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Abstract

Paraquat (PQ) is one of the most widely employed herbicides that is used worldwide and it
causes severe toxic effects in humans and animals. A PQ exposition can lead to pulmonary
fibrosis (PF) and the mechanisms seem to be linked to oxidative stress, although other path-
ways have been suggested. Antioxidants can be useful as a therapy, although interventions
with this kind of system are still controversial. Hence, this study has investigated the role of
ascorbic acid (vitamin C) post-treatment on PQ-induced PF in male C57/BL6 mice. Pulmo-
nary fibrosis was induced by a single PQ injection (10mg/kg; i.p.). The control group
received a PQ vehicle. Seven days after the PQ or vehicle injections, the mice received vita-
min C (150 mg/kg, ip, once a day) or the vehicle, over the following 7 days. Twenty-four
hours after the last dose of vitamin C or the vehicle, the mice were euthanized and their
bronchoalveolar lavage fluid (BALF) and their lungs were collected. The data obtained
showed that vitamin C reduced the cellular recruitment, the secretion of IL-17 —a cytokine
involved in neutrophils migration, TGF-f—a pro-fibrotic mediator and the collagen deposi-
tion. Moreover, vitamin C elevated the superoxide dismutase (SOD) and catalase levels,
both antioxidant enzymes, but it did not alter the tracheal contractile response that was
evoked by methacholine. Therefore, the researchers have highlighted the mechanisms of
vitamin C as being non-invasive and have suggested it as a promising tool to treat lung fibro-
sis when it is induced by a PQ intoxication.

Introduction

Paraquat (N,N-dimethyl-4,4’-bipyridinium dichloride; PQ) is one of the most extensively used
herbicides in the world, even though it causes severe toxic effects in humans and animals [1].
The toxic effects of PQ affect many tissues, such as the brain, the kidneys and the liver. Never-
theless, the toxicity that is caused in the lungs is more pronounced in accidental or intentional
acute or long term environmental/occupational intoxications. A PQ exposure induces an
acute lung injury (ALI) that is characterized by severe hypoxia, edema and dysfunction at the
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respiratory level. Subsequently, an ALI can progress to pulmonary fibrosis, causing a perma-
nent loss of lung tissue [2,3,4]. The mortality rate of PQ poisoning is as high as 60%-80%, due
to the lack of an effective therapy [2,3,5].

It has been proposed that the toxic potential of PQ results from its ability to produce reac-
tive oxygen species and reactive nitrogen species, through the redox cycling processes, result-
ing in mitochondrial oxidative stress and potential cell death [6,7,8,9]. These mechanisms have
been proposed as being pivotal to a PQ-induced lung injury. This has been extended, as high
levels of mitochondria DNA fragments have been found in the bronchoalveolar lavage fluids
of PQ exposed mice and these fragments have triggered the innate immune system that is
involved in lung inflammation. These mechanisms have been reinforced by the reduced lung
lesions in animals that were treated with DNase I, a nuclease that is able to cut and fragment
the DNA molecules [10]. Moreover, it has recently been shown that PQ-induced lung fibrosis
was dependent on other intracellular pathways that are involved in the phenotypic switching
of the alveolar epithelial cells to fibroblasts [11,12,13,14]. Hence, the mechanisms of PQ-
induced lung lesions are complex and they have not yet been totally identified.

PF is a chronic and progressive lung disease that is characterized by progressive lesions of
the lung parenchyma, the inflammatory infiltrate and the interstitial fibrosis [15]. Clinical
studies have suggested that oxidative stress plays an important role in PF, as elevated levels of
the reactive oxygen species are accompanied by reduced anti-oxidant protein levels [16,17,18].
Furthermore, the redox status of the lung cells modulates the extracellular matrix (ECM)
expression, which involves the migration of cells and the remodeling of the tissues [19].
Indeed, oxidative stress-mechanisms trigger the expression levels of the pro-fibrotic factors
[20,21]. The rescue modes of a lung function are associated with reduced levels of oxidative
stress and antioxidants, therefore, can be employed as a therapy to restore the lung homeosta-
sis. Although, the employments of antioxidants are remarkable tools, in order to reduce the
lung injuries in experimental animals [22,23], the clinical use of them to treat PF has not been
readily accepted [24].

Vitamin C (ascorbic acid) is a potent antioxidant that contributes to the immune defense
system, supporting several cellular functions of the innate and the adaptive immune system. It
forms an epithelial barrier against the pathogens and it promotes the elimination of oxidants
in the skin, thus, protecting against oxidative environmental stress. Vitamin C rapidly donates
electrons, which impairs the damages of the biomolecules of the oxidants [25]. It is also a
cofactor for several enzymes, such as the monooxygenase and the dioxygenase enzymes. This
is in addition to the lysyl and prolyl hydroxylases that are essential for the stabilization of colla-
gen, together with other hydroxylases that are involved in carnitine biosynthesis, which are
pivotal for the transportation of fatty acids into the mitochondria from the generation of meta-
bolic energy [26,27].

In this study, the researchers have aimed at investigating the role of oxidative stress in pul-
monary fibrosis that was caused as the result of an acute PQ intoxication, by studying the
effects of vitamin C on several parameters of lung lesions. The data has clearly shown that oxi-
dative stress was the main mechanism of lung fibrosis that was caused by an acute intoxication
of PQ in the studied mice and that vitamin C may be a remarkable tool for treating this type of
an intoxication.

Materials and methods
Animals

Male mice (C57BL/6) were obtained from the University Nove de Julho, and maintained in a
light and temperature-controlled room (12/12-hour light-dark cycle, 21 + 2°C), with free
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access to food and water. The experiments were approved by the Animal Care Committee
University Nove de Julho (CoEP-UNINOVE, AN0017/2016).

Pulmonary fibrosis induced by paraquat (PQ)

Pulmonary fibrosis was induced by single PQ administration (10 mg/kg, ip) and the analyses
were performed 15 days after the PQ injection. Control animals received sterile saline. The
period of 15 days was chosen considering that this is the period required to the establishment
of lung fibrosis [28,29].

Vitamin C treatment

Seven days after PQ injection, mice were treated with vitamin C (150mg/kg, ip, once a day) or
sterile saline during 7 days according to Ibrahim et al. [30]. Twenty-four hours after the last
injection, mice were euthanized by sectioning the abdominal aorta under deep anesthesia
(ketamine and xylazine; 100mg/kg and 20mg/kg, respectively), and samples were collected for
subsequent analyses.

Groups of study

Animals were randomised as fibrosis (PQ injection and vitamin C vehicle), named as F; vita-
min C treated, named as F+Vit C and Basal group (non-manipulated mice), named as B. The
control group (PQ vehicle) was carried out in all experimental procedures and, data obtained
was similar to the Basal group. For this reason, data of control group was abrogated from
results. In this study 3 sets of experiments were carried out, using 2 animals in each group,
totalizing 6 animals per group. Data were grouped and presented as mean of them. Please see
Table 1.

Cells quantification into the bronchoalveolar lavage fluid (BALF)

In order to determine the number of cells recruited into the alveolar space, the tracheae of
mice were cannulated, and the alveolar space were flushed twice with Phosphate buffered
saline (PBS, 1,5 ml total volume). The collected BALF was centrifuged (1500 rpm for 15 min at
20 C), and the resulting cell pellet was resuspended in 1 ml of PBS. The cell suspension was
stained with crystal violet, and the total cell number was determined microscopically using a
Neubauer chamber. The phenotypic of leukocytes were carried out via cytospin preparations
and staining with Instant-Prov.

We also analyzed the phenotypic leukocytes by flow cytometry. In summary, BALF cells
were washed in PBS with bovine serum albumin 1% (PBS/BSA) and further incubated with
monoclonal antibodies anti-CD3 FITC, anti-CD11b and anti-Ly6G PerCP (Becton Dickinson
—BD, East Rutherford, NJ, USA) for 20 minutes, at room temperature. Samples were acquired
in BD Accuri C6 flow cytometer and 10.000 events were considered for analyses using CSam-
pler software (Becton Dickinson—BD, East Rutherford, NJ, USA).

Table 1. Groups of study.

Treatments Groups
Non-manipulated mice B
Fibrotic mice F
Fibrotic mice treated with Vitamin C F+VitC

https://doi.org/10.1371/journal.pone.0205535.t001
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Quantification of inflammatory and pro-fibrotic mediators as well as
antioxidant enzymes in the lung homogenates

Levels of inflammatory mediators (IL-6, TNF-o,, IL-17), pro-fibrotic (MMP-9, TGE-B), and
antioxidant enzymes (superoxide dismutase (SOD) and catalase (CAT) were determined in
the lung homogenates by ELISA, according manufacturer’s instructions (Biolegend, Mybio-
source, San Diego, USA, and Cayman, Michigan, USA). The results were expressed as pg of
mediator or enzyme produced per mg of tissue.

Evaluation of collagen production in the lung

Lung fragments were fixed in paraformaldehyde (4%) for 24 h, dehydrate in alcohol and dia-
phanizated with xylene. In sequence, the fragments were embedded in paraffin, deparaffinized,
and sectioned at 5 um (microtome HYRAX M60, Zeiss, GR). Then, the tissues were stained
with Picrossirius for collagen analysis and the quantification was performed by Image-Pro
plus 7 (Media Cybernetics, Inc, USA).

Maximum contractile response of tracheal tissue

In order to investigate the effects of Vitamin C treatment on smooth muscle contraction, iso-
metric force development was quantified in tracheal rings mounted in a 15-ml organ bath by
means of two steel hooks. Force contraction was recorded using a force displacement trans-
ducer and a chart recorder (Powerlab, Labchart, AD Instruments). Tracheal rings were sus-
pended in organ bath filled with continuously aerated (95% O2 and 5% CO2) Krebs-Hanseleit
(KH) solution at 37 C. After 40-min, the tracheal tension was adjusted to 0.5 g e was added
methacholine (MCh, 10*M) in order to obtain maximum contractile response.

Statistical analyses

Data were expressed as the means + SEM, and comparisons among the experimental groups
were analyzed by one-way ANOVA followed by the Student’s Newman-Keuls test for multiple
comparisons using the GraphPad software V.5. P-values less than 0.05 were considered statisti-
cally significant.

Results

Vitamin C treatment reduced the number of neutrophils, macrophages and
lymphocytes into the BALF of fibrotic mice

Cell recruitment is an important hallmark for the development of pulmonary fibrosis. Our
data confirmed the elevated number of total cells in fibrotic animals PQ-induced when com-
pared to basal group. Treatment with vitamin C abrogated the increased leukocytes number in
the BALF observed in the fibrotic group (Fig 1, Panel A).

The phenotypic analysis of leukocytes by cytospin showed increased number of neutrophils
in fibrotic group relative to basal group, and vitamin C treatment reduced this number (Panel
B). Vitamin C also reduced the number of macrophages as well as lymphocytes in the BALF
(Panels C and D) when compared to fibrotic group.

The phenotypic analysis of leukocytes by flow cytometry assay showed increased percentage
of granulocytes in fibrotic group relative to basal group, and vitamin C treatment reduced this
percentage (Panel E). PQ administration also increased the percentage of lymphocytes in the
BALF, and vitamin C treatment reduced these cells (Panel F). In Panel G we can observe that
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Fig 1. Vitamin C treatment reduces cell influx in the BALF of PQ-induced fibrosis. Groups of mice were submitted
to PQ or vehicle injection and after 7 days the animals were treated with vitamin C or vehicle daily until day 14th.
Twenty-four hours after the last vitamin C injection the total number and differential cells recovered in the
bronchoalveolar lavage was determined. Data represent the mean + SEM of 6 animals. *P<0.05 in relation to B group;
%P <0.05 in relation to F group.

https://doi.org/10.1371/journal.pone.0205535.9001

PQ administration reduced the percentage of alveolar dendritic cells into the BALF when com-
pared to basal group and vitamin C did not modify this reduction.

Vitamin C treatment reduced levels of IL-6, IL-17 and TGF- in the lung
homogenates of PQ-induced fibrosis

Inflammatory and pro-fibrotic mediators secreted by local and migrated cells perform crucial role
in the advance of fibrosis disease. Lung homogenates from fibrotic mice presented increased levels
of IL-6, IL-17, TGF- and MMP-9 relative to B group. Vitamin C treatment reduced the levels of
IL-6, IL-17 and TGF-B, but not MMP-9 relative to non-treated mice (Fig 2, Panels A-D).

Vitamin C treatment decreased collagen deposition in the lung of fibrotic
mice
Our data, as expected, showed the accumulation of collagen increment in the lung tissue of

fibrotic mice relative to basal group (Fig 3, Panels A-D), and we also showed that vitamin C
treatment reduced significantly the collagen deposition in the lung.
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Fig 2. Vitamin C treatment reduces the levels of IL-6, IL-17 and TGF-p in the lung homogenates of PQ-induced
fibrosis. Groups of mice were submitted to PQ or vehicle injection and after 7 days the animals were treated with
vitamin C or vehicle daily until day 14th. Twenty-four hours after the last treatment the level of cytokines was
quantified in the lung homogenates. Data represent the mean + SEM of 6 animals. *P<0.05 in relation to B group; °P
<0.05 in relation to F group.

https://doi.org/10.1371/journal.pone.0205535.9002

Vitamin C treatment increased the activity of antioxidant enzymes in the
lung homogenates of fibrotic mice

Considering that oxygen reactive species are important mediators secreted during fibrosis disease,
we decide to investigate if vitamin C treatment improves the antioxidant mechanism. Lung
homogenates from fibrotic mice treated with vitamin C presented an increment in the activities
of superoxide dismutase and catalase in relation to non-treated mice (Fig 4, Panels A and B).

Vitamin C treatment did not alter the maximum contractile response to
methacholine in fibrotic mice

Fig 5 showed that vitamin C did not reverse the elevated contractile response to MCh induced
by paraquat. Paraquat induce increased tracheal responsiveness when compared to trachea of
non-treated animals (B group).

Discussion

PQ intoxication is a big health problem as it causes accidental or intentional environmental/
occupational intoxications leading to severe toxic effects, including pulmonary fibrosis. The
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Fig 3. Vitamin C treatment reduces collagen deposition in the lung of PQ- induced fibrosis. Groups of mice were
submitted to PQ or vehicle injection and after days the animals were treated with vitamin C or vehicle daily until day
14th. Twenty-four hours after the last treatment the collagen deposition was determined in the lung tissue. Data
represent the mean = SEM of 6 animals. *P<0.05 in relation to B group’ ®P<0.05 in relation to F group.

https://doi.org/10.1371/journal.pone.0205535.g003

mechanisms of the intoxication are complex and no effective therapeutical approach is cur-
rently available [31,32]. When considering that an increased oxidative stress may be the toxic
mechanism of a PQ intoxication, the researchers of this study have tested vitamin C as an anti-
oxidant agent, in order to halt this PF condition. Indeed, the investigators have pointed out
that the blockade of the oxidant pathways, one week after the PQ exposure, was a remarkable
therapy for preventing the development of PF.

The data has shown that two weeks after the PQ injections, there occurred a mobilization of
the neutrophils, the macrophages and the lymphocytes into the BAL, with an increased genera-
tion of IL-6, IL-17, TGF-B and MMP-9, together with a collagen deposition, as well as with an
elevated smooth muscle responsiveness. Probably, such changes contributed to the reduction
of the O,/CO, exchange, although that was not evaluated at this time in this study. However,
in an earlier study, the current researchers have shown that an increased lung elastance was
induced by bleomycin and that this was attributed to an elevated collagen deposition [33].

Neutrophils are short-lived cells in the circulation that are continuously produced by the
bone marrow and delivered to the blood. Nevertheless, this process is exacerbated during an
innate inflammation and the blood neutrophils rapidly migrate into an inflamed tissue to kill
the inductor agent of the injury. Conversely, the lymphocytes are long-lived cells that accord
to distinct phenotypes and they reach the tissues during an acquired inflammation. Hence, it is
possible to infer that a PQ-induced PF activates these complex cellular mechanisms, as the
recruitment of these cells involves distinct intracellular pathways and a chemical mediation.
The vitamin C treatments in the mice halted the leukocyte recruitment, which could suggest a
direct action of vitamin C in these cells. This data has corroborated with that obtained by
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Fig 4. Vitamin C treatment increases antioxidant enzymes in the lung tissue of PQ-induced fibrosis. Groups of
mice were submitted to PQ or vehicle injection and after 7 days the animals were treated with vitamin C or vehicle

daily until day 14th.Twenty-four hours after the last treatment the collagen deposition was determined in the lung
tissue. Data represent the mean + SEM of 6 animals. *P<0.05 in relation to B group; °P <0.05 in relation to F group.

https://doi.org/10.1371/journal.pone.0205535.g004

Novac et al., [34], where vitamin C injections impaired the neutrophil migration into the pleu-
ral cavities of the mice after a zymosan activation. Nevertheless, strong data in the literature
shows that the neutrophils accumulate a great amount of vitamin C and that this is useful for
protecting the intracellular mechanisms from a high oxidative stress during an inflammation.
In this context, vitamin C favors chemotaxis and phagocytosis and it enhances a microbial kill-
ing, while at the same time, it also facilitates apoptosis and a clearance
[25,35,36,37,38,39,40,41,42,43,44]. Similarly, the lymphocytes also accumulate vitamin C,
modulating the cell proliferations, as well as the T and B cell functions [25]. Therefore, the
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Fig 5. Vitamin C treatment did not alter the maximum contractile response to methacholine. Groups of mice were
submitted to PQ or vehicle injection and after 7 days the animals were treated with vitamin C or vehicle daily until day

14th.Twenty-four hours after the last treatment the tracheal responsiveness was evaluate. Data represent the
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reduced influx of cells into the alveolar space after a vitamin C treatment may be due to the
lower levels of the pro-inflammatory cytokines that are secreted by the resident or the migrated
cells. Indeed, the studies that were conducted by Zhao et al. [9] have indicated that mitochon-
drial fission is involved in a PQ-induced apoptosis and that vitamin C treatments in vitro
attenuated this PQ-induced apoptosis. Thus, this current study might hypothesize that vitamin
C reduced the number of apoptotic cells into the lung, abrogating the course of lung fibrosis.
This hypothesis will be investigated in the future.

The role of vitamin C on the production of the inflammatory mediators is controversial
and the effects seem to be dependent on the cell type and/or the inflammatory conditions [25].
Indeed, it has been reported that high doses of vitamin C that were used to treat a paraquat
intoxication can promote an aggravated production of hydroxyl radical (OH(s)), by interact-
ing with a preexisting PQ(++)/H,O, system, exacerbating the apoptotic killing of the cells [45].

This present study observed lower levels of IL-17 and TGF-f in the lung homogenates of
the fibrotic mice that were treated with vitamin C. The IL-17 levels displayed pleotropic
inflammatory effects, driving the migration of the inflammatory cells into the inflamed tissues
[46,47]. Thus, the researchers have supposed that ascorbic acid may act mainly on these cells,
impairing their migration into the lungs and/or by directly reducing the IL-17 secretions.
TGEF-B is a pro-fibrotic cytokine that induces the proliferation, the migration and the differen-
tiation of fibroblasts to myofibroblasts, as well as the extracellular matrix production and the
chemotactic signals for the leukocytes [48,49]. The current study’s results also showed reduced
levels of TGF- B after the vitamin C treatments. These reductions can be linked to a lower col-
lagen production, since TGF-f is a mediator of the collagen production and with the conse-
quent rearrangement and deposition in the inflamed tissues [50].

Moreover, high levels of MMP-9 in the lungs after the PQ exposures were detected, which
is also a hallmark of fibrosis. The metalloproteinases (MMPs) also played an important role in
the PF conditions, by degrading the extracellular matrix—consequently, by attracting the
inflammatory cells to the site of the injuries, perpetuating the cycles of inflammation and
remodeling [51]. The MMP-9 levels are elevated in patients with an idiopathic lung fibrosis
[52]. The schedules of vitamin C that were carried out here in this research did not reverse the
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high levels of MMP-9. On the other hand, Gupta et al. [53] showed that vitamin C treatments
impaired the increment of MMP-9 in the lung cells that were evoked by cigarette smoking.
Corroborating with this study, Liu et al. [54] showed that vitamin C reduced the levels of TNF,
IL-17 and TGF- B mRNA, after a lung fibrosis that was paraquat-induced. However, the focus
of that study was not to evaluate the effects of vitamin C. In their study, the authors showed
the effects of Salvianolic acid B on a lung pathology, a collagen deposit, the stress marker
MDA, the superoxide dismutase activity and on the cytokine release (TGF-f, IL17 and TNF),
demonstrating the importance of the TGF/SMAD3 pathway, in its protective effect on a para-
quat intoxication. It was important to consider the differences between this present research
and the protocols of the study of Liu and coworkers, on inducing fibrosis, as well as on treating
the animals with vitamin C. Liu et al. [54] evaluated the lung fibrotic injuries that were induced
in the mice by a single intragastrical administration of 300 mg/kg PQ, while this study used 10
mg/kg PQ by the intraperitoneal route. Toxicologically, the dose and the route are directly
linked to the effects, thus, it is important to conduct studies using lower doses of the toxicants.
Similarly, it is necessary to evaluate the efficacy of the treatments, when the intoxication occurs
with a high or a low dose, because the pathways triggered can be different, dependent upon the
dose and the route.

It is well established that an excessive production of the reactive oxygen species (ROS)
causes oxidative stress, impacting with important effects on several biological molecules, such
as the lipids, the DNA and the proteins [55]. In this context, clinical studies have suggested
that oxidative stress also plays an important role in PF [23]. Those patients with PF had oxida-
tive stress, which then triggered the intracellular signaling, inducing fibroproliferation and the
expression of the pro-fibrotic factors [20,21].

Oxidative stress can be modulated by the antioxidant defense mechanisms, such as by an
enzymatic (superoxide dismutase, catalase and glutathione redutase) treatment, as well as by a
non-enzymatic (ascorbic acid and alpha-tocopherol) treatment [55]. When considering that
paraquat induces lung fibrosis by the oxidative stress-mechanisms, this study has hypothesized
that an increment in the antioxidant system that is caused by vitamin C would be helpful in
reducing the reactive oxygen species, thus, ameliorating the lung fibrosis response. As a result,
the current researchers have evaluated the role of vitamin C on the antioxidant enzymes. The
data showed elevated levels of SOD and catalase after the vitamin C treatments. Therefore,
vitamin C improved the antioxidant defense mechanisms and such effects might be responsi-
ble, at least in part, for the lower inflammatory and fibrotic responses.

It is well established that during lung fibrosis, there is a reduction in the function of the
lungs. However, there are not studies showing alterations directly in the reactive airways.
When considering that lung fibrosis is characterized by an elevation of the inflammatory cells
in the airways and that these cells can release several mediators that can modulate the smooth
muscle contractions, it was evaluated whether these mediators could contribute to the alter-
ations in the smooth muscle, hence, contributing to the reductions of air flux in the airways. In
fact, elevated tracheal reactivities to methacholine after the fibrosis inductions were shown.
Thus, this result was important, showing that not only the lung functions were altered during
the fibrosis, but alterations in the smooth muscle also occurred and that they can play impor-
tant roles in this type of a pathology. These evaluations have not been considered up until
now. Vitamin C was capable of reversing many parameters, except for the tracheal contractile
response. This is plausible considering its mechanisms. The contractile response is modulated
by several mediators that are possibly not modified by vitamin C, including the leukotrienes
and other mediators.

In conclusion, these results have shown that oxidative stress may be a mechanism of inflam-
mation, together with a collagen deposition in the lungs, after a PQ-induced lung fibrosis.
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Vitamin C seems to be an important tool for treating this intoxication. It is noteworthy to
mention that vitamin C is cheap and could be a feasible agent to be employed as a therapy.

Supporting information

S1 File. Data supporting.
(DOCX)

Author Contributions
Conceptualization: Adriana Lino-dos-Santos-Franco.

Data curation: Adriana Schapochnik, Mayara Peres Leal, Cristina Bichels Hebeda, Silvana
Sandri, Adriana Lino-dos-Santos-Franco.

Formal analysis: Marcia Rodrigues da Silva, Adriana Schapochnik, Mayara Peres Leal, Janete
Esteves, Cristina Bichels Hebeda, Silvana Sandri, Anna Carolina Ratto Tempestini Horli-
ana, Adriana Lino-dos-Santos-Franco.

Investigation: Marcia Rodrigues da Silva, Adriana Schapochnik, Mayara Peres Leal, Janete
Esteves, Cristina Bichels Hebeda, Silvana Sandri, Christiane Pavani, Anna Carolina Ratto
Tempestini Horliana.

Methodology: Marcia Rodrigues da Silva, Adriana Schapochnik, Mayara Peres Leal, Janete
Esteves, Cristina Bichels Hebeda, Silvana Sandri, Anna Carolina Ratto Tempestini
Horliana.

Supervision: Adriana Lino-dos-Santos-Franco.

Writing - original draft: Christiane Pavani, Sandra H. P. Farsky, Adriana Lino-dos-Santos-
Franco.

Writing - review & editing: Cristina Bichels Hebeda, Silvana Sandri, Christiane Pavani, Anna
Carolina Ratto Tempestini Horliana, Sandra H. P. Farsky, Adriana Lino-dos-Santos-
Franco.

References

1. Lohitnavy M, Chitsakhon A, Jomprasert K, Lohitnavy O, Reisfeld B. Development of a physiologically
based pharmacokinetic model of paraquat. Conf Proc IEEE Eng Med Biol Soc, 2017,. 2732-2735.
https://doi.org/10.1109/EMBC.2017.8037422 PMID: 29060463

2. Zyoud SH. Investigating global trends in paraquat intoxication research from 1962 to 2015 using biblio-
metric analysis. Am J Ind Med., 2018, 6:462-470.

3. Weng CH, Hu CC, Lin JL, Lin-Tan DT, Hsu CW, Yen TH. Predictors of acute respiratory distress syn-
drome in patients with paraquat intoxication. PLoS One, 2013, 8(12):e82695. https://doi.org/10.1371/
journal.pone.0082695 PMID: 24349340

4. Seifirad S, Keshavarz A, Taslimi S, Aran S, Abbasi H, Ghaffari A. Effect of pirfenidone on pulmonary
fibrosis due to paraquat poisoning in rats. Clin Toxicol(Phila). 2012, 50(8):754-8.

5. LinJL, Lin-Tan DT, Chen KH, Huang WH. Repeated pulse of methyl-prednisolone and cyclophospha-
mide with continuous dexamethasone therapy for patients with severe paraquat poisoning. Crit Care
Med., 2006, 34(2):368-373. PMID: 16424716

6. Colle D, Farina M, Ceccatelli S, Raciti M. Paraquat and Maneb Exposure Alters Rat Neural Stem Cell
Proliferation by Inducing Oxidative Stress: New Insights on Pesticide-Induced Neurodevelopmental
Toxicity. Neurotox Res. 2018 [Epub ahead of print].

7. ZhuY,DengG,JiA, YaoJ, Meng X, Wang J. et al. SiO2 nanospheres treated paraquat-induced acute
lung injury by resisting oxidative stress. Int J Nanomedicine, 2017, 27;12:7143-7152.

PLOS ONE | https://doi.org/10.1371/journal.pone.0205535 November 5,2018 11/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0205535.s001
https://doi.org/10.1109/EMBC.2017.8037422
http://www.ncbi.nlm.nih.gov/pubmed/29060463
https://doi.org/10.1371/journal.pone.0082695
https://doi.org/10.1371/journal.pone.0082695
http://www.ncbi.nlm.nih.gov/pubmed/24349340
http://www.ncbi.nlm.nih.gov/pubmed/16424716
https://doi.org/10.1371/journal.pone.0205535

®PLOS | one

Ascorbic acid and lung fibrosis

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Shukla S, Singh D, Kumar V, Chauhan AK, Singh S, Ahmad I. et al. NADPH oxidase mediated maneb-
and paraquat-induced oxidative stress in rat polymorphs: Crosstalk with mitochondrial dysfunction Pes-
tic Biochem Physiol, 2015, 123:74-86. https://doi.org/10.1016/j.pestbp.2015.03.007 PMID: 26267055

Zhao G, Cao K, Xu C, Sun A, LuW, Zheng Y. et al. Crosstalk between Mitochondrial Fission and Oxida-
tive Stress in Paraquat-Induced Apoptosis in Mouse Alveolar Type Il Cells. Int J Biol Sci 2017, 13, 888—
900. https://doi.org/10.7150/ijbs.18468 PMID: 28808421

Li G, Yuzhen L, Yi C, Xiaoxiang C, Wei Z, Changqing Z et al. DNasel protects against Paraquat-induced
acute lung injury and pulmonary fibrosis mediated by mitochondrial DNA.Biomed Res Int., 2015,
386952. https://doi.org/10.1155/2015/386952 PMID: 25759818

Chen H, Chen Q, Jiang CM, Shi GY, Sui BW, Zhang W. et al. Triptolide suppresses paraquat induced
idiopathic pulmonary fibrosis by inhibiting TGFB1-dependent epithelial mesenchymal transition. Toxicol
Lett., 2018, 284:1-9. https://doi.org/10.1016/j.toxlet.2017.11.030 PMID: 29195901

Hua XF, Li XH, Li MM, Zhang CY, Liu HJ, Sun T. et al. Doxycycline attenuates paraquat-induced pulmo-
nary fibrosis by downregulating the TGF-f signaling pathway. J Thorac Dis., 2017, (11):4376—4386.
https://doi.org/10.21037/jtd.2017.10.42 PMID: 29268507

Li T, Yang X, Xin S, Cao Y, Wang N. Paraquat poisoning induced pulmonary epithelial mesenchymal
transition through Notch1 pathway. Sci Rep., 2017, 7(1):924. https://doi.org/10.1038/s41598-017-
01069-9 PMID: 28424456

Huang M, Wang YP, Zhu LQ, Cai Q, Li HH, Yang HF. MAPK pathway mediates epithelial-mesenchymal
transition induced by paraquat in alveolar epithelial cells. Environ Toxicol., 2016, 31(11):1407-1414.
https://doi.org/10.1002/tox.22146 PMID: 25873302

Phan SH. Genesis of the myofibroblast in lung injury and fibrosis. Proc Am Thorac Soc. 2012; 9
(3):148-52. https://doi.org/10.1513/pats.201201-011AW PMID: 22802289

Kinnula VL, Fattman CL, Tan RJ, Oury TD. Oxidative stress in pulmonary fibrosis:a possible role for
redox modulatory therapy. Am J Respir Crit Care Med., 2005,15; 172(4):417-22. Review. https://doi.
org/10.1164/rccm.200501-017PP PMID: 15894605

Meyer KC, Arend RA, Kalayoglu MV, Rosenthal NS, Byrne GI, Brown RR. Tryptophan metabolism in
chronic inflammatory lung disease. J Lab Clin Med. 1995, 126(6):530—-40. PMID: 7490512

Harley JB, Grinspan S, Root RK. Paraquat suicide in a young woman: results of therapy directed
against the superoxide radical. Yale J Biol Med. 1977, 50(5):481-8. PMID: 203128

MacNee W, Rahman I. Is oxidative stress central to the Pathogenesis of chronic obstructive pulmonary
disease? Trends Mol Med. 2001, 7(2):55-62. PMID: 11286755

Beeh KM, Beier J, Haas IC, Kornmann O, Micke P, Buhl R.Glutathione deficiency of the lower respira-
tory tract in patients with idiopathic pulmonary fibrosis. Eur Respir J, 2002, 19(6):1119-23. PMID:
12108866

Ramirez A, Ramadan B, Ritzenthaler JD, Rivera HN, Jones DP, Roman J. Extracellular cysteine/cys-
tine redox potential controls lung fibroblast proliferation and matrix expression through upregulation of
transforming growth factor-beta. Am J Physiol Lung Cell Mol Physiol., 2007, 293(4):L972-81. https://
doi.org/10.1152/ajplung.00010.2007 PMID: 17644756

Kikuchi N, Ishii Y, Morishima Y, Yageta Y, Haraguchi N, ltoh K. et al. Nrf2 protects against pulmonary
fibrosis by regulating the lung oxidant level and Th1/Th2 balance. Respir Res, 2010, 18;11:31./1465-
9921-11-31.

Kinnula VL, Myllarniemi M. Oxidant-antioxidant imbalance as a potential contributor to the progression
of human pulmonary fibrosis. Antioxid Redox Signal. 2008, 10(4):727-38. https://doi.org/10.1089/ars.
2007.1942 PMID: 18177235

Martinez FJ, de Andrade JA, Anstrom KJ, King TE Jr, Raghu G., Meyer KC. et al. Randomized trial of
acetylcysteine in idiopathic pulmonar fibrosis. N Engl J Med., 2014, 29; 370(22):2093—101. https://doi.
org/10.1056/NEJMoa1401739 PMID: 24836309

Carr AC, Maggini S Vitamin C and Immune Function. Nutrients, 2017, 9(11). pii: E1211. https://doi.org/
10.3390/nu9111211 PMID: 29099763

Mandl J, Szarka A, Banhegyi G. Vitamin C: update on physiology and pharmacology. Br J Pharmacol,
2009, 157(7):1097—-110. https://doi.org/10.1111/1.1476-5381.2009.00282.x PMID: 19508394

Englard S, Seifter S. The biochemical functions of ascorbic acid. Annu Rev Nutr., 1986, 6:365—-406.
https://doi.org/10.1146/annurev.nu.06.070186.002053 PMID: 3015170

Shao X, LiM, Luo C, Wang YY, Lu YY, Feng S. et al. Effects of Rapamycin against Paraquat-Induced
Pulmonary Fibrosis in Mice. Journal of Zhejiang University, 2015, 52—61. https://doi.org/10.1631/jzus.
B1400229 PMID: 25559956

PLOS ONE | https://doi.org/10.1371/journal.pone.0205535 November 5,2018 12/14


https://doi.org/10.1016/j.pestbp.2015.03.007
http://www.ncbi.nlm.nih.gov/pubmed/26267055
https://doi.org/10.7150/ijbs.18468
http://www.ncbi.nlm.nih.gov/pubmed/28808421
https://doi.org/10.1155/2015/386952
http://www.ncbi.nlm.nih.gov/pubmed/25759818
https://doi.org/10.1016/j.toxlet.2017.11.030
http://www.ncbi.nlm.nih.gov/pubmed/29195901
https://doi.org/10.21037/jtd.2017.10.42
http://www.ncbi.nlm.nih.gov/pubmed/29268507
https://doi.org/10.1038/s41598-017-01069-9
https://doi.org/10.1038/s41598-017-01069-9
http://www.ncbi.nlm.nih.gov/pubmed/28424456
https://doi.org/10.1002/tox.22146
http://www.ncbi.nlm.nih.gov/pubmed/25873302
https://doi.org/10.1513/pats.201201-011AW
http://www.ncbi.nlm.nih.gov/pubmed/22802289
https://doi.org/10.1164/rccm.200501-017PP
https://doi.org/10.1164/rccm.200501-017PP
http://www.ncbi.nlm.nih.gov/pubmed/15894605
http://www.ncbi.nlm.nih.gov/pubmed/7490512
http://www.ncbi.nlm.nih.gov/pubmed/203128
http://www.ncbi.nlm.nih.gov/pubmed/11286755
http://www.ncbi.nlm.nih.gov/pubmed/12108866
https://doi.org/10.1152/ajplung.00010.2007
https://doi.org/10.1152/ajplung.00010.2007
http://www.ncbi.nlm.nih.gov/pubmed/17644756
https://doi.org/10.1089/ars.2007.1942
https://doi.org/10.1089/ars.2007.1942
http://www.ncbi.nlm.nih.gov/pubmed/18177235
https://doi.org/10.1056/NEJMoa1401739
https://doi.org/10.1056/NEJMoa1401739
http://www.ncbi.nlm.nih.gov/pubmed/24836309
https://doi.org/10.3390/nu9111211
https://doi.org/10.3390/nu9111211
http://www.ncbi.nlm.nih.gov/pubmed/29099763
https://doi.org/10.1111/j.1476-5381.2009.00282.x
http://www.ncbi.nlm.nih.gov/pubmed/19508394
https://doi.org/10.1146/annurev.nu.06.070186.002053
http://www.ncbi.nlm.nih.gov/pubmed/3015170
https://doi.org/10.1631/jzus.B1400229
https://doi.org/10.1631/jzus.B1400229
http://www.ncbi.nlm.nih.gov/pubmed/25559956
https://doi.org/10.1371/journal.pone.0205535

®PLOS | one

Ascorbic acid and lung fibrosis

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

Baltazar T, Dinis-Oliveira RJ, Duarte JA, de Lourdes Bastos M, Carvalho. Paraquat research: do recent
advances in limiting its toxicity make its use safer? Br J Pharmacol., 2013, 168(1):44-5. https://doi.org/
10.1111/j.1476-5381.2012.02017.x PMID: 22563778

Ibrahim BS, Barioni ED, Heluany C, Braga TT, Drewes CC, Costa SG. et al. Beneficial effects of vitamin
C treatment on pregnant rats exposed to formaldehyde: Reversal of immunosuppression in the off-
spring. Toxicol Appl Pharmacol.; 2016, 1;300:77-81.

Pouokam GB, Lemnyuy Album W, Ndikontar AS, Sidatt MEH. Pilot Study in Cameroon to Understand
Safe Uses of Pesticides in Agriculture, Risk Factors for Farmers’ Exposure and Management of Acci-
dental Cases. Toxics., 2017,1; 5(4). pii:E30. https://doi.org/10.3390/toxics5040030 PMID: 29104250

Zerin T, Kim YS,Hong SY,Song HY. Protective effect of methylprednisolone on paraquat-induced A549
cell cytotoxicity via induction of efflux transporter, P-glycoprotein expression. Toxicol Lett, 2012, 25; 208
(2):101-7. https://doi.org/10.1016/j.toxlet.2011.10.019 PMID: 22079615

Brochetti RA, Leal MP, Rodrigues R, da Palma RK, de Oliveira LVF, Horliana ACRT. et al. Photobiomo-
dulation therapy improves both inflammatory and fibrotic parameters in experimental model of lung
fibrosis in mice. Lasers Med Sci.; 2017, 32(8):1825—-1834. https://doi.org/10.1007/s10103-017-2281-z
PMID: 28712048

Nowak D, Ruta U, Piasecka G. Ascorbic acid inhibits polymorphonuclear leukocytes influx to the place
of inflammation—possible protection of lung from phagocyte-mediated injury. Arch Immunol Ther Exp
(Warsz), 1989, 37(1-2):213-8.

Fisher B.J., Kraskauskas D., Martin E.J., Farkas D., Wegelin J.A., Brophy D. et al. Mechanisms of atten-
uation of abdominal sepsis induced acute lung injury by ascorbic acid. Am. J. Physiol. Lung Cell. Mol.
Physiol., 2011, 303:L20-L32.

Vissers M.C., Wilkie R.P. Ascorbate deficiency results in impaired neutrophil apoptosis and clearance
and is associated with up-regulation of hypoxia-inducible factor 1alpha. J. Leukoc. Biol, 2007,
81:1236-1244.

Sharma P., Raghavan S.A., Saini R., Dikshit M. Ascorbate-mediated enhancement of reactive oxygen
species generation from polymorphonuclear leukocytes: Modulatory effect of nitric oxide. J. Leukoc.
Biol., 2004, 75:1070-1078. https://doi.org/10.1189/jlb.0903415 PMID: 15039465

Goldschmidt M.C. 1991. Reduced bactericidal activity in neutrophils from scorbutic animals and the
effect of ascorbic acid on these target bacteria in vivo and in vitro. Am. J. Clin. Nutr., 54:12145-1220S.
https://doi.org/10.1093/ajcn/54.6.1214s PMID: 1962573

Goldschmidt M.C., Masin W.J., Brown L.R., Wyde P.R. The effect of ascorbic acid deficiency on leuko-
cyte phagocytosis and killing of actinomyces viscosus. Int. J. Vitam. Nutr. Res., 1988, 58:326-334.
PMID: 2461911

Corberand J., Nguyen F., Fraysse B., Enjalbert L. Malignant external otitis and polymorphonuclear leu-
kocyte migration impairment. Improvement with ascorbic acid. Arch. Otolaryngol., 1982, 108:122—124.
PMID: 7059315

Anderson R., Theron A. Effects of ascorbate on leucocytes: Part 11 In vitro and in vivo stimulation of
abnormal neutrophil motility by ascorbate. S. Afr. Med. J.; 1979, 56:429—433. PMID: 550365

Shilotri P.G. Glycolytic, hexose monophosphate shunt and bactericidal activities of leukocytes in ascor-
bic acid deficient guinea pigs. J. Nutr., 1977, 107:1507—1512. https://doi.org/10.1093/jn/107.8.1507
PMID: 328832

Ganguly R., Durieux M.F., Waldman R.H. Macrophage function in vitamin C-deficient guinea pigs. Am.
J. Clin. Nutr., 1976, 762-765. https://doi.org/10.1093/ajcn/29.7.762 PMID: 937230

Stankova L., Gerhardt N.B., Nagel L., Bigley R.H. Ascorbate and phagocyte function. Infect. Immun.,
1975, 12:252-256. PMID: 1150324

Chang JB, Lin CC, Chiou JF, Mau SY, Liu TZ, Chen CH. Treatment of acute paraquat intoxication using
recommended megadose of vitamin C: a reappraisal. Free Radic Res 2013, 47,991-1001. https://doi.
org/10.3109/10715762.2013.838321 PMID: 23991861

Yeung YT, Aziz F, Guerrero-Castilla A, Arguelles S. Signaling Pathways In Inflammation And Anti-
Inflammatory Therapies.Curr Pharm Des, 2018. [Epub ahead of print].

Cockx M, Gouwy M, Van Damme J, Struyf S. Chemoattractants andcytokines in primary ciliary dyskine-
sia and cystic fibrosis: key players in chronic respiratory diseases. Cell Mol Immunol, 2017 [Epub ahead
of print].

Fu R, Wu J, Ding J, Sheng J, Hong L, Sun Q et al. Targeting transforming growth factor BRIl expression
inhibits the activation of hepatic stellate cells and reduces collagen synthesis. Exp Biol Med (Maywood),
2011, 236(3):291-7.

Bonniaud P, Margetts PJ, Ask K, Flanders K, Gauldie J, Kolb M. TGF-beta and Smad3 signaling link
inflammation to chronic fibrogenesis. J Immunol, 2005, 15; 175(8):5390-5395. PMID: 16210645

PLOS ONE | https://doi.org/10.1371/journal.pone.0205535 November 5,2018 13/14


https://doi.org/10.1111/j.1476-5381.2012.02017.x
https://doi.org/10.1111/j.1476-5381.2012.02017.x
http://www.ncbi.nlm.nih.gov/pubmed/22563778
https://doi.org/10.3390/toxics5040030
http://www.ncbi.nlm.nih.gov/pubmed/29104250
https://doi.org/10.1016/j.toxlet.2011.10.019
http://www.ncbi.nlm.nih.gov/pubmed/22079615
https://doi.org/10.1007/s10103-017-2281-z
http://www.ncbi.nlm.nih.gov/pubmed/28712048
https://doi.org/10.1189/jlb.0903415
http://www.ncbi.nlm.nih.gov/pubmed/15039465
https://doi.org/10.1093/ajcn/54.6.1214s
http://www.ncbi.nlm.nih.gov/pubmed/1962573
http://www.ncbi.nlm.nih.gov/pubmed/2461911
http://www.ncbi.nlm.nih.gov/pubmed/7059315
http://www.ncbi.nlm.nih.gov/pubmed/550365
https://doi.org/10.1093/jn/107.8.1507
http://www.ncbi.nlm.nih.gov/pubmed/328832
https://doi.org/10.1093/ajcn/29.7.762
http://www.ncbi.nlm.nih.gov/pubmed/937230
http://www.ncbi.nlm.nih.gov/pubmed/1150324
https://doi.org/10.3109/10715762.2013.838321
https://doi.org/10.3109/10715762.2013.838321
http://www.ncbi.nlm.nih.gov/pubmed/23991861
http://www.ncbi.nlm.nih.gov/pubmed/16210645
https://doi.org/10.1371/journal.pone.0205535

®PLOS | one

Ascorbic acid and lung fibrosis

50.

51.

52.

53.

54.

55.

Radomska-Lesniewska DM, Balan BJ, Skopinski P. Angiogenesis modulation by exogenous antioxi-
dants.Cent Eur J Immunol. 2017; 42(4):370-376. https://doi.org/10.5114/ceji.2017.72804 PMID:
29472815

Bonnans C, Chou J, Werb Z. Remodelling the extracellular matrix indevelopment and disease. Nat Rev
Mol Cell Biol, 2014, 15(12):786—-801. https://doi.org/10.1038/nrm3904 PMID: 25415508

Pardo A, Selman M. Matrix metalloproteases in aberrant fibrotic tissue remodeling. Proc Am Thorac
Soc, 2006, 3(4):383-8. Review. https://doi.org/10.1513/pats.200601-012TK PMID: 16738205

Gupta |, Ganguly S, Rozanas CR, Stuehr DJ, Panda K. Ascorbate attenuates pulmonary emphysema
by inhibiting tobacco smoke and Rtp801-triggered lung protein modification and proteolysis. Proc Natl
Acad SciU S A, 2016., 19; 113(29):E4208—1. https://doi.org/10.1073/pnas.1600056113 PMID:
27382160

Liu B, Cao B, Zhang D, Xiao N, Chen H, Li GQ, et al. Salvianolic acid B protects against paraquat-
induced pulmonary injury by mediating Nrf2/Nox4 redox balance and TGF-B1/Smad3 signaling. Toxicol
Appl Pharmacol. 2016, 15; 309:111-20. https://doi.org/10.1016/j.taap.2016.08.004 PMID: 27507327

Feitosa CM. Determination of parameters of oxidative stress in vitro models of neurodegenerative dis-
eases- A review. Current clinical pharmacology, europepmc.org. 2018.

PLOS ONE | https://doi.org/10.1371/journal.pone.0205535 November 5,2018 14/14


https://doi.org/10.5114/ceji.2017.72804
http://www.ncbi.nlm.nih.gov/pubmed/29472815
https://doi.org/10.1038/nrm3904
http://www.ncbi.nlm.nih.gov/pubmed/25415508
https://doi.org/10.1513/pats.200601-012TK
http://www.ncbi.nlm.nih.gov/pubmed/16738205
https://doi.org/10.1073/pnas.1600056113
http://www.ncbi.nlm.nih.gov/pubmed/27382160
https://doi.org/10.1016/j.taap.2016.08.004
http://www.ncbi.nlm.nih.gov/pubmed/27507327
https://doi.org/10.1371/journal.pone.0205535

