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Abstract: Idiopathic pulmonary fibrosis (IPF) is a chronic disease mainly associated with aging and,
to date, its causes are still largely unknown. It has been shown that dietary habits can accelerate or
delay the occurrence of aging-related diseases; however, their potential role in IPF development has
been underestimated so far. The present review summarizes the evidence regarding the relationship
between diet and IPF in humans, and in animal models of pulmonary fibrosis, in which we discuss
the bioactivity of specific dietary food ingredients, including fatty acids, peptides, amino acids,
carbohydrates, vitamins, minerals and phytochemicals. Interestingly, many animal studies reveal
preventive and therapeutic effects of particular compounds. Furthermore, it has been recently
suggested that the lung and gut microbiota could be involved in IPF, a relationship which may be
linked to changes in immunological and inflammatory factors. Thus, all the evidence so far puts
forward the idea that the gut-lung axis could be modulated by dietary factors, which in turn have an
influence on IPF development. Overall, the data reviewed here support the notion of identifying food
ingredients with potential benefits in IPF, with the ultimate aim of designing nutritional approaches
as an adjuvant therapeutic strategy.

Keywords: idiopathic pulmonary fibrosis; diet; microbiota; gut-lung axis

1. Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive, irreversible and heterogeneous
disease characterised by the excessive deposition of extracellular matrix associated with progressive
decline in lung function and respiratory failure [1]. IPF occurs primarily in older adults with a median
survival of 2-3 years from diagnosis and, due to an increase in its incidence, it is becoming an economic
burden on global health care [2]. The histopathological hallmark used for diagnosis is the occurrence
of a usual interstitial pneumonia (UIP) pattern [2]. The current treatment options that show a modest
benefit are the anti-fibrotic drugs nintedanib and pirfenidone; however, there is still no cure for IPF [1,2].
Current paradigms suggest that IPF is the consequence of an aberrant repair process, in response to
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subclinical epithelial injury superimposed on accelerated epithelial aging [2]. Host factors associated
to the development of this condition include chronological age, the occurrence of the hallmarks of
aging [3-6], such as telomere attrition, senescence, stem cell exhaustion and mitochondrial dysfunction,
and genetic predisposition [7]. Furthermore, environmental factors, including exposure to wood and
metal dust, pollution, tobacco smoking, gastric aspiration and viral infection, are thought to play a
causative role in the initiation and progression of the disease [2]. Even though it is well known that diet
has an influence on the risk of age-related diseases, the potential role of dietary factors has not been
considered in this complex scenario. However, there is an increasing number of evidences in animal
models suggesting a role for specific bioactive food ingredients in the promotion and mitigation of
pulmonary fibrosis. Moreover, alterations in glucose and lipid metabolism are present in pulmonary
fibrosis [8,9], and metabolic reprogramming in IPF patients has been described [10]. On the other
hand, it has been recently suggested that the microbiome could actually influence the risk of initiation
and/or progression of IPF [11-13], where gut and airway microbiota are considered relevant players.
Here, we will review the studies carried out to date which investigate the role of bioactive food
ingredients and microbiota in IPF, and discuss how their potential interaction could have an effect on
the development and mitigation of this disease.

2. Pathogenesis of IPF

The UIP pattern characteristic of IPF includes temporal and spatially heterogeneous fibrosis,
advanced scarring and microscopic honeycombing, clusters of fibroblasts and myofibroblasts
(fibroblastic foci), the accumulation of hyperplastic type II alveolar epithelial cells, the reduction
of type I alveolar epithelial cells and exaggerated deposition of disorganised collagen and extracellular
matrix (ECM), resulting in the distortion of normal lung architecture [2]. In this context, IPF is thought
to be the consequence of an aberrant repair process, in response to complex interactions between host
and environmental factors. Host factors include genetic and epigenetic features that contribute to the
development of an inherently susceptible and dysfunctional epithelium, to recurrent micro-injuries from
cigarette smoke, wood and metal dust, gastro-oesophageal reflux, and viral infection [1]. The genetic
predisposition to develop IPF has been shown in carriers of variants of genes that affect lung epithelial
cells [2]. Certain epigenetic changes have also been identified in IPF patients [14], but the triggering
environmental agents and the mechanisms involved in the epigenetic alterations remain elusive.
The genetically and/or epigenetically predisposed epithelium displays a limited regenerative ability
following recurrent injury, which is crucial for the propagation of IPF.

As a response to sustained injury, epithelial cells acquire features of mesenchymal cells, a process
termed epithelial-mesenchymal transition (EMT), which is initiated by the transforming growth
factor 31 (TGF-f1) [7,15]. These reprogrammed cells express o smooth muscle actin (xXSMA), type 1
collagen and N-cadherin, and these changes trigger the loss of their polarity and tight junctions,
and become more mobile [15]. Furthermore, the alveolar epithelial basement membrane is disrupted
as a consequence to the damaged and dysfunctional epithelium, which favours the leakage of fibrin
and fibronectin into the interstitial and alveolar spaces, as well as the intrusion of inflammatory cells
and the migration of mesenchymal cells [7].

Activated epithelial and endothelial cells promote an aberrant epithelial-mesenchymal crosstalk [7,15].
Circulating fibrocytes are recruited by the alveolar epithelium, differentiate into fibroblasts or
myofibroblasts, and produce collagen and cytokines that induce collagen deposition [7]. Epithelial cells
release TGF-31, which leads to the differentiation of resident pulmonary fibroblasts into myofibroblasts
that secrete excessive amounts of matrix, platelet-derived growth factor (PDGF), which increases
fibroblast proliferation, and Wnt proteins, that stimulate fibroblasts to produce type I collagen [7,15].
Chronically activated fibroblasts acquire an invasive phenotype, and are resistant to apoptosis,
which leads to their retention in IPF lungs, allowing the fibroblasts to persistently deposit collagen [7,15].
In addition to abnormal quantities of matrix proteins, ECM remodelling is characterised by its stiffness
and altered composition, which seem to stimulate the production of more collagen. ECM changes
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include an increase in the levels of matrix metalloproteases (MMP), such as MMP-1 and MMP-7,
which are involved in ECM degradation; lysyl oxidase-like proteins, causing collagen accumulation and
deposition; periostin, which promotes mesenchymal cell proliferation and fibrosis; and osteopontin,
a proinflammatory cytokine involved in tissue repair [16].

Both oxidative stress and immunological factors may play a pathogenetic role in IPF [17,18].
An imbalance between oxidants and antioxidants is observed in IPF patients, who show elevated
concentrations of oxidants, depleted glutathione levels, and reduced activity of the nuclear
factor-erythroid-related factor 2 (Nrf-2), the antioxidant enzyme haem oxygenase 1, and superoxide
dismutase (SOD) [17,18]. Furthermore, immune function is also altered in IPF, whereby changes in
the innate immune response to infection and tissue injury have been observed, as well as in adaptive
immunity, highlighted by the activation of CD4+ T-cells and a decrease in levels of T regulatory cells
(Tregs) [16].

Contribution of Aging Hallmarks to IPF

Aging is the most evident host factor that influences IPF occurrence. The main molecular and
cellular hallmarks of aging are present in IPF, which include telomere attrition, genomic instability,
mitochondrial dysfunction, epigenetic alterations, cellular senescence, loss of proteostasis, dysregulated
nutrient sensing, stem cell exhaustion and altered intercellular communication [19]. Furthermore,
it has been shown that some of these hallmarks mediate the development of the disease [3,4,6,20].
For example, abnormal telomere shortening due to mutations in telomerase-related genes is linked to
poor prognosis [5]. Aging-associated mitochondrial changes have also been identified in IPF, including
an imbalance in mitochondrial dynamics, increased mitochondrial reactive oxygen species (ROS) levels
and DNA mutations, leading to decreased mitochondrial respiration and ATP production. Collectively,
these changes contribute to the senescent phenotype in lung fibroblasts [2,3,20]. Higher levels of
senescence-associated cell cycle repressors, p21, pl6 and/or p53 and beta-galactosidase activity,
are found in lung cells from IPF patients, and the contributing role of senescence in IPF has been
demonstrated with the administration of a senolytic drug [6]. Furthermore, bone marrow stem cells
from IPF patients showed decreased stemness and capacity to prevent lung fibrosis progression [4].

However, the development of pulmonary fibrosis in individuals with no identifiable mutations,
or that have not been exposed to the abovementioned environmental inputs, means that other factors
must be considered. Since it is well known that diet influences the risk of age-related diseases, and that
the microbiome is highly implicated in a wide range of conditions, we decided to delve into the data
published so far, in order to elucidate their potential involvement in IPF.

3. The Role of Nutritional Factors in IPF

3.1. Nutrition and Aging

Nutrition is intimately linked to health and disease. Numerous epidemiological studies support
the premise that unhealthy dietary habits increase the risk of age-related chronic diseases and accelerate
mortality [21]. On the other hand, healthy dietary patterns could delay or prevent the occurrence
of age-related diseases, thus contributing to extend a person’s health and lifespan [22]. Accordingly,
specific nutritional recommendations for particular subpopulations are associated with the prevention
of age-related diseases; for instance, the use of calcium supplementation in post-menopausal women
to reduce osteoporosis risk [23]. In addition to exerting a preventive role, the beneficial effect of
particular nutrients on aging diseases is also shown in the elderly, as it happens with the intake
of leucine in individuals with sarcopenia, in order to reduce muscle mass loss [24]. Furthermore,
the adherence to healthy dietary patterns, such as plant-based diets, may increase overall survival in
elderly individuals [25]. These data highlight the importance of precision nutrition in relation to aging,
and point towards the need to design personalized evidence-based nutritional programmes to this end.
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The best-known nutritional strategy to increase longevity in several animal species is the reduction
of food intake without reaching malnutrition. Dietary restriction exerts a protective effect against
obesity, type 2 diabetes, inflammation, hypertension and cardiovascular disease, and reduces the
metabolic risk factors associated with cancer [26]. A lower intake of particular nutrients seems to be the
key point for ameliorating aging, rather than calorie restriction [27]. For example, reducing protein or
specific amino acids in the diet, such as methionine and tryptophan, induces protective mechanisms and
extends average and maximal lifespan in experimental animals. The search of bioactive compounds able
to mimic the effects of dietary restriction is of interest, given the difficulty to follow dietary restriction,
particularly in the elderly. Supplementation with resveratrol increased the health and lifespan in mice,
by improving mitochondrial function through the activation of sirtuin 1 (SIRT1) [28,29]. This discovery
sparked an interest in molecules with an anti-aging potential, such as curcumin, epigallocatechin
gallate, quercetin and resveratrol [30], which are naturally occurring, and have since demonstrated
anti-aging properties in clinical trials.

However, the effects of dietary manipulations on respiratory function and age-related respiratory
chronic diseases have been hardly investigated. Hegab et al. [31] recently reported that calorie
restriction reversed the decrease in lung stem cells, the number and function of mitochondria, and lung
inflammatory cell infiltration in old mice. Moreover, the same authors demonstrated that exposure to a
high-fat diet exacerbated aging-induced lung inflammation and mitochondrial deterioration; effects
that could be reversed by switching to a low-fat diet [32]. Moreover, maternal exposure to a high-fat
diet negatively affected offspring lung function, and seemed to increase their susceptibility to lung
diseases later in life [33]. Altogether, these results suggest that certain dietary habits may improve
aging-related respiratory function.

3.2. Bioactive Food Ingredients Influencing IPF

Up until now, most studies on IPF have mainly focused on factors that can damage the airway.
So far, the role of nutritional status in the development of IPF has been poorly evaluated in humans and,
to the best of our knowledge, few epidemiological studies have analysed diet in IPF. Two case-control
studies in a Japanese population found a lower fruit and higher meat consumption, together with a
higher intake of saturated fat, in IPF patients [34,35]. Dietary lipid composition may contribute to the
alterations observed in pulmonary surfactant phospholipids of IPF patients, whereby a lower content
in polyunsaturated fatty acids at the expense of saturated fatty acids may account for their impaired
biophysical surfactant function [36]. Dietary factors may influence both the risk of IPF occurrence
and disease progression. On the other hand, it is also thought that IPF could affect nutritional status,
since IPF patients present a high prevalence of malnutrition [37], evidencing the need for specific
nutritional evaluation and counselling [38].

Interestingly, among IPF patients, cases of cardiovascular diseases, obesity, diabetes mellitus and
dyslipidaemia are frequently reported [39]. Such associations suggest that dietary factors commonly
involved in these metabolic diseases may also participate in the aetiology of pulmonary fibrosis,
and the evidence demonstrated in experimental studies supports this rationale. In mice, neonatal
overfeeding induces obesity in adulthood, and worsens airway hyperresponsiveness to methacholine,
highlighted by higher amounts of collagen accumulated surrounding the bronchi and lung TGF-£31
expression [40]. Such hyperresponsiveness is also observed when adult mice are exposed to a high-fat
diet [41]. The higher circulating insulin level exhibited by adult mice fed a high-fat diet seems to be
the agent that enhances TGF-f31 expression in the bronchial epithelium, pointing to insulin resistance
as an important player in the development of lung fibrosis. Notably, exposure to a hypercaloric diet
triggers pulmonary fibrosis without the involvement of any other intentional external agent [42,43],
which strengthens the hypothesis that particular bioactive food ingredients could play a causative
role in the development of IPF. These observations prompted us to review the evidence regarding
the participation of macronutrients, micronutrients and other bioactive food ingredients, either in the
occurrence or in the attenuation of pulmonary fibrosis.
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3.2.1. Macronutrients
Lipids

The exposure to diets rich in lipids triggers the occurrence of pulmonary fibrosis per se [42,43]
and worsens the airway responsiveness to a challenging agent [40,41], supporting a potential role for
dietary lipids as a direct causative agent of pulmonary fibrosis. The involvement of dietary lipids
and lipid handling is reinforced by the fact that alterations in enzymes involved in lipid metabolism
exacerbates pulmonary fibrosis [8], and that IPF patients present a decreased sphingolipid metabolism
and mitochondrial 3-oxidation capacity [44]. Interestingly, a recent study revealed a specific circulating
lipid profile in IPF patients, and identified particular lipids that could be used as biomarkers to monitor
the disease or provide prognostic information [45].

However, the effect of dietary lipids could depend on the type of fatty acid or the lipid source.
Accordingly, one of the first experiments addressing these issues revealed that the intake of coconut
oil or beef tallow as lipid sources triggered lower increases in lung hydroxyproline content and lipid
peroxidation after the administration of bleomycin (a DNA-interactive antitumor agent commonly
used to induce pulmonary fibrosis), indicating that alterations in dietary lipids can, indeed, reduce the
severity of pulmonary fibrosis [46]. Here, we aim to analyse the updated evidence on the effects of
different types of fatty acids on pulmonary fibrosis:

Saturated Fatty Acids (SFA)

Exposure to a high-fat diet has been shown to trigger the occurrence of incipient lung fibrosis [43],
whereby the authors of this investigation noted that an increase in neutrophils in the pulmonary
parenchyma may play a significant role in the development of lung fibrosis. Furthermore, in another
experiment in which lung fibrosis was induced by a high-fat diet, it was observed that the levels of
TGF-B1 in airway epithelial cells were increased, which was accompanied by an increased collagen
deposition and expression of profibrotic factors [42], which suggest a causative role of a high intake
of fatty acids in EMT. Although such a causative role could not be solely attributed to SFA in the
previous experiments, Chu SG et al. [47] have recently demonstrated that the exposure to a high-fat
diet rich in palmitic acid increases pulmonary fibrosis after bleomycin administration in wild-type
mice. This effect was linked to the activation of the unfolded protein response and apoptosis in lung
epithelial cells [47]. Moreover, these authors demonstrated the causative role of lipotoxicity on lung
fibrosis by inhibiting the fatty acid transporter CD36. These results are in accordance with the higher
relative contents of palmitic acid found in pulmonary surfactant phospholipids of IPF patients [36]
and the positive correlation between SFA intake and IPF in a Japanese population [35], thus suggesting
that a high SFA intake might increase the risk of IPF.

Polyunsaturated Fatty Acids (PUFA)

Following the observation that IPF patients show lower relative contents of oleic acid surfactant
phospholipids [36], it has been hypothesized that a high PUFA intake could mitigate IPF. This question
has been addressed in in vivo studies, showing that the intake of fish oil, rich in eicosapentaenoic
acid (20:5, w-3), reduces lung protein and hydroxyproline contents after a bleomycin challenge [48].
In the context of lung fibrosis, a relevant example of the importance of dietary lipids in the perinatal
period for the development of diseases in adulthood comes from an experiment in which maternal
diet supplementation with docosahexaenoic acid attenuated pulmonary fibrosis and improved lung
function in mouse pups exposed to perinatal inflammation [49]. Furthermore, the mitigation of lung
fibrosis has been demonstrated with long-chain w-3 PUFAs (docosahexaenoic acid (22:6, w-3)) [50],
short-chain w-3 PUFA present in flaxseed oil [51,52], and with w-6 PUFAs, such as y-linolenic acid
(18:3, w-6) [53]. The effects attributed to the anti-fibrotic properties of PUFA could be mediated,
in part, through their conversion to resolvinD;, which inhibits EMT in human alveolar type II cells [54],
and through peroxisome proliferator-activated receptor y (PPARy). PPARY agonists exhibit anti-fibrotic
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activity, and nitrated fatty acids, which are produced when unsaturated fatty acids react with nitric
oxide (NO), are potent PPARY agonists. Interestingly, the treatment with nitrated fatty acids reversed
myofibroblast differentiation and reduced collagen deposition once lung fibrosis was established,
suggesting a therapeutic role for nitrated fatty acids [55]. In all these experiments, PUFA was provided
before pulmonary fibrosis was induced and, collectively, the results indicate that an adequate dietary
PUFA intake might reduce the risk of lung fibrosis development.

Carbohydrates

The addition of fructose to a high-fat diet enhanced the development of pulmonary fibrosis
without the participation of another intentional agent in mice [43], suggesting that high dietary
contents of greatly available carbohydrates, both mono and disaccharides, might be associated
with an increased risk of IPE. In fact, GLUT1-dependent glycolysis is increased in aged lungs and
activates lung fibroblasts and lung fibrogenesis [9]. However, most of the studies that analyse
the role of dietary carbohydrates in experimental pulmonary fibrosis attempt to mitigate fibrosis
with carbohydrates, particularly specific polysaccharides, providing interesting results. For instance,
barley-extracted (3-glucans, which are long-chain polymers of glucose, improved hydroxyproline and
oxidative stress markers, when given either in combination with N-acetylcysteine before bleomycin
instillation, or alone after bleomycin administration [56]. The beneficial effects of 3-glucans may rely on
their ability to stimulate the immune system and antioxidant activity. Similarly, an enhanced
antioxidant activity and/or immune system response also seems to explain the attenuation of
pulmonary fibrosis elicited by the administration of polysaccharides from the fungi Ophiocordyceps
lanpingensis [57] and Ganoderma lucidum [58]. Other polysaccharides of interest include fucoidan,
a sulphated polysaccharide found in brown seaweed [59], and chitosan, a linear polysaccharide with
antibacterial, antifungal, antioxidant and anti-inflammatory activities. Both these polysaccharides have
shown to exert anti-fibrotic effects when administrated orally, before and after lung damage [60,61].
Anti-fibrotic effects linked to EMT inhibition were also described by the administration of plant-derived
polysaccharides, including those extracted from Dendrobium officionale [62] or from the ancient Chinese
herbal formula Yupingfeng [63].

Amino Acids, Amino Acid Derivatives and Peptides

IPF patients show an alteration in amino acid metabolism, characterised by higher amounts of
proline, 4-hydroxyproline, alanine, valine, leucine, isoleucine and allysine, detected in both lung tissue
and breath [64]. This has led to the question of whether the supply of functional amino acids could
represent a true therapeutic strategy.

In vivo studies have addressed this issue and, in fact, oral treatment with L-arginine
improved arginine metabolism in bleomycin-treated mice and reduced lung damage [65]. Similarly,
in radiation-induced lung fibrosis, L-arginine reduced hydroxyproline content, procollagen I and III
expression and angiotensin converting enzyme activity, which was attributed to the exogenous NO
supply [66]. Likewise, pre-treatment with aerosolized arginine in experimental models of LPS-induced
fibrosis reduced collagen deposition, apoptosis of alveolar cells and the expression of inflammatory
cytokines and chemokines [67]. The immunomodulatory ability of certain amino acids, including
L-arginine, glycine and L-norvaline, a valine isomer, seem to explain, at least in part, the protection
against pulmonary fibrosis, since a reduction in the accumulation of neutrophils and macrophages and
a restoration in peripheral blood Tregs were observed in animal models of lung fibrosis treated with
these amino acids [65,67].

Taurine is a cysteine-derived amino acid that naturally occurs in the body. Interestingly,
its anti-fibrotic potential has been documented in animal models of pulmonary fibrosis, which is
explained, in part, by its antioxidant and immunomodulatory abilities [68,69]. In hamsters,
diet supplementation with taurine reduced lung collagen, lipid peroxidation and SOD activity [68],
and the administration of taurine both before and after bleomycin instillation reduced the amount of
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neutrophils in the bronchoalveolar lavage fluid (BALF) [69]. In a considerable number of experiments,
the anti-fibrotic potential of taurine was studied, together with niacin, a vitamin B3 form, that when
given alone, also attenuates pulmonary fibrosis [68,70], and this co-treatment exhibited a potent
anti-fibrotic effect [71,72].

Recently, it was demonstrated that a small peptide isolated from the edible seaweed Eucheuma,
named EZY-1, exhibited anti-fibrotic properties, with a superior potency and safety than pirfenidone [73],
by altering the binding to PDGF receptor 3 and the TGF-f3/Smad signal transduction. Another small
peptide showing anti-fibrotic activity is the metal chelating tripeptide GHK, a naturally occurring
human plasma component, the levels of which reflect regenerative capacity, and which regulates
wound healing processes by inhibiting TGF-3 secretion [74]. The administration of GHK inhibited
collagen deposition and the inflammatory response, and suppressed EMT [75].

3.2.2. Micronutrients

Vitamins

The levels of vitamers with antioxidant activity are increased in the BALF of IPF patients, in an
attempt to restore oxidative balance [76]. Such vitamers include retinol, ascorbic acid and x-tocopherol.
On the contrary, these non-enzymatic antioxidants are reduced in the bleomycin model of lung
fibrosis [77], highlighting the discrepancy between the bleomycin model and the human disease.

(1) Vitamin A

Retinoic acid, the bioactive metabolite of vitamin A, is an important signalling molecule during
normal early lung development, and has anti-fibrotic and anti-inflammatory properties [78]. All-trans
retinoic acid treatment has shown to ameliorate irradiation and bleomycin-induced lung fibrosis
in mice, and its anti-fibrotic mechanisms include the decrease in TGF-, II-6 and II-17A cytokine
production, and a shift in the Treg/Th17 ratio [79].

(2) Vitamin B

Niacin is a vitamin B3 form involved in DNA repair, as a precursor of the coenzymes nicotinamide
adenine dinucleotide and nicotinamide adenine dinucleotide phosphate. As such, its ability to enhance
DNA repair caused by bleomycin has been demonstrated, being one of the first described agents
able to attenuate bleomycin-induced lung fibrosis [70]. Subsequently, many studies have analysed the
combination of niacin with taurine, which is expected to act through different mechanisms [68,72].

(3) Vitamin C

Vitamin C is involved in tissue repair and collagen secretion, and its deficiency leads to impaired
collagen synthesis. In pulmonary fibrosis induced by chromium, paraquat or LPS, the damage was
reduced by the subsequent or simultaneous administration of vitamin C [80-82]. The mechanisms of
action of vitamin C, reported in the paraquat model, included reduced neutrophil recruitment and
IL-17 and TGF-f3 secretion, and increased SOD and catalase levels [81]. Intriguingly, even though these
results suggest the potential therapeutic role of vitamin C, another study reported that the depletion of
ascorbate in the diet inhibits the increased neutrophilic incursion and lavage protein concentration
induced by silica instillation, which may reflect the pro-oxidant function for ascorbate or the lack of
ascorbate-dependent collagen hydroxylation [83].

(4) Vitamin D

Serum vitamin D has been proposed as a biomarker of IPF prognosis [84]. IPF patients
show deficient circulating vitamin D levels, which correlate with disease prognosis and all-cause
mortality [84,85]. Furthermore, vitamin D deficiency and bone fragility have been associated with
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IPF [86]. In light of this, studies have shown a potential therapeutic role for vitamin D, such as the
anti-fibrotic effect of an early vitamin D supplementation in the bleomycin model of lung fibrosis [87],
and in paraquat-treated mice after a fibrotic challenge [88].

(5) Vitamin E

The role of vitamin E in the development of pulmonary fibrosis has been shown in both
vitamin E deficient animals, which show a more severe interstitial pneumonitis and emphysematous
lesions [89], and vitamin E treated animals, in which lung fibrosis was induced by diverse pro-fibrotic
agents, including bleomycin [90], actinomycete [91], amioradone [92], radiation [93], chromium [80],
and nitrogen mustard melphalan [94]. In these animal models, the mitigation of fibrosis was mainly
attributed to the antioxidant activity of vitamin E. In humans, vitamin E was evaluated in combination
with pentoxifylline [95], showing that chronic treatment reversed lung damage in patients with
radiation-induced fibrosis, thus highlighting the anti-fibrotic potential of vitamin E.

Minerals and Salt

(1) Iron

The lungs of IPF patients show numerous aspects of dysfunctional iron metabolism, including
increased iron levels, the presence of iron-laden macrophages, and iron-induced oxidative stress [96].
Fibrosis severity and pulmonary hypertension are positively associated with iron deposition in lung
tissue [97] and epithelial lining fluid [98]. In BALF isolated cells, iron accumulation increases ROS
generation, which is thought to play a role in macrophage activation [99]. A causative role for iron
accumulation in IPF is demonstrated in experimental animals, in which fibrosis and lung function
decline are prevented by the intranasal administration of an iron chelator [100]. Furthermore, animals
maintained on an iron deficient diet do not accumulate lung collagen and do not increase lung lipid
peroxidation after lung damage induction [83,101], which strongly supports a potential role of dietary
iron in pulmonary fibrosis.

(2) Copper

Excess of copper plays an important role in the aetiology and pathogenesis of many diseases,
including IPF [102], and its availability has been proposed as a distinctive factor for the development
of lung fibrosis and emphysema [103]. Copper is essential for the enzymatic activity of lysyl oxidase
(LOX), the cytosolic SOD isoform, and amine oxidase copper containing-3 (AOC3), proteins which are
known to have an important role in IPF. LOX regulates the covalent cross-linking of ECM collagen
and elastin, whereas AOC3 is a membrane-bound protein that oxidizes biogenic and dietary amines,
and activates leukocyte extravasation [104]. The role of AOC3 in pulmonary fibrosis development
has been shown using AOC3-deficient mice, which were protected from lung fibrosis, as well as in
wild-type mice treated with an AOC3 inhibitor [105]. The reduction of copper levels achieved by a
low-copper diet and the administration of a chelator agent regressed the overexpression of collagen-I,
LOX, MMP2, MMP8 and TIMP1 in the lungs of fibrotic mice [106], suggesting that the management of
dietary copper might influence pulmonary fibrosis development.

(3) Sodium Chloride

It has been suggested that dietary salt may influence IPF, based on the fact that its intake is
associated with cardiac and renal fibrosis and, in cultured cells, promotes the trans-differentiation
of monocytes into fibrocytes [107,108]. Despite the fact that a high salt diet did not exacerbate lung
fibrosis after bleomycin administration in mice, a low salt diet attenuated fibrosis, which was linked to
a normalization in leukocyte number and a reduction in fibrocyte number [109].
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3.2.3. Phytochemicals

An increasing number of studies have analysed the anti-fibrotic effect of various phytochemicals
in animal models of lung fibrosis. Quercetin, curcumin, resveratrol, epigallocatechin-3-gallate, S-allyl
compounds and several lignans are the most studied phytochemicals in the context of lung fibrosis.
Studies in which phytochemicals were orally administrated or supplemented in the diet are included
in Table 1, together with the proposed anti-fibrotic molecular mechanisms, which involve anti-oxidant,
anti-inflammatory and inhibitory effects on EMT.

Quercetin

The flavonoid quercetin is found in vegetables and fruits, particularly in onions, apples and
broccoli. Quercetin presents anti-aging properties, due to its antioxidant activity and ability to
induce apoptosis in senescent cells, thereby mitigating the severity of several age-related chronic
diseases [110]. In experimental pulmonary fibrosis, the anti-fibrotic effect of quercetin was shown to be
dependent on the activation of Nrf2-responsive genes, using Nrf2 deficient mice [111]. In addition
to its antioxidant and anti-inflammatory activities, it is involved in the reversal of the resistance to
apoptosis, and the reduction of the expression of senescence markers p21 and p19-ARF, and the
senescence-associated secretory phenotype, which are observed in the lungs of bleomycin-treated
aged mice [112]. Importantly, the removal of senescent cells with dasatinib and quercetin ameliorated
pulmonary function in experimental animals [6]. This treatment was also assayed in a human clinical
trial, demonstrating that IPF patients improved physical function [113], highlighting the relevant role
that a natural bioactive compound such as quercetin could exert in the management of IPE.

Curcumin

The flavonoid curcumin is present in turmeric (Curcuma longa), and is known for its antioxidant
and anti-inflammatory effects mediated by its ability to inhibit NF-kB. Curcumin arises as a potential
anti-aging molecule [30] and its use against pulmonary diseases has been posed [114]. In experimental
lung fibrosis, curcumin administration after lung damage induction ameliorates oxidative stress and
inflammation-related parameters, changes that are accompanied by signs of reduced fibrosis [115-117].
Beneficial effects are also reported when dietary curcumin is provided before the induction of
fibrosis, including the enhancement of antioxidant defenses, amelioration of fibrosis and survival
improvement [118]. In addition to the enhancement of antioxidant and anti-inflammatory activities,
experiments in cultured lung fibroblasts reveal curcumin’s ability to decrease fibroblast proliferation
and migration, increase apoptotic markers, and stimulate proteins involved in matrix degradation [119].
However, despite its potential, curcumin activity is limited by its poor bioavailability, and this feature
could explain why an intraperitoneal administration exerts superior anti-fibrotic effects than oral
treatment [120]. To circumvent this, novel strategies of curcumin administration are being developed.
Hu Y. et al. [121] developed inhalable curcumin-loaded poly(lactic-co-glycolic) acid large porous
microparticles, and showed that they entered into the lung tissue and triggered striking anti-fibrotic
effects [121], serving as a potential therapy applied to IPF.

Resveratrol

Resveratrol is a stilbenoid polyphenol present in grapes, known for its antioxidant activity,
its ability to enhance mitochondrial biogenesis through the activation of PPARy coactivator-1o
(PGC-1«), its ability to activate serine/threonine kinase AMP-activated protein kinase complex
(AMPK) signalling, and its capacity to extend lifespan in several species, including mammals,
by activating SIRT1 [28,29]. In animal models of lung fibrosis, the anti-fibrotic potential of resveratrol
has been analysed, showing promising results. Resveratrol reduces collagen content when it is
administered after a fibrotic challenge, a change accompanied by a reduction in markers of oxidative
stress and inflammation [122,123]. Moreover, resveratrol attenuates EMT by directly acting on IPF
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fibroblasts, and inhibiting TGF-B-induced proliferation and differentiation into myofibroblasts [124].
SIRT1 activation and other mechanisms of action have been described for the anti-fibrotic effect of
resveratrol, which are detailed in Table 1 [125-127].

Flaxseed Lignans and Schisandrin B

Plant lignans are fibre-associated polyphenolic compounds that form lignin, a constituent of the
plant cell wall. They are particularly abundant in flaxseed, rye bran and oat bran, and are known
for their antioxidant properties. The supplementation of the diet with flaxseeds triggers anti-fibrotic
effects, both before and after lung damage [128,129], doubling the survival rate when analysed
as a therapeutic agent. When flaxseeds are given as oil, this treatment also reduces lung damage,
as previously mentioned, an effect that is attributed to their high short-chain w-3 PUFA content [51,52].
However, it has been demonstrated that lignans from wholegrain flaxseed decrease inflammation,
lung injury and eventual fibrosis while it improves survival after radiation exposure, evidencing that
it is a bioactive component responsible for lung damage mitigation [130]. Schisandrin B, a highly
abundant lignan present in Schisandra chinensis, known for its diverse beneficial health effects, was also
shown to attenuate pulmonary fibrosis in experimental animals [131,132].

Epigallocatechin-3-Gallate

The polyphenol epigallocatechin-3-gallate (EGCG) is a major component of green tea, which aroused
interest due to its anti-aging and immunomodulatory properties [133]. The administration of green
tea extract reduces lung fibrosis in vivo, which is attributed to its anti-inflammatory and antioxidant
activities [77,134]. Moreover, a direct inhibitory fibroblast activation is also described for EGCG [135].

S-allyl-Compounds

Garlic possesses antioxidant activity, and has been traditionally used for the treatment of ailments
associated with aging. Garlic bioactive compounds include S-allyl-cysteine and S-allylmercaptocysteine,
organosulphur compounds that target the Nrf2 and NF-kB pathways, which are involved in the in vivo
anti-inflammatory and anti-fibrotic activities [136-140]. Notably, S-allyl compounds might not only
act as therapeutic, but also as preventive, agents [138,140]. Importantly, the beneficial effect of
S-allyl-compounds might be achievable from diet, since the induced damage in the lung was alleviated
by the supplementation of the diet with S-allyl cysteine or the administration of a water soluble aged
garlic [139]. Compared to the well-known anti-fibrotic effect of N-acetylcysteine, those elicited by
S-allyl-compounds were higher, which highlight the interest of S-allyl compounds as potential dietary
agents to reduce pulmonary fibrosis development.
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Table 1. Effects of phytochemicals in animal models of pulmonary fibrosis.

Dosage

Animal Models

Main Outcomes Related to Oxidative Stress, Inflammation, EMT and Fibrosis

Quercetin [111,141-143]

10-100 mg/kg bw/day
800 mg/kg in diet

| MDA levels; T Nrf2, CAT and SOD levels
BLM and amiodarone-induced female

and male mice and rats

| TNF«, iNOS, IL-13/6, PDGE-3, levels; | H&E staining; | inflammatory cells; T IFN-5 levels

| COL1A2, TGF-3, fibronectin 1, pERK and MMP7 levels; | hydroxyproline content; |
Masson’s trichrome staining

Curcumin [115-120,144]

74-300mg/kg bw/day
1-5% w/w in diet

I MPO activity; | TBARS, GST and ROS levels; T cathepsin K and L expression
Irradiation, paraquat, BLM and

amiodarone-induced female and male
mice and rats

| NAG, AKP and ACE levels; | c-Jun expression; | TNF-c, superoxide anion and NO release;
| mononuclear and PMN cells

| TGF-B1, x-SMA, hydroxyproline, type I collagen expression; | Smad2-3 and
ERK1/2 phosphorylation
50 and 100 mg/kg bw/2 days 1 MDA levels; | MPO activity; T GSH levels
Y y: . .
Resveratrol [122,126,145] 10 mg/kg bw/day t?LM’jlhcii andl parttlculzte i
150 mg GSE/kg bwjday matter-induced male rats and mice

L IL-6/1-3, TGF-3, TNF- «, NLRP3, ASC and caspase-1 levels; | neutrophils; | H&E staining

Schisandrin B and flaxseed lignans
[51,52,128-132]

5-100 mg lignan/kg bw/day
2 mg flaxseed oil/kg bw/day
10-20% lignans, 10% flaxseed (w/w) and
15% flaxseed oil in diet

| hydroxyproline and collagen content; | Masson’s trichrome staining

| MDA, TBARS and Nox4 levels; | nitrotyrosine staining; T CAT and SOD activity
Irradiation and BLM-induced male and

female mice and male rats

| Alveolar PMN and macrophage influx, | IL-13/2/4/6/12/17, MIP-1, VEGF, TNF-& and
FGF levels

| TGF-3, MMP7?, {3-catenin and hydroxyproline levels; | Bax, p21, Smad2 phosphorylation

SAC and SAMC [136,138-140]

25-200 mg/kg in bw/day
2 mL AGE/kg bw/2 days
0.15% in diet

| Nox4 and LPO levels; T HO-1, GSH and SOD activity; T Nrf2 and thiol levels
TiO,, BLM and CCl-induced male rats

and male mice

| TNF-«, IL-6 and iNOS levels; | H&E staining; | lymphocyte aggregation

| TGF-31, | Smad3/P-Smad3, Smad2/P-Smad2 levels; | MMP-9, TIMP-1, x-SMA, fibronectin,
collagen 1A1 and collagen III expression; | hydroxyproline content; | Azan-Mallory staining

Astaxanthin [146-148]

0.5, 1 and 2 mg/kg bw/day

7 SOD and CAT activity
| H&E staining

| Hydroxyproline, collagen, vimentin and «-SMA levels; | Masson’s trichrome staining; 7
E-cadherin levels

BLM-induced rats

Crocin [149,150]

Lycopene [151]

20 and 25 mg/kg bw/day

| MDA and HO-1 levels; T GSH and Nrf2 levels; T GSH-px, SOD and CAT activity

X | NO, IL-10, TLR4 and TNF-« levels; | H&E staining; | total inflammatory cell, lymphocyte
BLM-induced male rats

and neutrophil

| Hydroxyproline content; | Masson’s trichrome staining

5 mg/kg bw/day

| MDA levels; T SOD activity
BLM-induced male rats

| H&E staining; NO and TNF-« levels

| Masson’s trichrome staining
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Table 1. Cont.

Phytochemical Compound Dosage Animal Models Main Outcomes Related to Oxidative Stress, Inflammation, EMT and Fibrosis

| MDA levels; T SOD and GSH-px activity

Zingerone [152] 50 and 100 mg/kg bw/day BLM-induced male rats | TNFx and IL-13 levels; | H&E and iNOS staining

| TGF-B1 expression; | hydroxyproline content
| Lipid peroxidation; | protein oxidation; | NADH oxidize; | MPO activity; T CAT, SOD and

GST activity
s BLM and cyclophosphamide-induced -
Ellagic acid [153] 15 mg/kg bw/day 4 nﬁale fats 1 NO production
| Hydroxyproline content
| H&E and iNOS staining; | immune system cells accumulation
Proanthocyanidin [154] 100 mg/kg bw/day BLM-induced male rats

| Hydroxyproline content

Studies in which phytochemicals were orally administrated or supplemented in the diet are included. Outcomes are categorized in anti-oxidant, anti-inflammatory and anti-EMT/fibrotic
effects. T, increase; |, decrease; ACE, angiotensin converting enzyme; AGE, aged garlic extract; AKP, alkaline phosphatase; «-SMA, & smooth muscle actin; ASC, apoptosis-associated
speck-like protein containing a caspase activation recruitment domain; x-SMA, a-smooth muscle actin; BLM, bleomycin; CAT, catalase; CCly, carbon tetrachloride; COL1A, collagenase 1A;
EGCG, epigallocatechin-3-gallate; EMT, epithelial to mesenchymal transition; ERK, extracellular signal-regulated kinase; FGEF, fibroblast growth factor; GSE, grape seed extract; GSH,
glutathione; GSH-px, glutathione peroxidase; GST, glutathione S-transferase; H&E, hematoxylin eosin; HO-1, heme oxygenase-1; IFN-5, interferon-o; IL, interleukin; iNOS, inducible nitric
oxide synthase; MDA, malondialdehyde; MIP-1«, macrophage inflammatory protein-1&; MMP, matrix metalloproteinase; MPO, myeloperoxidase; NAG, N-acetyl-3-D-glucosaminidase;
NLRP3, nucleotide-binding domain and leucine-rich repeat protein 3; NO, nitric oxide; NOX4, NADPH oxidase 4; Nrf2, nuclear factor erythroid 2-related factor 2; PDGF-f3, platelet-derived
growth factor subunit B; PMN, polimorfonuclear; ROS, reactive oxygen species; SAC, S-allyl-cysteine; SAMC, S-allyl-mercaptocysteine; SOD, superoxide dismutase; TBARS, thiobarbituric
acid reactive substances; TGF-f3, transforming growth factor-f3; TIMP1, tissue inhibitor of metalloproteinase 1; TIO,, titanium oxide; TNFe, tumor necrosis factor o; VEGE, vascular
endothelial growth factor.
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4. The Role of Human Microbiota in IPF—An Emerging Therapeutic Strategy

The role of the microbiota, which refers to the microbial (bacterial) community found in the
human body;, in health and disease is a topic of great interest, and it is now fully established that it
is crucial in human wellbeing, and how an imbalance, or dysbiosis, can lead or contribute to a wide
range of diseases [155]. In this context, in the last decade, several studies have emerged, showing that
lung microbiota plays an important part in airway diseases, including IPF, with a clear connection
between lung dysbiosis, mortality and altered immune system pathways. As recently discussed by
Dickson et al. [156], the importance of lung microbiota in IPF is evident in the ongoing, current clinical
trials, in which, instead of investigating immunosuppression-associated drugs, antibiotics for microbiota
manipulation are being trialed.

Historically, the lung has been considered as a sterile organ. However, with the development
of non-culture dependent techniques, it has been shown that there is a diverse bacterial
microenvironment [157,158]. Even though there is still evidence lacking to establish a solid causal
association between altered lung microbiota and IPF progression, data so far are promising, showing
that microbial composition and abundance could be predictive of disease progression and are associated
to changes in alveolar cytokines and inflammatory pathways. Even though a causal relationship is still
not established, it is becoming clearer that lung microbiota is essential for host homeostasis, and could
be a focal point of interest in the physiopathology of IPF [159].

In line with this new area of research, it has been observed that patients presenting some pulmonary
conditions, including inflammation or impaired lung function, also exhibit gastrointestinal (GIT)
diseases. Furthermore, even though the GIT and the respiratory tract present different environments
and functions, they have the same embryonic origin and structural similarities, suggesting a potential
interaction [160]. Thus, although studies are still scarce, results published to date point towards the
role of a gut-lung axis in the pathogenesis of lung diseases [161], with increasing evidence that gut
microbiota may be playing a crucial part.

4.1. Bacterial Burden, Diversity and Microbial Composition in the Lung in IPF

It has been suggested that three main features regarding lung microbiota are of importance when
considering IPF prognosis, pathogenesis and progression: bacterial burden, microbial diversity and
overall composition [11].

On one hand, those individuals presenting decreased lung microbial diversity have a worse
prognosis, and that an increased bacterial burden at diagnosis is associated with a higher progression
of IPF and mortality risk [11-13]. Moreover, Molyneaux et al. [12] argue that an abundant, less diverse
bacterial community in the lower airways in IPF may be the cause of repetitive alveolar injury,
which is thought to be a major factor in its pathogenesis. This was further confirmed by a recent study,
in which decreased lung bacterial diversity was associated with increased alveolar concentrations of
proinflammatory and profibrotic cytokines and growth factors [11]. More interestingly, a very recent
study showed that, even though lung bacterial burden was not associated to IPF severity, it had a
strong prognostic significance, by predicting clinical outcomes, providing robust evidence that the
lung microbiome could be relevant in IPF prognosis [162].

However, while these data are promising, they do not prove a causal role for lung microbiota in
IPF. In order to elucidate this, a range of studies have attempted to determine bacterial composition and
how its manipulation can impact IPF pathogenesis. The major bacterial phyla found in lungs is the same
as in gut, thus Firmicutes and Bacteroidetes are the predominant bacteria followed by Proteobacteria
and Actinobacteria [159]. It has been reported that mice with induced pulmonary fibrosis present
lung dysbiosis, with an increase in the Firmicutes phylum and a decrease in Bacteroidetes, for a total
of 21 days after injury. This dysbiosis was sustained through all the stages of the fibroproliferative
model and chronic injury, and thus supporting the hypothesis that altered pulmonary microbiota
can impact injury and repair in IPF [11]. This is in contrast with what was reported later on in a
study also carried out in mice, which showed that Bacteroidetes phyla was upregulated in the lung
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fibrosis model. In particular, Bacteroidacea and Prevotellaceae were the most increased families
within this phyla and, considering that most Bacteroidetes bacteria are gram-negative anaerobes,
the authors suggest that they are responsible for the lung fibrosis pathogenesis observed in their murine
model [163]. Moreover, this same study showed that there was an increase in amino acid, fatty acid and
carbohydrate-associated metabolites, which serve as products for Bacteroides and Prevotella growth in
the gut. They report an increase in the corresponding metabolic genes in mouse tissues, suggesting
that they also promote the growth of the abovementioned phyla in the lung, which in turn promote
lung-fibrotic pathogenesis [163].

At the species level, microbial communities differ significantly between the gut and lung. One of
the first studies to show an association between specific bacteria or operational taxonomic units (OTUs)
and disease progression in IPF reported the presence of Streptococcus and Staphylococcus in the lungs of
patients with a poorer disease outcome, together with Prevotella spp., Veillonella spp. and Escherichia
spp. [164] This was further confirmed by other studies, in which Streptococcus, Haemophilus, Neisseria and
Veillonella spp. have all been observed to be more abundant in patients with IPF (vs. controls) [12,13].
A more recent study demonstrated that the honeycombed lung in IPF patients was associated with
alterations in lung microbiota composition, detectable at both the species/genus and family levels of
taxonomy, particularly in the Gemella spp., which could in turn be altering community composition
and promoting injury, due to mucin overexpression and defective mucocillary clearance [165].

Manipulation of lung microbiota has been achieved in other pulmonary diseases by means of
antibiotic treatment; this, however, still needs to be determined whether it occurs in IPF [156]. For this,
there are ongoing trials of antibiotic treatment in IPF, which will hopefully shed some light on this
matter [166,167].

4.2. The Gut-Lung Axis: Interplay of the Gut and Lung Microbiota in IPF

Throughout the entire life span, there is a close connection between the bacterial composition of
the lung and gut microbiota, leading to the hypothesis of the existence of a host-wide network. This is
evidenced by studies showing that changes in a newborn’s diet alter lung microbiota composition,
and that fecal transplantation in rats also modifies bacteria in lungs [168,169]. An increasing number
of studies are reporting that changes in gut microbiota and its by-products could be having an effect
on immune responses and inflammation linked to pulmonary diseases, referred to as the gut-lung
axis. Furthermore, it has been reported that microbial by-products, such as endotoxins, metabolites,
cytokines and hormones, can make their way to the lung via the bloodstream, thus suggesting a more
far-reaching impact than what was previously believed. More interestingly, it seems that this axis can
actually be bidirectional, and thus a lung-gut axis also takes place, whereby inflammation in the lung
can lead to changes in gut microbiota [161].

In disease, an inflammatory inter-organ cross-talk seems to occur between the lung and the intestine,
with a clear association between airway-related diseases and GIT conditions [159]. Even though these
two organs share structural similarities and a common embryonic origin, which may account for the
resemblances found in disease occurrence, it seems likely that inflammatory and immune-associated
components found in these compartments are responsible for the pathological cross-talk observed [170].

To date, the microbiota present in the gut, particularly in the intestine, is the most studied by far.
This is not surprising, considering that it is the largest and most diverse community of the human
microbiome, with over 4 x 103 microbial cells, which live in a mutualistic relationship with the host
and carry out a wide range of functions key to maintain host metabolism and homeostasis of the
immune system [171]. In comparison to gut microbiota, the number of bacteria found in other organs
in the body is much lower [172].

Connecting Lung and Gut Microbiota with The Inmune System and Inflammation: An Inter-organ
Cross Talk

The impact of gut microbiota on the immune system has been extensively studied, demonstrating
so far that bacteria and its by-products interact with the host using pro-inflammatory and regulatory
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signals, as well as influencing immune cell responses [159]. Currently, an area of great interest is how
the gut microbiota can actually influence the immune response and inflammation in the lungs, and vice
versa. Thus, interestingly, the connection between the lung microbiota and the immune system is
bidirectional, by which major inflammation in the lungs can also have a big impact in lung microbiota
composition [173].

The effect of gut microbiota on immunity, and its further impact on lung disease, has been
researched in conditions such as COPD, asthma, cystic fibrosis and influenza virus, among others [174].
Moreover, even though data are still scarce, studies have found that the presence of certain bacterial
species in the lungs correlate with immune response-associated pathways in the context of IPF,
particularly Toll-like receptor signaling [174,175]. In this sense, it has been reported that Prevotella
and Staphylococcus abundance in the lungs of individuals with IPF is negatively correlated with
the expression of immune response genes, and that changes in the microbial community structure
are associated to changes in the phenotypes of circulating leukocytes [175]. Furthermore, in the
absence of lung microbiota, germ-free (GF) mice presented an increased survival rate after (lung)
injury exposure [11]. This particular study presented interesting results in this sense, where GF mice
were protected from mortality after antibiotic treatment, yet they still exhibited the same severity of
pulmonary fibrosis as their conventional counterparts. This observation could be linked to the clinical
observation that patients with IPF may not only die from progressive lung fibrosis, but due to diverse
inflammatory causes and respiratory infections. Another recent study presents a relationship between
specific bacteria, Bacteroides and Prevotella, and fibrotic pathogenesis through IL-17R signaling in
a murine model, suggesting that the lung fibrosis occurring in IPF is promoted by specific bacteria
through a profibrotic inflammatory cytokine network [163].

However, as with most data regarding host microbiota, discerning the causal relationship between
pulmonary and gut microbiota and IPF progression and pathogenesis is still complicated and needs
further study, in order to fully understand the mechanistic pathways. It is still unknown whether the
impact observed after microbiome manipulation in IPF are due to indirect, off-target effects, mainly on
gut microbiota; for this, more studies are required, that can selectively alter lung microbiota without
changing gut bacterial composition [156], which is known to greatly interact with the immune system.

5. Bioactive Food Ingredients, Microbiota and IPF

The potential roles of bioactive food ingredients and microbiota on IPF may be considered as
inter-dependent factors, although their purported role as independent influencing players may also be
taken into account. The bioactivity of a given food ingredient cannot be solely exerted by the chemical
form it is presented in food, but by a more active by-product derived from gut microbiota. Therefore,
its bioactivity in host cells may be dependent on the presence or abundance of particular bacteria
capable of metabolizing such compounds. The opposite relationship between food ingredients and gut
microbiota could also explain the bioactivity of a compound, in which a nutrient modifies gut bacteria
composition, and such changes could determine host health. In this sense, there is accumulating
evidence that supports the role of interactions between bioactive food ingredients and gut microbiota,
which have been primarily investigated in the context of metabolic diseases [176-178].

In the context of chronic lung diseases, the interaction between bioactive food ingredients
and gut microbiota, although to a lesser extent, has also been analyzed. Thus, in individuals with
cystic fibrosis, the intake of antioxidant vitamins and various flavonoids correlated with the amount
of particular gut bacteria, and such variations could potentially influence immune function and
inflammation, which are important in cystic fibrosis disease and co-morbidity management [179,180].
These associations pave the way to pose dietary interventions aimed at modifying gut microbiota
that will eventually influence respiratory diseases. In line with this idea, a nutritional strategy was
designed, whereby mice presenting a pulmonary Pseudomonas aeruginosa infection were fed a diet
enriched in acidic oligosaccharides derived from pectin [181]. This dietary intervention stimulated the
growth of intestinal bacteria species involved in immunity development, reduced the inflammatory
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response in the BALE, improved immune system markers, and increased pulmonary bacterial clearance,
demonstrating the feasibility of such approaches in chronic lung diseases. The modulation of the
immune system by diet-induced changes in gut microbiota shown in these pulmonary infected mice is
also the connecting element that lead the protection against allergic airway inflammation induced by
dietary fiber [182]. Thus, increases in dietary fiber induce changes in the circulating levels of short
chain fatty acids produced by gut microbiota which, in turn, enhances the generation of macrophages
and dendritic cells, that will eventually be responsible for the protective effect of fiber intake. In fact,
nutritional-based therapies consisting of probiotic intake are proposed for their ability to enhance the
pulmonary immune response [159,183]. Interestingly, the manipulation of gut microbiota in colonized
mice with human selected gut bacteria affects TGF-f3 signaling, through the production of short chain
fatty acids [184]. The modulation of TGF-f response activates Treg cells, and this could influence
inflammatory conditions. Since alterations in the immune system plays an important role in IPF,
it would be interesting to analyze the effects of nutritional-based strategies that improve immune
function through gut microbiota for the management of this pulmonary disease.

Dietary manipulations can also impact lung microbiota composition. For example, dietary fiber
is able to modify the lung microbiome [182], potentially triggered by changes in gut microbiota via
the gut-lung axis, although gut microbiota independent effects elicited by fiber, or any other bioactive
food ingredient, on lung microbiota composition and/or activity should not be discarded. In this
regard, the potential anti-fibrotic effect of curcumin could involve the inhibition of bacterial activity
with pro-fibrotic potential [185]. Likewise, the potential role of iron on IPF could be related to the iron
availability to lung bacteria, which depend on the strength of the immune system, and could influence
infection [186].

6. Conclusions and Future Directions

Overall, the evidence presented in this review supports a role for diet and particular bioactive food
ingredients in IPF, as has been previously discussed for other chronic lung diseases [187], and suggests
that nutritional approaches should be considered as potential complementary therapies. The proposed
role of dietary factors and microbiota is most probably bidirectional, whereby bioactive food ingredients
could be influenced by gut microbiota, and at the same time, influence both gut and lung microbiota
composition. Moreover, gut and lung microbiota are interconnected through the gut-lung axis, and this
crosstalk could be modulated by dietary factors. Thus, it is plausible to think that changes in this
host-wide network may eventually have an impact on the development of the fibrotic lung. In addition,
circulating and BALF levels of certain nutrients or their derived metabolites could be used as diagnostic
and prognostic biomarkers of IPF, as has already been proposed for particular lipids and vitamin
D [45,84,85]. Future studies should be aimed at identifying novel IPF biomarkers associated with the
diet, which might include microbiota-derived metabolites, as well as a more in-depth profiling of the
lung and gut microbiome in IPF.

Author Contributions: Conceptualization, ].M.-B.; Writing—Original Draft Preparation, ].M.-B and A.C.;
Writing—Review and Editing, ] M.-B., ].T.-V,, N.L.-S. and A.C.; Supervision, C.R. and E.S.-L. All authors
have read and agreed to the published version of the manuscript.

Funding: Alice Chaplin is supported by a FuturMed Folium grant (Folium 17/07).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Sauleda, J.; Nufiez, B.; Sala, E.; Soriano, J.B. Idiopathic Pulmonary Fibrosis: Epidemiology, Natural History,
Phenotypes. Med. Sci. (Basel) 2018, 6, 110. [CrossRef] [PubMed]

2. Lederer, D.J.; Martinez, EJ. Idiopathic Pulmonary Fibrosis. N. Engl. |. Med. 2018, 378, 1811-1823. [CrossRef]
[PubMed]


http://dx.doi.org/10.3390/medsci6040110
http://www.ncbi.nlm.nih.gov/pubmed/30501130
http://dx.doi.org/10.1056/NEJMra1705751
http://www.ncbi.nlm.nih.gov/pubmed/29742380

Int. ]. Mol. Sci. 2020, 21, 6051 17 of 26

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Bueno, M.; Calyeca, J.; Rojas, M.; Mora, A.L. Mitochondria dysfunction and metabolic reprogramming as
drivers of idiopathic pulmonary fibrosis. Redox Biol. 2020, 33, 101509. [CrossRef] [PubMed]

Cardenes, N.; Alvarez, D.; Sellarés, J.; Peng, Y.; Corey, C.; Wecht, S.; Nouraie, S.M.; Shanker, S.; Sembrat, J.;
Bueno, M.; et al. Senescence of bone marrow-derived mesenchymal stem cells from patients with idiopathic
pulmonary fibrosis. Stem Cell Res. Ther. 2018, 9, 257. [CrossRef] [PubMed]

Planas-Cerezales, L.; Arias-Salgado, E.G.; Buendia-Roldan, I.; Montes-Worboys, A.; Lépez, C.E.; Vicens-Zygmunt, V.;
Hernaiz, PL.; Sanuy, R L.; Leiro-Fernandez, V.; Vilarnau, E.B.; et al. Predictive factors and prognostic effect of
telomere shortening in pulmonary fibrosis. Respirology 2019, 24, 146-153. [CrossRef] [PubMed]

Schafer, M.J.; White, T.A.; Iijima, K.; Haak, A.]J.; Ligresti, G.; Atkinson, E.J.; Oberg, A.L.; Birch, J;
Salmonowicz, H.; Zhu, Y,; et al. Cellular senescence mediates fibrotic pulmonary disease. Nat. Commun.
2017, 8, 14532. [CrossRef]

Wolters, PJ.; Collard, H.R.; Jones, K.D. Pathogenesis of idiopathic pulmonary fibrosis. Annu. Rev. Pathol.
2014, 9, 157-179. [CrossRef]

Sunaga, H.; Matsui, H.; Ueno, M.; Maeno, T.; Iso, T.; Syamsunarno, M.R.; Anjo, S.; Matsuzaka, T.; Shimano, H.;
Yokoyama, T.; et al. Deranged fatty acid composition causes pulmonary fibrosis in Elovl6-deficient mice.
Nat. Commun. 2013, 4, 2563. [CrossRef]

Cho, S.J.; Moon, J.S.; Lee, C.M.; Choi, A.M.; Stout-Delgado, H.-W. Glucose Transporter 1-Dependent Glycolysis
Is Increased during Aging-Related Lung Fibrosis, and Phloretin Inhibits Lung Fibrosis. Am. J. Respir. Cell
Mol. Biol. 2017, 56, 521-531. [CrossRef]

Zhao, H.; Dennery, P.A.; Yao, H. Metabolic reprogramming in the pathogenesis of chronic lung diseases,
including BPD, COPD, and pulmonary fibrosis. Am. J. Physiol. Lung Cell Mol. Physiol. 2018, 314, L544-L554.
[CrossRef]

O’Dwyer, D.N.; Ashley, S.L.; Gurczynski, S.J.; Xia, M.; Wilke, C.; Falkowski, N.R.; Norman, K.C.; Arnold, K.B.;
Huffnagle, G.B.; Salisbury, M.L.; et al. Lung Microbiota Contribute to Pulmonary Inflammation and Disease
Progression in Pulmonary Fibrosis. Am. . Respir. Crit. Care Med. 2019, 199, 1127-1138. [CrossRef] [PubMed]
Molyneaux, PL.; Cox, M.]J.; Willis-Owen, S.A.; Mallia, P.; Russell, K.E.; Russell, A.M.; Murphy, E.; Johnston, S.L.;
Schwartz, D.A.; Wells, A.U.; et al. The role of bacteria in the pathogenesis and progression of idiopathic
pulmonary fibrosis. Am. J. Respir. Crit. Care Med. 2014, 190, 906-913. [CrossRef] [PubMed]

Molyneaux, P.L.; Willis-Owen, S.A.G.; Cox, M.].; James, P.; Cowman, S.; Loebinger, M.; Blanchard, A.;
Edwards, L.M.; Stock, C.; Daccord, C.; et al. Host-Microbial Interactions in Idiopathic Pulmonary Fibrosis.
Am. |. Respir. Crit. Care Med. 2017, 195, 1640-1650. [CrossRef] [PubMed]

Guiot, J.; Struman, L.; Chavez, V.; Henket, M.; Herzog, M.; Scoubeau, K.; Hardat, N.; Bondue, B.; Corhay, J.L.;
Moermans, C.; et al. Altered epigenetic features in circulating nucleosomes in idiopathic pulmonary fibrosis.
Clin. Epigenetics 2017, 9, 84. [CrossRef] [PubMed]

Hill, C.; Jones, M.G.; Davies, D.E.; Wang, Y. Epithelial-mesenchymal transition contributes to pulmonary
fibrosis via aberrant epithelial/fibroblastic cross-talk. J. Lung Health Dis. 2019, 3, 31-35. [CrossRef] [PubMed]
Drakopanagiotakis, F.; Wujak, L.; Wygrecka, M.; Markart, P. Biomarkers in idiopathic pulmonary fibrosis.
Matrix Biol. 2018, 68—69, 404-421. [CrossRef]

Cameli, P; Carleo, A.; Bergantini, L.; Landi, C.; Prasse, A.; Bargagli, E. Oxidant/Antioxidant Disequilibrium
in Idiopathic Pulmonary Fibrosis Pathogenesis. Inflammation 2020, 43, 1-7. [CrossRef]

Otoupalova, E.; Smith, S.; Cheng, G.; Thannickal, V.J. Oxidative Stress in Pulmonary Fibrosis. Compr. Physiol.
2020, 10, 509-547. [CrossRef]

Lo6pez-Otin, C.; Blasco, M.A; Partridge, L.; Serrano, M.; Kroemer, G. The hallmarks of aging. Cell 2013, 153,
1194-1217. [CrossRef]

Schuliga, M.; Pechkovsky, D.V.; Read, J.; Waters, D.W.; Blokland, K.E.C.; Reid, A.T.; Hogaboam, C.M.;
Khalil, N.; Burgess, ].K.; Préle, C.M.; et al. Mitochondrial dysfunction contributes to the senescent phenotype
of IPF lung fibroblasts. |. Cell Mol. Med. 2018, 22, 5847-5861. [CrossRef]

Jayedi, A.; Soltani, S.; Abdolshahi, A.; Shab-Bidar, S. Healthy and Unhealthy Dietary Patterns and the Risk of
Chronic Disease: An Umbrella Review of Meta-Analyses of Prospective Cohort Studies. Br. J. Nutr. 2020.
[CrossRef] [PubMed]

Shlisky, J.; Bloom, D.E.; Beaudreault, A.R.; Tucker, K.L.; Keller, H.H.; Freund-Levi, Y.; Fielding, R.A;
Cheng, FW,; Jensen, G.L.; Wu, D.; et al. Nutritional Considerations for Healthy Aging and Reduction in
Age-Related Chronic Disease. Adv. Nutr. 2017, 8, 17-26. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.redox.2020.101509
http://www.ncbi.nlm.nih.gov/pubmed/32234292
http://dx.doi.org/10.1186/s13287-018-0970-6
http://www.ncbi.nlm.nih.gov/pubmed/30257725
http://dx.doi.org/10.1111/resp.13423
http://www.ncbi.nlm.nih.gov/pubmed/30320420
http://dx.doi.org/10.1038/ncomms14532
http://dx.doi.org/10.1146/annurev-pathol-012513-104706
http://dx.doi.org/10.1038/ncomms3563
http://dx.doi.org/10.1165/rcmb.2016-0225OC
http://dx.doi.org/10.1152/ajplung.00521.2017
http://dx.doi.org/10.1164/rccm.201809-1650OC
http://www.ncbi.nlm.nih.gov/pubmed/30789747
http://dx.doi.org/10.1164/rccm.201403-0541OC
http://www.ncbi.nlm.nih.gov/pubmed/25184687
http://dx.doi.org/10.1164/rccm.201607-1408OC
http://www.ncbi.nlm.nih.gov/pubmed/28085486
http://dx.doi.org/10.1186/s13148-017-0383-x
http://www.ncbi.nlm.nih.gov/pubmed/28824731
http://dx.doi.org/10.29245/2689-999X/2019/2.1149
http://www.ncbi.nlm.nih.gov/pubmed/31032489
http://dx.doi.org/10.1016/j.matbio.2018.01.023
http://dx.doi.org/10.1007/s10753-019-01059-1
http://dx.doi.org/10.1002/cphy.c190017
http://dx.doi.org/10.1016/j.cell.2013.05.039
http://dx.doi.org/10.1111/jcmm.13855
http://dx.doi.org/10.1017/S0007114520002330
http://www.ncbi.nlm.nih.gov/pubmed/32600500
http://dx.doi.org/10.3945/an.116.013474
http://www.ncbi.nlm.nih.gov/pubmed/28096124

Int. ]. Mol. Sci. 2020, 21, 6051 18 of 26

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Reid, I.R.; Ames, R.W.; Evans, M.C.; Gamble, G.D.; Sharpe, S.J. Effect of calcium supplementation on bone
loss in postmenopausal women. N. Engl. |. Med. 1993, 328, 460-464. [CrossRef] [PubMed]

Gielen, E.; Beckwée, D.; Delaere, A.; De Breucker, S.; Vandewoude, M.; Bautmans, I.; Sarcopenia Guidelines
Development Group of the Belgian Society of Gerontology and Geriatrics (BSGG). Nutritional interventions
to improve muscle mass, muscle strength, and physical performance in older people: An umbrella review of
systematic reviews and meta-analyses. Nutr. Rev. 2020. [CrossRef]

Bamia, C.; Trichopoulos, D.; Ferrari, P; Overvad, K.; Bjerregaard, L.; Tjenneland, A.; Halkjaer, J.;
Clavel-Chapelon, F; Kesse, E.; Boutron-Ruault, M.C.; et al. Dietary patterns and survival of older Europeans:
The EPIC-Elderly Study (European Prospective Investigation into Cancer and Nutrition). Public Health Nutr.
2007, 10, 590-598. [CrossRef]

Cava, E.; Fontana, L. Will calorie restriction work in humans? Aging (Albany NY) 2013, 5, 507-514. [CrossRef]
Fontana, L.; Partridge, L. Promoting health and longevity through diet: From model organisms to humans.
Cell 2015, 161, 106-118. [CrossRef]

Baur, J.A.; Pearson, K.J.; Price, N.L.; Jamieson, H.A.; Lerin, C.; Kalra, A.; Prabhu, V.V,; Allard, J.S;
Lopez-Lluch, G.; Lewis, K; et al. Resveratrol improves health and survival of mice on a high-calorie diet.
Nature 2006, 444, 337-342. [CrossRef]

Lagouge, M.; Argmann, C.; Gerhart-Hines, Z.; Meziane, H.; Lerin, C.; Daussin, F.; Messadeq, N.; Milne, J.;
Lambert, P; Elliott, P.; et al. Resveratrol improves mitochondrial function and protects against metabolic
disease by activating SIRT1 and PGC-1alpha. Cell 2006, 127, 1109-1122. [CrossRef]

Vaiserman, A.; Lushchak, O. Implementation of longevity-promoting supplements and medications in public
health practice: Achievements, challenges and future perspectives. J. Transl. Med. 2017, 15, 160. [CrossRef]
Hegab, A.E.; Ozaki, M.; Meligy, F.Y.; Nishino, M.; Kagawa, S.; Ishii, M.; Betsuyaku, T. Calorie restriction
enhances adult mouse lung stem cells function and reverses several ageing-induced changes. J. Tissue Eng.
Regen. Med. 2019, 13, 295-308. [CrossRef] [PubMed]

Hegab, A.E.; Ozaki, M.; Meligy, EY.; Kagawa, S.; Ishii, M.; Betsuyaku, T. High fat diet activates adult mouse
lung stem cells and accelerates several aging-induced effects. Stem Cell Res. 2018, 33, 25-35. [CrossRef]
[PubMed]

Heyob, K.M.; Mieth, S.; Sugar, S.S.; Graf, A.E.; Lallier, S.W.; Britt, R.D.; Rogers, L.K. Maternal high-fat diet
alters lung development and function in the offspring. Am. |. Physiol. Lung Cell Mol. Physiol. 2019, 317,
L167-L174. [CrossRef] [PubMed]

Miyake, Y.; Sasaki, S.; Yokoyama, T.; Chida, K.; Azuma, A.; Suda, T.; Kudoh, S.; Sakamoto, N.; Okamoto, K.;
Kobashi, G.; et al. Vegetable, fruit, and cereal intake and risk of idiopathic pulmonary fibrosis in Japan.
Ann. Nutr. Metab 2004, 48, 390-397. [CrossRef] [PubMed]

Miyake, Y.; Sasaki, S.; Yokoyama, T.; Chida, K.; Azuma, A.; Suda, T.; Kudoh, S.; Sakamoto, N.; Okamoto, K;
Kobashi, G.; et al. Dietary fat and meat intake and idiopathic pulmonary fibrosis: A case-control study in
Japan. Int. J. Tuberc. Lung Dis. 2006, 10, 333-339. [PubMed]

Schmidt, R.; Meier, U.; Markart, P.; Grimminger, E.; Velcovsky, H.G.; Morr, H.; Seeger, W.; Giinther, A. Altered
fatty acid composition of lung surfactant phospholipids in interstitial lung disease. Am. |. Physiol. Lung Cell
Mol. Physiol. 2002, 283, L1079-L1085. [CrossRef]

Jouneau, S.; Lederlin, M.; Vernhet, L.; Thibault, R. Malnutrition in idiopathic pulmonary fibrosis: The great
forgotten comorbidity! Eur. Respir. J. 2019, 53. [CrossRef]

Faverio, P.; Bocchino, M.; Caminati, A.; Fumagalli, A.; Gasbarra, M.; Iovino, P; Petruzzi, A.; Scalfi, L.;
Sebastiani, A.; Stanziola, A.A.; et al. Nutrition in Patients with Idiopathic Pulmonary Fibrosis: Critical Issues
Analysis and Future Research Directions. Nutrients 2020, 12, 1131. [CrossRef]

Iannello, S.; Cavaleri, A.; Camuto, M.; Pisano, M.G.; Milazzo, P.; Belfiore, F. Low fasting serum triglyceride
and high free fatty acid levels in pulmonary fibrosis: A previously unreported finding. MedGenMed 2002, 4, 5.
Ye, Z.; Huang, Y.; Liu, D.; Chen, X.; Wang, D.; Huang, D.; Zhao, L.; Xiao, X. Obesity induced by neonatal
overfeeding worsens airway hyperresponsiveness and inflammation. PLoS ONE 2012, 7, e47013. [CrossRef]
Park, Y.H.; Oh, E.Y.; Han, H.; Yang, M.; Park, H.].; Park, K.H.; Lee, ].H.; Park, ].W. Insulin resistance mediates
high-fat diet-induced pulmonary fibrosis and airway hyperresponsiveness through the TGF-31 pathway.
Exp. Mol. Med. 2019, 51, 1-12. [CrossRef] [PubMed]


http://dx.doi.org/10.1056/NEJM199302183280702
http://www.ncbi.nlm.nih.gov/pubmed/8421475
http://dx.doi.org/10.1093/nutrit/nuaa011
http://dx.doi.org/10.1017/S1368980007382487
http://dx.doi.org/10.18632/aging.100581
http://dx.doi.org/10.1016/j.cell.2015.02.020
http://dx.doi.org/10.1038/nature05354
http://dx.doi.org/10.1016/j.cell.2006.11.013
http://dx.doi.org/10.1186/s12967-017-1259-8
http://dx.doi.org/10.1002/term.2792
http://www.ncbi.nlm.nih.gov/pubmed/30562419
http://dx.doi.org/10.1016/j.scr.2018.10.006
http://www.ncbi.nlm.nih.gov/pubmed/30308415
http://dx.doi.org/10.1152/ajplung.00331.2018
http://www.ncbi.nlm.nih.gov/pubmed/31042079
http://dx.doi.org/10.1159/000082465
http://www.ncbi.nlm.nih.gov/pubmed/15583467
http://www.ncbi.nlm.nih.gov/pubmed/16562716
http://dx.doi.org/10.1152/ajplung.00484.2001
http://dx.doi.org/10.1183/13993003.00418-2019
http://dx.doi.org/10.3390/nu12041131
http://dx.doi.org/10.1371/journal.pone.0047013
http://dx.doi.org/10.1038/s12276-019-0258-7
http://www.ncbi.nlm.nih.gov/pubmed/31133649

Int. J. Mol. Sci. 2020, 21, 6051 19 of 26

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Ge, X.N.; Greenberg, Y.; Hosseinkhani, M.R.; Long, E.K.; Bahaie, N.S.; Rao, A.; Ha, S.G.; Rao, S.P;
Bernlohr, D.A.; Sriramarao, P. High-fat diet promotes lung fibrosis and attenuates airway eosinophilia after
exposure to cockroach allergen in mice. Exp. Lung Res. 2013, 39, 365-378. [CrossRef] [PubMed]

Vedova, M.C.D.; Soler Garcia, EM.; Mufioz, M.D.; Fornes, M.W.; Gomez Mejiba, S.E.; Gémez, N.N.;
Ramirez, D.C. Diet-Induced Pulmonary Inflammation and Incipient Fibrosis in Mice: A Possible Role of
Neutrophilic Inflammation. Inflammation 2019, 42, 1886-1900. [CrossRef] [PubMed]

Zhao, Y.D,; Yin, L.; Archer, S.; Lu, C.; Zhao, G.; Yao, Y.; Wu, L.; Hsin, M.; Waddell, TK.; Keshavjee, S.; et al.
Metabolic heterogeneity of idiopathic pulmonary fibrosis: A metabolomic study. BM] Open Respir. Res. 2017,
4,e000183. [CrossRef]

Yan, F; Wen, Z.; Wang, R.; Luo, W,; Du, Y.; Wang, W.; Chen, X. Identification of the lipid biomarkers from
plasma in idiopathic pulmonary fibrosis by Lipidomics. BMC Pulm. Med. 2017, 17, 174. [CrossRef]
Kennedy, J.I; Chandler, D.B.; Fulmer, ]J.D.; Wert, M.B.; Grizzle, W.E. Effects of dietary fats on
bleomycin-induced pulmonary fibrosis. Exp. Lung Res. 1987, 12, 149-161. [CrossRef]

Chu, S.G,; Villalba, J.A.; Liang, X.; Xiong, K.; Tsoyi, K.; Ith, B.; Ayaub, E.A.; Tatituri, R.V.; Byers, D.E,;
Hsu, EE; et al. Palmitic Acid-Rich High-Fat Diet Exacerbates Experimental Pulmonary Fibrosis by Modulating
Endoplasmic Reticulum Stress. Am. J. Respir. Cell Mol. Biol. 2019, 61, 737-746. [CrossRef]

Kennedy, J.I; Chandler, D.B.; Fulmer, ].D.; Wert, M.B.; Grizzle, W.E. Dietary fish oil inhibits bleomycin-induced
pulmonary fibrosis in the rat. Exp. Lung Res. 1989, 15, 315-329. [CrossRef]

Velten, M.; Britt, R.D.; Heyob, K.M.; Tipple, T.E.; Rogers, L.K. Maternal dietary docosahexaenoic acid
supplementation attenuates fetal growth restriction and enhances pulmonary function in a newborn mouse
model of perinatal inflammation. J. Nutr. 2014, 144, 258-266. [CrossRef]

Chen, J.; Zeng, T.; Zhao, X.; Xiea, K,; Bi, Y.; Zhong, Z. Docosahexaenoic acid (DHA) ameliorates
paraquat-induced pulmonary fibrosis in rats possibly through up-regulation of Smad 7 and SnoN.
Food Chem. Toxicol. 2013, 57, 330-337. [CrossRef]

Lawrenz, J.; Herndon, B.; Kamal, A.; Mehrer, A.; Dim, D.C.; Baidoo, C.; Gasper, D.; Nitz, J.; Molteni, A.;
Baybutt, R.C. Dietary Flaxseed Oil Protects against Bleomycin-Induced Pulmonary Fibrosis in Rats. Pulm. Med.
2012, 2012, 457031. [CrossRef] [PubMed]

Abidi, A.; Kourda, N.; Feki, M.; Ben Khamsa, S. Protective Effect of Tunisian Flaxseed Oil against
Bleomycin-Induced Pulmonary Fibrosis in Rats. Nutr. Cancer 2020, 72, 226-238. [CrossRef] [PubMed]
Ziboh, V.A;; Yun, M.; Hyde, D.M.,; Giri, SN. gamma-Linolenic acid-containing diet attenuates
bleomycin-induced lung fibrosis in hamsters. Lipids 1997, 32, 759-767. [CrossRef] [PubMed]

Zheng, S.; Wang, Q.; D’Souza, V.; Bartis, D.; Dancer, R.; Parekh, D.; Gao, F; Lian, Q.; Jin, S.; Thickett, D.R.
ResolvinD. Lab. Invest. 2018, 98, 130-140. [CrossRef]

Reddy, A.T,; Lakshmi, S.P; Zhang, Y.; Reddy, R.C. Nitrated fatty acids reverse pulmonary fibrosis by
dedifferentiating myofibroblasts and promoting collagen uptake by alveolar macrophages. FASEB . 2014, 28,
5299-5310. [CrossRef]

Iraz, M; Bilgic, S.; Samdanci, E.; Ozerol, E.; Tanbek, K. Preventive and early therapeutic effects of 3-glucan
on the bleomycin-induced lung fibrosis in rats. Eur. Rev. Med. Pharmacol. Sci. 2015, 19, 1505-1516.

Zhou, S.; Zhou, Y,; Yu, J.; Du, Y.; Tan, Y; Ke, Y.; Wang, ]J.; Han, B.; Ge, F. Ophiocordyceps lanpingensis
polysaccharides attenuate pulmonary fibrosis in mice. Biomed. Pharmacother. 2020, 126, 110058. [CrossRef]
Chen, J.; Shi, Y;; He, L.; Hao, H.; Wang, B.; Zheng, Y.; Hu, C. Protective roles of polysaccharides from
Ganoderma lucidum on bleomycin-induced pulmonary fibrosis in rats. Int. J. Biol. Macromol. 2016, 92,
278-281. [CrossRef]

Yu, H.H.; Chengchuan Ko, E.; Chang, C.L.; Yuan, K.S.; Wu, A.T.H.; Shan, Y.S.; Wu, S.Y. Fucoidan Inhibits
Radiation-Induced Pneumonitis and Lung Fibrosis by Reducing Inflammatory Cytokine Expression in Lung
Tissues. Mar. Drugs 2018, 16, 392. [CrossRef]

Kim, Y.S.; Li, Q.; Youn, H.Y.; Kim, D.Y. Oral Administration of Chitosan Attenuates Bleomycin-induced
Pulmonary Fibrosis in Rats. In Vivo 2019, 33, 1455-1461. [CrossRef]

Zhou, L.L.;He, X.Y;; Xu, EY.; Du, B.X,; Zou, Z; Shi, X.Y. Chitosan aerosol inhalation alleviates lipopolysaccharide-
induced pulmonary fibrosis in rats. Exp. Lung Res. 2014, 40, 467-473. [CrossRef] [PubMed]

Chen, J.; Lu, J.; Wang, B.; Zhang, X.; Huang, Q.; Yuan, J.; Hao, H.; Chen, X.; Zhi, J.; Zhao, L.; et al.
Polysaccharides from Dendrobium officinale inhibit bleomycin-induced pulmonary fibrosis via the
TGFR1-Smad?2/3 axis. Int. ]. Biol. Macromol. 2018, 118, 2163-2175. [CrossRef] [PubMed]


http://dx.doi.org/10.3109/01902148.2013.829537
http://www.ncbi.nlm.nih.gov/pubmed/24102347
http://dx.doi.org/10.1007/s10753-019-01051-9
http://www.ncbi.nlm.nih.gov/pubmed/31359324
http://dx.doi.org/10.1136/bmjresp-2017-000183
http://dx.doi.org/10.1186/s12890-017-0513-4
http://dx.doi.org/10.3109/01902148709062838
http://dx.doi.org/10.1165/rcmb.2018-0324OC
http://dx.doi.org/10.3109/01902148909087861
http://dx.doi.org/10.3945/jn.113.179259
http://dx.doi.org/10.1016/j.fct.2013.03.045
http://dx.doi.org/10.1155/2012/457031
http://www.ncbi.nlm.nih.gov/pubmed/22919480
http://dx.doi.org/10.1080/01635581.2019.1622741
http://www.ncbi.nlm.nih.gov/pubmed/31155950
http://dx.doi.org/10.1007/s11745-997-0097-x
http://www.ncbi.nlm.nih.gov/pubmed/9252965
http://dx.doi.org/10.1038/labinvest.2017.114
http://dx.doi.org/10.1096/fj.14-256263
http://dx.doi.org/10.1016/j.biopha.2020.110058
http://dx.doi.org/10.1016/j.ijbiomac.2016.07.005
http://dx.doi.org/10.3390/md16100392
http://dx.doi.org/10.21873/invivo.11624
http://dx.doi.org/10.3109/01902148.2014.948231
http://www.ncbi.nlm.nih.gov/pubmed/25322333
http://dx.doi.org/10.1016/j.ijbiomac.2018.07.056
http://www.ncbi.nlm.nih.gov/pubmed/30030077

Int. ]. Mol. Sci. 2020, 21, 6051 20 of 26

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Xu, L.; Li, L.C,; Zhao, P; Qi, LW,; Li, P; Gao, ]J.; Fei, G.H. Total polysaccharide of Yupingfeng protects
against bleomycin-induced pulmonary fibrosis via inhibiting transforming growth factor-31-mediated type
I collagen abnormal deposition in rats. J. Pharm. Pharmacol. 2014, 66, 1786-1795. [CrossRef] [PubMed]
Gaugg, M.T,; Engler, A.; Bregy, L.; Nussbaumer-Ochsner, Y.; Eiffert, L.; Bruderer, T.; Zenobi, R.; Sinues, P.;
Kohler, M. Molecular breath analysis supports altered amino acid metabolism in idiopathic pulmonary
fibrosis. Respirology 2019, 24, 437-444. [CrossRef] [PubMed]

Gao, L; Zhang, J.H,; Chen, X.X.;; Ren, HLL.; Feng, X.L.; Wang, J.L.; Xiao, J.H. Combination of
L-Arginine and L-Norvaline protects against pulmonary fibrosis progression induced by bleomycin in mice.
Biomed. Pharmacother 2019, 113, 108768. [CrossRef] [PubMed]

Song, L.; Wang, D.; Cui, X.; Hu, W. The protective action of taurine and L-arginine in radiation pulmonary
fibrosis. J. Environ. Pathol. Toxicol. Oncol. 1998, 17, 151-157.

Ma, X.; Zhang, Y.; Jiang, D.; Yang, Y.; Wu, G.; Wu, Z. Protective Effects of Functional Amino Acids on
Apoptosis, Inflammatory Response, and Pulmonary Fibrosis in Lipopolysaccharide-Challenged Mice. J. Agric.
Food Chem. 2019, 67,4915-4922. [CrossRef]

Giri, S.N.; Wang, Q. Taurine and niacin offer a novel therapeutic modality in prevention of chemically-induced
pulmonary fibrosis in hamsters. Adv. Exp. Med. Biol. 1992, 315, 329-340. [CrossRef]

Wang, Q.J.; Giri, S.N.; Hyde, D.M.; Nakashima, ].M. Effects of taurine on bleomycin-induced lung fibrosis in
hamsters. Proc. Soc. Exp. Biol. Med. 1989, 190, 330-338. [CrossRef]

Wang, Q.].; Giri, S.N.; Hyde, D.M.; Nakashima, ].M.; Javadi, I. Niacin attenuates bleomycin-induced lung
fibrosis in the hamster. J. Biochem. Toxicol. 1990, 5, 13-22. [CrossRef]

Gurujeyalakshmi, G.; Hollinger, M.A.; Giri, S.N. Regulation of transforming growth factor-betal mRNA
expression by taurine and niacin in the bleomycin hamster model of lung fibrosis. Am. ]. Respir. Cell Mol. Biol.
1998, 18, 334-342. [CrossRef] [PubMed]

Blaisdell, R.J.; Giri, S.N. Mechanism of antifibrotic effect of taurine and niacin in the multidose
bleomycin-hamster model of lung fibrosis: Inhibition of lysyl oxidase and collagenase. J. Biochem. Toxicol.
1995, 10, 203-210. [CrossRef] [PubMed]

Yu, H.; Zhang, Z.; Huang, H.; Wang, Y.; Lin, B.; Wu, S;; Ma, J.; Chen, B.; He, Z.; Wu, J.; et al. Inhibition
of bleomycin-induced pulmonary fibrosis in mice by the novel peptide EZY-1 purified from Eucheuma.
Food Funct. 2019, 10, 3198-3208. [CrossRef] [PubMed]

Gruchlik, A.; Chodurek, E.; Dzierzewicz, Z. Effect of GLY-HIS-LYS and its copper complex on TGF-3 secretion
in normal human dermal fibroblasts. Acta Pol. Pharm. 2014, 71, 954-958.

Zhou, XM.; Wang, G.L.; Wang, X.B.; Liu, L.; Zhang, Q.; Yin, Y.,; Wang, Q.Y.; Kang, J.; Hou, G. GHK
Peptide Inhibits Bleomycin-Induced Pulmonary Fibrosis in Mice by Suppressing TGFf31/Smad-Mediated
Epithelial-to-Mesenchymal Transition. Front. Pharmacol. 2017, 8, 904. [CrossRef]

Markart, P.; Luboeinski, T.; Korfei, M.; Schmidt, R.; Wygrecka, M.; Mahavadi, P.; Mayer, K.; Wilhelm, J.;
Seeger, W.; Guenther, A.; et al. Alveolar oxidative stress is associated with elevated levels of nonenzymatic
low-molecular-weight antioxidants in patients with different forms of chronic fibrosing interstitial lung
diseases. Antioxid. Redox Signal. 2009, 11, 227-240. [CrossRef]

Sriram, N.; Kalayarasan, S.; Sudhandiran, G. Enhancement of antioxidant defense system by
epigallocatechin-3-gallate during bleomycin induced experimental pulmonary fibrosis. Biol. Pharm. Bull.
2008, 31, 1306-1311. [CrossRef]

Tabata, C.; Kadokawa, Y.; Tabata, R.; Takahashi, M.; Okoshi, K.; Sakai, Y.; Mishima, M.; Kubo, H.
All-trans-retinoic acid prevents radiation- or bleomycin-induced pulmonary fibrosis. Am. J. Respir. Crit.
Care Med. 2006, 174, 1352-1360. [CrossRef]

Dong, Z.; Tai, W.; Yang, Y.; Zhang, T.; Li, Y.; Chai, Y.; Zhong, H.; Zou, H.; Wang, D. The role of all-trans
retinoic acid in bleomycin-induced pulmonary fibrosis in mice. Exp. Lung Res. 2012, 38, 82-89. [CrossRef]
Hemmati, A.A.; Nazari, Z.; Ranjbari, N.; Torfi, A. Comparison of the preventive effect of vitamin C and E on
hexavalent chromium induced pulmonary fibrosis in rat. Inflammopharmacology 2008, 16, 195-197. [CrossRef]
Rodrigues da Silva, M.; Schapochnik, A.; Peres Leal, M.; Esteves, J.; Bichels Hebeda, C.; Sandri, S.; Pavani, C.;
Ratto Tempestini Horliana, A.C.; Farsky, S.H.P.; Lino-Dos-Santos-Franco, A. Beneficial effects of ascorbic acid
to treat lung fibrosis induced by paraquat. PLoS ONE 2018, 13, e0205535. [CrossRef] [PubMed]


http://dx.doi.org/10.1111/jphp.12308
http://www.ncbi.nlm.nih.gov/pubmed/25209833
http://dx.doi.org/10.1111/resp.13465
http://www.ncbi.nlm.nih.gov/pubmed/30681243
http://dx.doi.org/10.1016/j.biopha.2019.108768
http://www.ncbi.nlm.nih.gov/pubmed/30889486
http://dx.doi.org/10.1021/acs.jafc.9b00942
http://dx.doi.org/10.1007/978-1-4615-3436-5_39
http://dx.doi.org/10.3181/00379727-190-42868
http://dx.doi.org/10.1002/jbt.2570050104
http://dx.doi.org/10.1165/ajrcmb.18.3.2867
http://www.ncbi.nlm.nih.gov/pubmed/9490651
http://dx.doi.org/10.1002/jbt.2570100404
http://www.ncbi.nlm.nih.gov/pubmed/8568834
http://dx.doi.org/10.1039/C9FO00308H
http://www.ncbi.nlm.nih.gov/pubmed/31165849
http://dx.doi.org/10.3389/fphar.2017.00904
http://dx.doi.org/10.1089/ars.2008.2105
http://dx.doi.org/10.1248/bpb.31.1306
http://dx.doi.org/10.1164/rccm.200606-862OC
http://dx.doi.org/10.3109/01902148.2011.646052
http://dx.doi.org/10.1007/s10787-008-7004-4
http://dx.doi.org/10.1371/journal.pone.0205535
http://www.ncbi.nlm.nih.gov/pubmed/30395570

Int. ]. Mol. Sci. 2020, 21, 6051 21 of 26

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Mohamed, H.A.; Elbastawisy, Y.M.; Elsaed, WM. Attenuation of lipopolysaccharide-induced lung
inflammation by ascorbic acid in rats: Histopathological and ultrastructural study. SAGE Open Med.
2019, 7, 2050312119828260. [CrossRef] [PubMed]

Ghio, A.].; Kennedy, T.P,; Crissman, K.M.; Richards, ].H.; Hatch, G.E. Depletion of iron and ascorbate in
rodents diminishes lung injury after silica. Exp. Lung Res. 1998, 24, 219-232. [CrossRef] [PubMed]

Tzilas, V.; Bouros, E.; Barbayianni, I.; Karampitsakos, T.; Kourtidou, S.; Ntassiou, M.; Ninou, I.; Aidinis, V.;
Bouros, D.; Tzouvelekis, A. Vitamin D prevents experimental lung fibrosis and predicts survival in patients
with idiopathic pulmonary fibrosis. Pulm. Pharmacol. Ther. 2019, 55, 17-24. [CrossRef]

Gao, Y.; Zhao, Q.; Qiu, X.; Zhuang, Y.; Yu, M,; Daij, ].; Cai, H.; Yan, X. Vitamin D levels are prognostic factors
for connective tissue disease associated interstitial lung disease (CTD-ILD). Aging (Albany NY) 2020, 12,
4371-4378. [CrossRef]

Ma, D.; Peng, L. Vitamin D and pulmonary fibrosis: A review of molecular mechanisms. Int. J. Clin. Exp. Pathol.
2019, 12, 3171-3178.

Zhang, Z.; Yu, X.; Fang, X,; Liang, A.; Yu, Z.; Gu, P; Zeng, Y.; He, J.; Zhu, H.; Li, S.; et al. Preventive effects of
vitamin D treatment on bleomycin-induced pulmonary fibrosis. Sci. Rep. 2015, 5, 17638. [CrossRef]
Schapochnik, A.; da Silva, M.R.; Leal, M.P; Esteves, ].; Hebeda, C.B.; Sandri, S.; de Fatima Teixeira da Silva, D.;
Farsky, S.H.P; Marcos, R.L.; Lino-Dos-Santos-Franco, A. Vitamin D treatment abrogates the inflammatory
response in paraquat-induced lung fibrosis. Toxicol. Appl. Pharmacol. 2018, 355, 60-67. [CrossRef]
Nakamura, H.; Sato, S.; Takahashi, K. Effects of vitamin E deficiency on bleomycin-induced pulmonary
fibrosis in the hamster. Lung 1988, 166, 161-176. [CrossRef]

Kiling, C.; Ozcan, O.; Karaoz, E.; Sunguroglu, K.; Kutluay, T.; Karaca, L. Vitamin E reduces bleomycin-induced
lung fibrosis in mice: Biochemical and morphological studies. J. Basic Clin. Physiol. Pharmacol. 1993, 4, 249-269.
[CrossRef]

Denis, M. Antioxidant therapy partially blocks immune-induced lung fibrosis. Inflammation 1995, 19, 207-219.
[CrossRef] [PubMed]

Card, J.W.; Leeder, R.G.; Racz, WJ.; Brien, J.F; Bray, T.M.; Massey, T.E. Effects of dietary vitamin E
supplementation on pulmonary morphology and collagen deposition in amiodarone- and vehicle-treated
hamsters. Toxicology 1999, 133, 75-84. [CrossRef]

Bese, N.S.; Munzuroglu, F; Uslu, B.; Arbak, S.; Yesiladali, G.; Sut, N.; Altug, T.; Ober, A. Vitamin E protects
against the development of radiation-induced pulmonary fibrosis in rats. Clin. Oncol. (R Coll Radiol) 2007,
19, 260-264. [CrossRef] [PubMed]

Wigenstam, E.; Rocksén, D.; Ekstrand-Hammarstrom, B.; Bucht, A. Treatment with dexamethasone or
liposome-encapsuled vitamin E provides beneficial effects after chemical-induced lung injury. Inhal. Toxicol.
2009, 21, 958-964. [CrossRef]

Delanian, S.; Balla-Mekias, S.; Lefaix, J.L. Striking regression of chronic radiotherapy damage in a clinical
trial of combined pentoxifylline and tocopherol. J. Clin. Oncol. 1999, 17, 3283-3290. [CrossRef]

Ogger, PP; Byrne, A ]J. Lung fibrosis enters the iron age. J. Pathol. 2020. [CrossRef]

Kim, K.H.; Maldonado, F; Ryu, J.H.; Eiken, PW.; Hartman, T.E.; Bartholmai, B.J.; Decker, P.A.; Yi, E.S. Iron
deposition and increased alveolar septal capillary density in nonfibrotic lung tissue are associated with
pulmonary hypertension in idiopathic pulmonary fibrosis. Respir. Res. 2010, 11, 37. [CrossRef]

Puxeddu, E.; Comandini, A.; Cavalli, F.; Pezzuto, G.; D’Ambrosio, C.; Senis, L.; Paci, M.; Curradi, G,
Sergiacomi, G.L.; Saltini, C. Iron laden macrophages in idiopathic pulmonary fibrosis: The telltale of occult
alveolar hemorrhage? Pulm. Pharmacol. Ther. 2014, 28, 35—40. [CrossRef]

Lee, J.; Arisi, I.; Puxeddu, E.; Mramba, L. K.; Amicosante, M.; Swaisgood, C.M.; Pallante, M.; Brantly, M.L.;
Skold, C.M.; Saltini, C. Bronchoalveolar lavage (BAL) cells in idiopathic pulmonary fibrosis express a
complex pro-inflammatory, pro-repair, angiogenic activation pattern, likely associated with macrophage iron
accumulation. PLoS ONE 2018, 13, e0194803. [CrossRef]

Ali, M.K,; Kim, R.Y,; Brown, A.C.; Donovan, C.; Vanka, K.S.; Mayall, ].R.; Liu, G.; Pillar, A.L.; Jones-Freeman, B.;
Xenaki, D.; et al. Critical role for iron accumulation in the pathogenesis of fibrotic lung disease. J. Pathol.
2020, 251, 49-62. [CrossRef]

Chandler, D.B.; Barton, J.C.; Briggs, D.D.; Butler, TW.; Kennedy, J.I.; Grizzle, W.E.; Fulmer, J.D. Effect of
iron deficiency on bleomycin-induced lung fibrosis in the hamster. Am. Rev. Respir. Dis. 1988, 137, 85-89.
[CrossRef] [PubMed]


http://dx.doi.org/10.1177/2050312119828260
http://www.ncbi.nlm.nih.gov/pubmed/30783524
http://dx.doi.org/10.3109/01902149809099584
http://www.ncbi.nlm.nih.gov/pubmed/9555578
http://dx.doi.org/10.1016/j.pupt.2019.01.003
http://dx.doi.org/10.18632/aging.102890
http://dx.doi.org/10.1038/srep17638
http://dx.doi.org/10.1016/j.taap.2018.06.020
http://dx.doi.org/10.1007/BF02714044
http://dx.doi.org/10.1515/JBCPP.1993.4.3.249
http://dx.doi.org/10.1007/BF01534462
http://www.ncbi.nlm.nih.gov/pubmed/7601506
http://dx.doi.org/10.1016/S0300-483X(99)00009-8
http://dx.doi.org/10.1016/j.clon.2006.12.007
http://www.ncbi.nlm.nih.gov/pubmed/17433970
http://dx.doi.org/10.1080/08958370802596298
http://dx.doi.org/10.1200/JCO.1999.17.10.3283
http://dx.doi.org/10.1002/path.5489
http://dx.doi.org/10.1186/1465-9921-11-37
http://dx.doi.org/10.1016/j.pupt.2013.12.002
http://dx.doi.org/10.1371/journal.pone.0194803
http://dx.doi.org/10.1002/path.5401
http://dx.doi.org/10.1164/ajrccm/137.1.85
http://www.ncbi.nlm.nih.gov/pubmed/2447814

Int. ]. Mol. Sci. 2020, 21, 6051 22 of 26

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Baldari, S.; Di Rocco, G.; Toietta, G. Current Biomedical Use of Copper Chelation Therapy. Int. J. Mol. Sci.
2020, 21, 1069. [CrossRef]

Janssen, R.; de Brouwer, B.; von der Thiisen, ].H.; Wouters, E.EM. Copper as the most likely pathogenic
divergence factor between lung fibrosis and emphysema. Med. Hypotheses 2018, 120, 49-54. [CrossRef]
[PubMed]

Carpéné, C.; Boulet, N.; Chaplin, A.; Mercader, J. Past, Present and Future Anti-Obesity Effects of
Flavin-Containing and/or Copper-Containing Amine Oxidase Inhibitors. Medicines (Basel) 2019, 6, 9. [CrossRef]
Marttila-Ichihara, F; Elima, K.; Auvinen, K.; Veres, T.Z.; Rantakari, P.; Weston, C.; Miyasaka, M.; Adams, D.;
Jalkanen, S.; Salmi, M. Amine oxidase activity regulates the development of pulmonary fibrosis. FASEB .
2017, 31, 2477-2491. [CrossRef] [PubMed]

Ovet, H.; Oztay, F. The copper chelator tetrathiomolybdate regressed bleomycin-induced pulmonary fibrosis
in mice, by reducing lysyl oxidase expressions. Biol. Trace. Elem. Res. 2014, 162, 189-199. [CrossRef] [PubMed]
Gomer, R.H. New approaches to modulating idiopathic pulmonary fibrosis. Curr. Allergy Asthma Rep. 2013,
13, 607-612. [CrossRef] [PubMed]

Cox, N,; Pilling, D.; Gomer, R.H. NaCl potentiates human fibrocyte differentiation. PLoS ONE 2012, 7, e45674.
[CrossRef]

Chen, W.; Pilling, D.; Gomer, R.H. Dietary NaCl affects bleomycin-induced lung fibrosis in mice. Exp. Lung Res.
2017, 43, 395-406. [CrossRef]

Martel, J.; Ojcius, D.M.; Wu, C.Y,; Peng, H.H.; Voisin, L.; Perfettini, ].L.; Ko, Y.F; Young, ].D. Emerging use of
senolytics and senomorphics against aging and chronic diseases. Med. Res. Rev. 2020. [CrossRef]

Boots, A.W.; Veith, C.; Albrecht, C.; Bartholome, R.; Drittij, M.].; Claessen, S.M.H.; Bast, A.; Rosenbruch, M.;
Jonkers, L.; van Schooten, FJ.; etal. The dietary antioxidant quercetin reduces hallmarks of bleomycin-induced
lung fibrogenesis in mice. BMC Pulm. Med. 2020, 20, 112. [CrossRef] [PubMed]

Hohmann, M.S.; Habiel, D.M.; Coelho, A.L; Verri, W.A.,; Hogaboam, C.M. Quercetin Enhances
Ligand-induced Apoptosis in Senescent Idiopathic Pulmonary Fibrosis Fibroblasts and Reduces Lung
Fibrosis In Vivo. Am. ]. Respir. Cell Mol. Biol. 2019, 60, 28-40. [CrossRef] [PubMed]

Justice, J.N.; Nambiar, A.M.; Tchkonia, T.; LeBrasseur, N.K,; Pascual, R.; Hashmi, S.K.; Prata, L.;
Masternak, M.M.; Kritchevsky, S5.B.; Musi, N.; et al. Senolytics in idiopathic pulmonary fibrosis: Results from
a first-in-human, open-label, pilot study. EBioMedicine 2019, 40, 554-563. [CrossRef] [PubMed]

Lelli, D.; Sahebkar, A.; Johnston, T.P.; Pedone, C. Curcumin use in pulmonary diseases: State of the art and
future perspectives. Pharmacol. Res. 2017, 115, 133-148. [CrossRef] [PubMed]

Thresiamma, K.C.; George, J.; Kuttan, R. Protective effect of curcumin, ellagic acid and bixin on radiation
induced toxicity. Indian J. Exp. Biol. 1996, 34, 845-847.

Venkatesan, N. Pulmonary protective effects of curcumin against paraquat toxicity. Life Sci. 2000, 66,
PL21-PL28. [CrossRef]

Punithavathi, D.; Venkatesan, N.; Babu, M. Protective effects of curcumin against amiodarone-induced
pulmonary fibrosis in rats. Br. J. Pharmacol. 2003, 139, 1342-1350. [CrossRef]

Lee, J.C.; Kinniry, P.A.; Arguiri, E.; Serota, M.; Kanterakis, S.; Chatterjee, S.; Solomides, C.C.; Javvadi, P.;
Koumenis, C.; Cengel, K.A,; et al. Dietary curcumin increases antioxidant defenses in lung, ameliorates
radiation-induced pulmonary fibrosis, and improves survival in mice. Radiat. Res. 2010, 173, 590-601.
[CrossRef]

Zhang, D.; Huang, C.; Yang, C.; Liu, R].; Wang, J.; Niu, J.; Bromme, D. Antifibrotic effects of curcumin are
associated with overexpression of cathepsins K and L in bleomycin treated mice and human fibroblasts.
Respir. Res. 2011, 12, 154. [CrossRef]

Smith, M.R.; Gangireddy, S.R.; Narala, V.R,; Hogaboam, C.M.; Standiford, T.J.; Christensen, PJ.;
Kondapi, A K.; Reddy, R.C. Curcumin inhibits fibrosis-related effects in IPF fibroblasts and in mice following
bleomycin-induced lung injury. Am. . Physiol. Lung Cell Mol. Physiol. 2010, 298, L616-L625. [CrossRef]
Hu, Y,; Li, M.; Zhang, M.; Jin, Y. Inhalation treatment of idiopathic pulmonary fibrosis with curcumin large
porous microparticles. Int. J. Pharm. 2018, 551, 212-222. [CrossRef] [PubMed]

Sener, G.; Topaloglu, N.; Sehirli, A.O.; Ercan, F.; Gedik, N. Resveratrol alleviates bleomycin-induced lung
injury in rats. Pulm. Pharmacol. Ther. 2007, 20, 642-649. [CrossRef] [PubMed]


http://dx.doi.org/10.3390/ijms21031069
http://dx.doi.org/10.1016/j.mehy.2018.08.003
http://www.ncbi.nlm.nih.gov/pubmed/30220340
http://dx.doi.org/10.3390/medicines6010009
http://dx.doi.org/10.1096/fj.201600935R
http://www.ncbi.nlm.nih.gov/pubmed/28251930
http://dx.doi.org/10.1007/s12011-014-0142-1
http://www.ncbi.nlm.nih.gov/pubmed/25349139
http://dx.doi.org/10.1007/s11882-013-0377-5
http://www.ncbi.nlm.nih.gov/pubmed/23959780
http://dx.doi.org/10.1371/journal.pone.0045674
http://dx.doi.org/10.1080/01902148.2017.1385110
http://dx.doi.org/10.1002/med.21702
http://dx.doi.org/10.1186/s12890-020-1142-x
http://www.ncbi.nlm.nih.gov/pubmed/32349726
http://dx.doi.org/10.1165/rcmb.2017-0289OC
http://www.ncbi.nlm.nih.gov/pubmed/30109946
http://dx.doi.org/10.1016/j.ebiom.2018.12.052
http://www.ncbi.nlm.nih.gov/pubmed/30616998
http://dx.doi.org/10.1016/j.phrs.2016.11.017
http://www.ncbi.nlm.nih.gov/pubmed/27888157
http://dx.doi.org/10.1016/S0024-3205(99)00576-7
http://dx.doi.org/10.1038/sj.bjp.0705362
http://dx.doi.org/10.1667/RR1522.1
http://dx.doi.org/10.1186/1465-9921-12-154
http://dx.doi.org/10.1152/ajplung.00002.2009
http://dx.doi.org/10.1016/j.ijpharm.2018.09.031
http://www.ncbi.nlm.nih.gov/pubmed/30227240
http://dx.doi.org/10.1016/j.pupt.2006.07.003
http://www.ncbi.nlm.nih.gov/pubmed/17035056

Int. ]. Mol. Sci. 2020, 21, 6051 23 of 26

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Zhang, Y.Q.; Liu, Y.J.; Mao, Y.E; Dong, WW.; Zhu, X'Y,; Jiang, L. Resveratrol ameliorates lipopolysaccharide-induced
epithelial mesenchymal transition and pulmonary fibrosis through suppression of oxidative stress and
transforming growth factor-p1 signaling. Clin. Nutr. 2015, 34, 752-760. [CrossRef]

Fagone, E.; Conte, E.; Gili, E.; Fruciano, M.; Pistorio, M.P,; Lo Furno, D.; Giuffrida, R.; Crimi, N.; Vancheri, C.
Resveratrol inhibits transforming growth factor-fB-induced proliferation and differentiation of ex vivo human
lung fibroblasts into myofibroblasts through ERK/Akt inhibition and PTEN restoration. Exp. Lung Res. 2011,
37,162-174. [CrossRef] [PubMed]

Rong, L.; Wu, J.; Wang, W.; Zhao, R.P,; Xu, X.W.; Hu, D. Sirt 1 activator attenuates the bleomycin-induced
lung fibrosis in mice via inhibiting epithelial-to-mesenchymal transition (EMT). Eur. Rev. Med. Pharmacol. Sci.
2016, 20, 2144-2150.

Ding, S.; Wang, H.; Wang, M.; Bai, L.; Yu, P.; Wu, W. Resveratrol alleviates chronic “real-world” ambient
particulate matter-induced lung inflammation and fibrosis by inhibiting NLRP3 inflammasome activation in
mice. Ecotoxicol. Environ. Saf. 2019, 182, 109425. [CrossRef]

Wang, J.; He, E; Chen, L.; Li, Q.; Jin, S.; Zheng, H.; Lin, J.; Zhang, H.; Ma, S.; Mei, ].; et al. Resveratrol inhibits
pulmonary fibrosis by regulating miR-21 through MAPK/AP-1 pathways. Biomed. Pharmacother. 2018, 105,
37-44. [CrossRef]

Lee, ].C.; Krochak, R.; Blouin, A.; Kanterakis, S.; Chatterjee, S.; Arguiri, E.; Vachani, A.; Solomides, C.C.;
Cengel, K.A.; Christofidou-Solomidou, M. Dietary flaxseed prevents radiation-induced oxidative lung
damage, inflammation and fibrosis in a mouse model of thoracic radiation injury. Cancer Biol. Ther. 2009, 8,
47-53. [CrossRef]

Christofidou-Solomidou, M.; Tyagi, S.; Tan, K.S.; Hagan, S.; Pietrofesa, R.; Dukes, F.; Arguiri, E.; Heitjan, D.E;
Solomides, C.C.; Cengel, K.A. Dietary flaxseed administered post thoracic radiation treatment improves
survival and mitigates radiation-induced pneumonopathy in mice. BMC Cancer 2011, 11, 269. [CrossRef]
Pietrofesa, R.; Turowski, J.; Tyagi, S.; Dukes, E; Arguiri, E.; Busch, T.M.; Gallagher-Colombo, S.M.;
Solomides, C.C.; Cengel, K.A.; Christofidou-Solomidou, M. Radiation mitigating properties of the lignan
component in flaxseed. BMC Cancer 2013, 13, 179. [CrossRef]

Wang, Y.; Dong, X.; Zhao, N.; Su, X.; Li, Y.; Wen, M.; Li, Z.; Wang, C.; Chen, J.; Zhuang, W. Schisandrin
B attenuates bleomycin-induced pulmonary fibrosis in mice through the wingless/integrase-1 signaling
pathway. Exp. Lung Res. 2020, 46, 185-194. [CrossRef] [PubMed]

Zhang, D.; Liu, B.; Cao, B.; Wei, F; Yu, X.; Li, G.F,; Chen, H.; Wei, L.Q.; Wang, P.L. Synergistic protection
of Schizandrin B and Glycyrrhizic acid against bleomycin-induced pulmonary fibrosis by inhibiting
TGEF-f1/Smad2 pathways and overexpression of NOX4. Int. Immunopharmacol. 2017, 48, 67-75. [CrossRef]
Pae, M.; Wu, D. Immunomodulating effects of epigallocatechin-3-gallate from green tea: Mechanisms and
applications. Food Funct. 2013, 4, 1287-1303. [CrossRef] [PubMed]

Dona, M.; Dell’Aica, I; Calabrese, F,; Benelli, R.; Morini, M.; Albini, A.; Garbisa, S. Neutrophil restraint by
green tea: Inhibition of inflammation, associated angiogenesis, and pulmonary fibrosis. J. Immunol. 2003,
170, 4335-4341. [CrossRef] [PubMed]

Sriram, N.; Kalayarasan, S.; Manikandan, R.; Arumugam, M.; Sudhandiran, G. Epigallocatechin gallate
attenuates fibroblast proliferation and excessive collagen production by effectively intervening TGF-1
signalling. Clin. Exp. Pharmacol. Physiol. 2015, 42, 849-859. [CrossRef]

Li, C; Sun, X,; Li, A.; Mo, M.; Zhao, Z. S-Allylmercaptocysteine attenuates Bleomycin-induced pulmonary
fibrosis in mice via suppressing TGF-$1/Smad and oxidative stress pathways. Int. Immunopharmacol. 2020,
79,106110. [CrossRef]

Nie, Y;; Yu, K,; Li, B.; Hu, Y.,; Zhang, H.; Xin, R.; Xiong, Y.; Zhao, P.; Chai, G. S-allyl-l-cysteine attenuates
bleomycin-induced pulmonary fibrosis and inflammation via AKT/NF-«B signaling pathway in mice.
J. Pharmacol. Sci. 2019, 139, 377-384. [CrossRef]

Mizuguchi, S.; Takemura, S.; Minamiyama, Y.; Kodai, S.; Tsukioka, T.; Inoue, K.; Okada, S.; Suehiro, S. S-allyl
cysteine attenuated CCl4-induced oxidative stress and pulmonary fibrosis in rats. Biofactors 2006, 26, 81-92.
[CrossRef]

Moustafa, G.G.; Hussein, M.M.A. New insight on using aged garlic extract against toxic impacts of titanium
dioxide bulk salt triggers inflammatory and fibrotic cascades in male rats. Biomed. Pharmacother. 2016, 84,
687-697. [CrossRef]


http://dx.doi.org/10.1016/j.clnu.2014.08.014
http://dx.doi.org/10.3109/01902148.2010.524722
http://www.ncbi.nlm.nih.gov/pubmed/21269063
http://dx.doi.org/10.1016/j.ecoenv.2019.109425
http://dx.doi.org/10.1016/j.biopha.2018.05.104
http://dx.doi.org/10.4161/cbt.8.1.7092
http://dx.doi.org/10.1186/1471-2407-11-269
http://dx.doi.org/10.1186/1471-2407-13-179
http://dx.doi.org/10.1080/01902148.2020.1760964
http://www.ncbi.nlm.nih.gov/pubmed/32362157
http://dx.doi.org/10.1016/j.intimp.2017.04.024
http://dx.doi.org/10.1039/c3fo60076a
http://www.ncbi.nlm.nih.gov/pubmed/23835657
http://dx.doi.org/10.4049/jimmunol.170.8.4335
http://www.ncbi.nlm.nih.gov/pubmed/12682270
http://dx.doi.org/10.1111/1440-1681.12428
http://dx.doi.org/10.1016/j.intimp.2019.106110
http://dx.doi.org/10.1016/j.jphs.2019.03.002
http://dx.doi.org/10.1002/biof.5520260108
http://dx.doi.org/10.1016/j.biopha.2016.09.092

Int. ]. Mol. Sci. 2020, 21, 6051 24 of 26

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

Tsukioka, T.; Takemura, S.; Minamiyama, Y.; Mizuguchi, S.; Toda, M.; Okada, S. Attenuation of Bleomycin-Induced
Pulmonary Fibrosis in Rats with S-Allyl Cysteine. Molecules 2017, 22, 543. [CrossRef]

Oka, V.O.; Okon, U.E.; Osim, E.E. Pulmonary Responses Following Quercetin Administration in Rats After
Intratracheal Instillation of Amiodarone. Niger. J. Physiol. Sci. 2019, 34, 63-68. [PubMed]

Verma, R.; Kushwah, L.; Gohel, D.; Patel, M.; Marvania, T.; Balakrishnan, S. Evaluating the Ameliorative
Potential of Quercetin against the Bleomycin-Induced Pulmonary Fibrosis in Wistar Rats. Pulm. Med. 2013,
2013, 921724. [CrossRef] [PubMed]

Impellizzeri, D.; Talero, E.; Siracusa, R.; Alcaide, A.; Cordaro, M.; Maria Zubelia, J.; Bruschetta, G.; Crupi, R.;
Esposito, E.; Cuzzocrea, S.; et al. Protective effect of polyphenols in an inflammatory process associated with
experimental pulmonary fibrosis in mice. Br. J. Nutr. 2015, 114, 853-865. [CrossRef] [PubMed]
Punithavathi, D.; Venkatesan, N.; Babu, M. Curcumin inhibition of bleomycin-induced pulmonary fibrosis in
rats. Br. J. Pharmacol. 2000, 131, 169-172. [CrossRef]

Hemmati, A.A.; Nazari, Z.; Samei, M. A comparative study of grape seed extract and vitamin E effects on
silica-induced pulmonary fibrosis in rats. Pulm. Pharmacol. Ther. 2008, 21, 668-674. [CrossRef]

Song, X.; Wang, B.; Lin, S; Jing, L.; Mao, C.; Xu, P; Lv, C.; Liu, W.; Zuo, ]. Astaxanthin inhibits apoptosis in
alveolar epithelial cells type II in vivo and in vitro through the ROS-dependent mitochondrial signalling
pathway. . Cell Mol. Med. 2014, 18, 2198-2212. [CrossRef]

Wang, M.; Zhang, J.; Song, X.; Liu, W.; Zhang, L.; Wang, X.; Lv, C. Astaxanthin ameliorates lung fibrosis
in vivo and in vitro by preventing transdifferentiation, inhibiting proliferation, and promoting apoptosis of
activated cells. Food Chem. Toxicol. 2013, 56, 450-458. [CrossRef]

Zhang, ].; Xu, P; Wang, Y.; Wang, M.; Li, H.; Lin, S.; Mao, C.; Wang, B.; Song, X.; Lv, C. Astaxanthin prevents
pulmonary fibrosis by promoting myofibroblast apoptosis dependent on Drpl-mediated mitochondrial
fission. J. Cell Mol. Med. 2015, 19, 2215-2231. [CrossRef]

Mehrabani, M.; Goudarzi, M.; Mehrzadji, S.; Siahpoosh, A.; Mohammadi, M.; Khalili, H.; Malayeri, A. Crocin:
A protective natural antioxidant against pulmonary fibrosis induced by bleomycin. Pharmacol. Rep. 2020.
[CrossRef]

Zaghloul, M.S,; Said, E.; Suddek, G.M.; Salem, H.A. Crocin attenuates lung inflammation and pulmonary
vascular dysfunction in a rat model of bleomycin-induced pulmonary fibrosis. Life Sci. 2019, 235, 116794.
[CrossRef]

Zhou, C.; Han, W.,; Zhang, P; Cai, M.; Wei, D.; Zhang, C. Lycopene from tomatoes partially alleviates the
bleomycin-induced experimental pulmonary fibrosis in rats. Nutr. Res. 2008, 28, 122-130. [CrossRef] [PubMed]
Gungor, H.; Ekici, M.; Onder Karayigit, M.; Turgut, N.H.; Kara, H.; Arslanbas, E. Zingerone ameliorates
oxidative stress and inflammation in bleomycin-induced pulmonary fibrosis: Modulation of the expression
of TGF-B1 and iNOS. Naunyn Schmiedebergs Arch. Pharmacol. 2020. [CrossRef] [PubMed]

Saba; Khan, S.; Parvez, S.; Chaudhari, B.; Ahmad, F.; Anjum, S.; Raisuddin, S. Ellagic acid attenuates
bleomycin and cyclophosphamide-induced pulmonary toxicity in Wistar rats. Food Chem. Toxicol. 2013, 58,
210-219. [CrossRef] [PubMed]

Agackiran, Y.; Gul, H.; Gunay, E.; Akyurek, N.; Memis, L.; Gunay, S.; Sirin, Y.S.; Ide, T. The efficiency of
proanthocyanidin in an experimental pulmonary fibrosis model: Comparison with taurine. Inflammation
2012, 35, 1402-1410. [CrossRef]

Lynch, S.V.; Pedersen, O. The Human Intestinal Microbiome in Health and Disease. N. Engl. J. Med. 2016,
375, 2369-2379. [CrossRef]

Dickson, R.P; Harari, S.; Kolb, M. Making the case for causality: What role do lung microbiota play in
idiopathic pulmonary fibrosis? Eur. Respir. ]. 2020, 55. [CrossRef]

Dickson, R.P.; Huffnagle, G.B. The Lung Microbiome: New Principles for Respiratory Bacteriology in Health
and Disease. PLoS Pathog 2015, 11, €1004923. [CrossRef]

Dickson, R.P,; Erb-Downward, ].R.; Martinez, FJ.; Huffnagle, G.B. The Microbiome and the Respiratory Tract.
Annu. Rev. Physiol. 2016, 78, 481-504. [CrossRef]

Enaud, R.; Prevel, R.; Ciarlo, E.; Beaufils, F.; Wieérs, G.; Guery, B.; Delhaes, L. The Gut-Lung Axis in Health
and Respiratory Diseases: A Place for Inter-Organ and Inter-Kingdom Crosstalks. Front. Cell. Infect. Microbiol.
2020, 10, 9. [CrossRef]

Budden, K.E; Gellatly, S.L.; Wood, D.L.; Cooper, M.A.; Morrison, M.; Hugenholtz, P.; Hansbro, PM. Emerging
pathogenic links between microbiota and the gut-lung axis. Nat. Rev. Microbiol. 2017, 15, 55-63. [CrossRef]


http://dx.doi.org/10.3390/molecules22040543
http://www.ncbi.nlm.nih.gov/pubmed/31449273
http://dx.doi.org/10.1155/2013/921724
http://www.ncbi.nlm.nih.gov/pubmed/24396596
http://dx.doi.org/10.1017/S0007114515002597
http://www.ncbi.nlm.nih.gov/pubmed/26334388
http://dx.doi.org/10.1038/sj.bjp.0703578
http://dx.doi.org/10.1016/j.pupt.2008.04.004
http://dx.doi.org/10.1111/jcmm.12347
http://dx.doi.org/10.1016/j.fct.2013.03.004
http://dx.doi.org/10.1111/jcmm.12609
http://dx.doi.org/10.1007/s43440-019-00023-y
http://dx.doi.org/10.1016/j.lfs.2019.116794
http://dx.doi.org/10.1016/j.nutres.2007.12.008
http://www.ncbi.nlm.nih.gov/pubmed/19083398
http://dx.doi.org/10.1007/s00210-020-01881-7
http://www.ncbi.nlm.nih.gov/pubmed/32377772
http://dx.doi.org/10.1016/j.fct.2013.03.046
http://www.ncbi.nlm.nih.gov/pubmed/23603381
http://dx.doi.org/10.1007/s10753-012-9453-6
http://dx.doi.org/10.1056/NEJMra1600266
http://dx.doi.org/10.1183/13993003.00318-2020
http://dx.doi.org/10.1371/journal.ppat.1004923
http://dx.doi.org/10.1146/annurev-physiol-021115-105238
http://dx.doi.org/10.3389/fcimb.2020.00009
http://dx.doi.org/10.1038/nrmicro.2016.142

Int. ]. Mol. Sci. 2020, 21, 6051 25 of 26

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

Zhang, D.; Li, S.; Wang, N.; Tan, H.Y.; Zhang, Z.; Feng, Y. The Cross-Talk Between Gut Microbiota and Lungs
in Common Lung Diseases. Front. Microbiol. 2020, 11, 301. [CrossRef] [PubMed]

Invernizzi, R.; Barnett, J.; Rawal, B.; Nair, A.; Ghai, P.; Kingston, S.; Chua, F; Wu, Z.; Wells, A.U;
Renzoni, E.R;; et al. Bacterial burden in the lower airways predicts disease progression in idiopathic
pulmonary fibrosis and is independent of radiological disease extent. Eur. Respir. J. 2020, 55. [CrossRef]
[PubMed]

Yang, D.; Chen, X.; Wang, J.; Lou, Q.; Lou, Y;; Li, L.; Wang, H.; Chen, J.; Wu, M.; Song, X.; et al. Dysregulated
Lung Commensal Bacteria Drive Interleukin-17B Production to Promote Pulmonary Fibrosis through Their
Outer Membrane Vesicles. Immunity 2019, 50, 692-706.e697. [CrossRef] [PubMed]

Han, M.K.; Zhou, Y.; Murray, S.; Tayob, N.; Noth, I.; Lama, V.N.; Moore, B.B.; White, E.S.; Flaherty, K.R.;
Huffnagle, G.B.; et al. Lung microbiome and disease progression in idiopathic pulmonary fibrosis: An
analysis of the COMET study. Lancet Respir. Med. 2014, 2, 548-556. [CrossRef]

Dickson, R.P; Huffnagle, G.B.; Flaherty, K.R.; White, E.S.; Martinez, EJ.; Erb-Downward, J.R.; Moore, B.B.;
O’Dwyer, D.N. Radiographic Honeycombing and Altered Lung Microbiota in Patients with Idiopathic
Pulmonary Fibrosis. Am. J. Respir. Crit. Care Med. 2019, 200, 1544-1547. [CrossRef] [PubMed]

Anstrom, K.J.; Noth, I; Flaherty, K.R.; Edwards, R.H.; Albright, J.; Baucom, A.; Brooks, M.; Clark, A.B.;
Clausen, E.S.; Durheim, M.T.; et al. Design and rationale of a multi-center, pragmatic, open-label randomized
trial of antimicrobial therapy—The study of clinical efficacy of antimicrobial therapy strategy using pragmatic
design in Idiopathic Pulmonary Fibrosis (CleanUP-IPF) clinical trial. Respir. Res. 2020, 21, 68. [CrossRef]
Hammond, M; Clark, A.B.; Cahn, A.P; Chilvers, E.R.; Fraser, W.D.; Livermore, D.M.; Maher, TM.; Parfrey, H.;
Swart, A.M; Stirling, S.; et al. The Efficacy and Mechanism Evaluation of Treating Idiopathic Pulmonary
fibrosis with the Addition of Co-trimoxazole (EME-TIPAC): Study protocol for a randomised controlled trial.
Trials 2018, 19, 89. [CrossRef]

Madan, J.C.; Koestler, D.C.; Stanton, B.A.; Davidson, L.; Moulton, L.A.; Housman, M.L.; Moore, J.H.;
Guill, M.E; Morrison, H.G.; Sogin, M.L.; et al. Serial analysis of the gut and respiratory microbiome in cystic
fibrosis in infancy: Interaction between intestinal and respiratory tracts and impact of nutritional exposures.
mBio 2012, 3. [CrossRef]

Liu, T; Yang, Z.; Zhang, X.; Han, N.; Yuan, J.; Cheng, Y. 165 rDNA analysis of the effect of fecal microbiota
transplantation on pulmonary and intestinal flora. 3 Biotech. 2017, 7, 370. [CrossRef]

Keely, S.; Talley, N.J.; Hansbro, PM. Pulmonary-intestinal cross-talk in mucosal inflammatory disease.
Mucosal Immunol. 2012, 5, 7-18. [CrossRef]

[lliano, P.; Brambilla, R.; Parolini, C. The mutual interplay of gut microbiota, diet and human disease. FEBS ].
2020, 287, 833-855. [CrossRef] [PubMed]

Sender, R.; Fuchs, S.; Milo, R. Revised Estimates for the Number of Human and Bacteria Cells in the Body.
PLoS Biol. 2016, 14, €1002533. [CrossRef] [PubMed]

Molyneaux, P.L.; Mallia, P.; Cox, M.].; Footitt, J.; Willis-Owen, S.A.; Homola, D.; Trujillo-Torralbo, M.B.;
Elkin, S.; Kon, O.M.; Cookson, W.O.; et al. Outgrowth of the bacterial airway microbiome after rhinovirus
exacerbation of chronic obstructive pulmonary disease. Am. J. Respir. Crit. Care Med. 2013, 188, 1224-1231.
[CrossRef] [PubMed]

McAleer, ].P; Kolls, ].K. Contributions of the intestinal microbiome in lung immunity. Eur. J. Immunol. 2018,
48,39-49. [CrossRef] [PubMed]

Huang, Y.; Ma, S.F,; Espindola, M.S.; Vij, R.; Oldham, ].M.; Huffnagle, G.B.; Erb-Downward, ].R.; Flaherty, K.R.;
Moore, B.B.; White, E.S.; et al. Microbes Are Associated with Host Innate Inmune Response in Idiopathic
Pulmonary Fibrosis. Am. ]. Respir. Crit. Care Med. 2017, 196, 208-219. [CrossRef] [PubMed]

Chaplin, A.; Carpéné, C.; Mercader, J. Resveratrol, Metabolic Syndrome, and Gut Microbiota. Nutrients 2018,
10, 1651. [CrossRef]

Ly, N.P; Litonjua, A.; Gold, D.R.; Celedén, J.C. Gut microbiota, probiotics, and vitamin D: Interrelated
exposures influencing allergy, asthma, and obesity? J. Allergy. Clin. Immunol. 2011, 127,1087-1094. [CrossRef]
Delzenne, N.M.; Rodriguez, J.; Olivares, M.; Neyrinck, A.M. Microbiome response to diet: Focus on obesity
and related diseases. Rev. Endocr. Metab Dis. 2020. [CrossRef]

Li, L.; Krause, L.; Somerset, S. Associations between micronutrient intakes and gut microbiota in a group of
adults with cystic fibrosis. Clin Nutr. 2017, 36, 1097-1104. [CrossRef]


http://dx.doi.org/10.3389/fmicb.2020.00301
http://www.ncbi.nlm.nih.gov/pubmed/32158441
http://dx.doi.org/10.1183/13993003.01519-2019
http://www.ncbi.nlm.nih.gov/pubmed/31980496
http://dx.doi.org/10.1016/j.immuni.2019.02.001
http://www.ncbi.nlm.nih.gov/pubmed/30824326
http://dx.doi.org/10.1016/S2213-2600(14)70069-4
http://dx.doi.org/10.1164/rccm.201903-0680LE
http://www.ncbi.nlm.nih.gov/pubmed/31419390
http://dx.doi.org/10.1186/s12931-020-1326-1
http://dx.doi.org/10.1186/s13063-018-2453-6
http://dx.doi.org/10.1128/mBio.00251-12
http://dx.doi.org/10.1007/s13205-017-0997-x
http://dx.doi.org/10.1038/mi.2011.55
http://dx.doi.org/10.1111/febs.15217
http://www.ncbi.nlm.nih.gov/pubmed/31955527
http://dx.doi.org/10.1371/journal.pbio.1002533
http://www.ncbi.nlm.nih.gov/pubmed/27541692
http://dx.doi.org/10.1164/rccm.201302-0341OC
http://www.ncbi.nlm.nih.gov/pubmed/23992479
http://dx.doi.org/10.1002/eji.201646721
http://www.ncbi.nlm.nih.gov/pubmed/28776643
http://dx.doi.org/10.1164/rccm.201607-1525OC
http://www.ncbi.nlm.nih.gov/pubmed/28157391
http://dx.doi.org/10.3390/nu10111651
http://dx.doi.org/10.1016/j.jaci.2011.02.015
http://dx.doi.org/10.1007/s11154-020-09572-7
http://dx.doi.org/10.1016/j.clnu.2016.06.029

Int. J. Mol. Sci. 2020, 21, 6051 26 of 26

180.

181.

182.

183.

184.

185.

186.

187.

Li, L.; Somerset, S. Associations between Flavonoid Intakes and Gut Microbiota in a Group of Adults with
Cystic Fibrosis. Nutrients 2018, 10, 1264. [CrossRef]

Bernard, H.; Desseyn, J.L.; Bartke, N.; Kleinjans, L.; Stahl, B.; Belzer, C.; Knol, J.; Gottrand, F.; Husson, M.O.
Dietary pectin-derived acidic oligosaccharides improve the pulmonary bacterial clearance of Pseudomonas
aeruginosa lung infection in mice by modulating intestinal microbiota and immunity. J. Infect. Dis. 2015, 211,
156-165. [CrossRef] [PubMed]

Trompette, A.; Gollwitzer, E.S.; Yadava, K.; Sichelstiel, A.K.; Sprenger, N.; Ngom-Bru, C.; Blanchard, C.;
Junt, T.; Nicod, L.P; Harris, N.L.; et al. Gut microbiota metabolism of dietary fiber influences allergic airway
disease and hematopoiesis. Nat. Med. 2014, 20, 159-166. [CrossRef] [PubMed]

Fabbrizzi, A.; Amedei, A.; Lavorini, F; Renda, T.; Fontana, G. The lung microbiome: Clinical and therapeutic
implications. Intern. Emerg. Med. 2019, 14, 1241-1250. [CrossRef] [PubMed]

Atarashi, K.; Tanoue, T.; Oshima, K.; Suda, W.; Nagano, Y.; Nishikawa, H.; Fukuda, S; Saito, T.; Narushima, S.;
Hase, K.; et al. Treg induction by a rationally selected mixture of Clostridia strains from the human microbiota.
Nature 2013, 500, 232-236. [CrossRef]

Lee, H.S.; Hua, H.S.; Wang, C.H.; Yu, M.C.; Chen, B.C,; Lin, C.H. induces connective tissue growth factor
expression through the TLR2-JNK-AP-1 pathway in human lung fibroblasts. FASEB J. 2019, 33, 12554-12564.
[CrossRef]

Ali, MK,; Kim, R.Y,; Karim, R.; Mayall, J.R.; Martin, K.L.; Shahandeh, A.; Abbasian, F; Starkey, M.R;
Loustaud-Ratti, V.; Johnstone, D.; et al. Role of iron in the pathogenesis of respiratory disease. Int. J. Biochem.
Cell. Biol. 2017, 88, 181-195. [CrossRef]

Scoditti, E.; Massaro, M.; Garbarino, S.; Toraldo, D.M. Role of Diet in Chronic Obstructive Pulmonary Disease
Prevention and Treatment. Nutrients 2019, 11, 1357. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.3390/nu10091264
http://dx.doi.org/10.1093/infdis/jiu391
http://www.ncbi.nlm.nih.gov/pubmed/25139019
http://dx.doi.org/10.1038/nm.3444
http://www.ncbi.nlm.nih.gov/pubmed/24390308
http://dx.doi.org/10.1007/s11739-019-02208-y
http://www.ncbi.nlm.nih.gov/pubmed/31667699
http://dx.doi.org/10.1038/nature12331
http://dx.doi.org/10.1096/fj.201900487R
http://dx.doi.org/10.1016/j.biocel.2017.05.003
http://dx.doi.org/10.3390/nu11061357
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Pathogenesis of IPF 
	The Role of Nutritional Factors in IPF 
	Nutrition and Aging 
	Bioactive Food Ingredients Influencing IPF 
	Macronutrients 
	Micronutrients 
	Phytochemicals 


	The Role of Human Microbiota in IPF—An Emerging Therapeutic Strategy 
	Bacterial Burden, Diversity and Microbial Composition in the Lung in IPF 
	The Gut-Lung Axis: Interplay of the Gut and Lung Microbiota in IPF 

	Bioactive Food Ingredients, Microbiota and IPF 
	Conclusions and Future Directions 
	References

