antimicrob Agents Chemother 2010; 54:2712-2715.

4. Gomes MS, Paul S, Moreira AL, et al. Survival of Mycobacterium
avium and Mycobacterium tuberculosis in acidified vacuoles of murine
macrophages. Infect Immun 1999; 67:3199-3206.

5. Graham JE, Clark-Curtiss JE. Identification of Mycobacterium tu-
berculosis RNAs synthesized in response to phagocytosis by human
macrophages by selective capture of transcribed sequences (SCOTS).
Proc Natl Acad Sci U S A 1999; 96:11554-11559.

6. Hartel C, Strunk T, Bucsky P, Schultz C. Effects of vitamin C on in-
tracytoplasmic cytokine production in human whole blood monocytes
and lymphocytes. Cytokine 2004; 27:101-106.

7. Honaker RW, Stewart A, Schittone S, 1zzo A, Klein MR, Voskuil
MI. Mycobacterium bovis BCG vaccine strains lack narK2 and narX
induction and exhibit altered phenotypes during dormancy. Infect Im-
mun 2008; 76:2587-2593.

8. Jacobs M, Brown N, Allie N, Gulert R, Ryffel B. Increased resis-
tance to mycobacterial infection in the absence of interleukin-10. /m-
munol 2000; 100:494-501.

9. Jamil B, Shahid F, Hasan Z, Nasir N, Razzaki T, Dawood G, Hussain
R. Interferon gamma/IL10 ratio defines the disease severity in pulmo-
nary and extra pulmonary tuberculosis. Tuberculosis (Edinb) 2007;
87:279-287.

10. Jeng KC, Yang CS, Siu WY, Tsai YS, Liao WJ, Kuo JS. Supple-
mentation with vitamins C and E enhances cytokine production by
peripheral blood mononuclear cells in healthy adults. Am J Clin Nutr
1996, 64:960-965.

11. Kana BD, Gordhan BG, Downing KJ, Sung N, Vostroktunova G,
Machowski EE, Tsenova L, Young M, Kaprelyants A, Kaplan G et al.
The resuscitation-promoting factors of Mycobacterium tuberculosis
are required for virulence and resuscitation from dormancy but are col-
lectively dispensable for growth in vitro. Mol Microbiol 2008; 67:672-
684.

12. Kaprelyants AS, Gottschal JC, Kell DB. Dormancy in non-sporula-
ting bacteria. FEMS Microbiol Rev 1993; 10:271-285.

13. Kennes B, Dumont I, Brohee D, Hubert C, Neve P. Effect of vita-
min C supplements on cell-mediated immunity in old people. Gerontol
1983; 29:305-310.

14. Low KL, Rao PSS, Shui G, Bendt AK, Pethe K, Dick T, Wenk MR.
Triacylglycerol Utilization Is Required for Regrowth of In Vitro Hy-
poxic Nonreplicating Mycobacterium bovis Bacillus Calmette-Guerin.
Journal of Bacteriol 2009; 191:5037-5043.

15. Maggini S, Wintergerst ES, Beveridge S, Hornig DH. Selected vi-
tamins and trace elements support immune function by strengthening
epithelial barriers and cellular and humoral immune responses. Br J
Nutr 2007; 98 Suppl 1:529-35.

16. Mandl J, Szarka A, Banhegyi G. Vitamin C: update on physiology
and pharmacology. Br J Pharmacol 2009; 157:1097-1110.

17. McKinney JD, Honer zu Bentrup K, Munoz-Elias EJ, Miczak A,
Chen B, Chan WT, Swenson D, Sacchettini JC, Jacobs WR, Jr., Rus-
sell DG. Persistence of Mycobacterium tuberculosis in macrophages
and mice requires the glyoxylate shunt enzyme isocitrate lyase. Nature
2000; 406:735-738.

18. O’Reilly LM, Daborn CJ. The epidemiology of Mycobacterium
bovis infections in animals and man:a review. Tuber Lung Dis 1995;
76 Suppl 1:1-46.

19. Paul S, Laochumroonvorapong P, Kaplan G. Comparable growth
of virulent and avirulent Mycobacterium tuberculosis in human macro-
phages in vitro. J Infect Dis 1996; 174:105-112.

20. Roberts DM, Liao RP, Wisedchaisri G, Hol WG, Sherman DR. Two
sensor kinases contribute to the hypoxic response of Mycobacterium
tuberculosis. J Biol Chem 2004; 279:23082-23087.

21. Roupie V, Romano M, Zhang L, Korf H, Lin MY, Franken KL,
Ottenhoff TH, Klein MR, Huygen K. Immunogenicity of eight dor-
mancy regulon-encoded proteins of Mycobacterium tuberculosis in
DNA-vaccinated and tuberculosis-infected mice. Infect Immun 2007;
75:941-949.

22. Saini DK. DevR-DevS is a bona fide two-component system of
Mycobacterium tuberculosis that is hypoxia-responsive in the absence
of the DNA-binding domain of DevR. Microbiol 2004; 150:865-875.
23. Schroecksnadel K, Frick B, Winkler C, Fuchs D. Crucial role of
interferon-gamma and stimulated macrophages in cardiovascular di-
sease. Curr Vasc Pharmacol 2006; 4:205-213.

24. Seiler P, Ulrichs T, Bandermann S, Pradl L, Jorg S, Krenn V,
Morawietz L, Kaufmann SHE, Aichele P. Cell-Wall Alterations as an
Attribute of Mycobacterium tuberculosis in Latent Infection. Journal

1693



J. WANG et al. / Mycobacterium and cell biology.

of Infectious Diseases 2003; 188:1326-1331.

25. Sherman DR, Voskuil M, Schnappinger D, Liao R, Harrell MI,
Schoolnik GK. Regulation of the Mycobacterium tuberculosis hypoxic
response gene encoding alpha -crystallin. Proc Natl Acad Sci U S A
2001; 98:7534-7539.

26. Stanley MA: Imiquimod and the imidazoquinolones. mechanism of
action and therapeutic potential. Clin Exp Dermatol 2002; 27:571-577.
27. Taneja NK, Dhingra S, Mittal A, Naresh M, Tyagi JS. Mycobacte-
rium tuberculosisTranscriptional Adaptation, Growth Arrest and Dor-
mancy Phenotype Development Is Triggered by Vitamin C. PLoS ONE
2010; 5:¢10860.

28. Tomofuji T, Ekuni D, Sanbe T, Irie K, Azuma T, Maruyama T, Ta-
maki N, Murakami J, Kokeguchi S, Yamamoto T. Effects of vitamin C
intake on gingival oxidative stress in rat periodontitis. Free Radic Biol

Med 2009; 46:163-168.

29. Wang Y, Zhou XM, Lin JJ, Yin F, Xu LH, Huang Y, Ding TJ, Zhao
DM. Effects of Mycobacterium bovis on monocyte-derived macro-
phages from bovine tuberculosis infection and healthy cattle. FEMS
Microbiol Lett 2011; 321:30-36.

30. Wayne LG, Hayes LG. An in vitro model for sequential study of
shiftdown of Mycobacterium tuberculosis through two stages of nonre-
plicating persistence. Infect Immun 1996; 64:2062-2069.

31. Wayne LG, Sohaskey CD. Nonreplicating persistence of mycobac-
terium tuberculosis. In: Annu Rev Microbiol. 2001; 55: 139-163.

32. Wintergerst ES, Maggini S, Hornig DH. Immune-enhancing role of
vitamin C and zinc and effect on clinical conditions. Ann Nutr Metab
2006; 50:85-94.

33. Young D, Hussell T, Dougan G. Chronic bacterial infections: living
with unwanted guests. Nat Immunol 2002, 3:1026-1032.

1694



