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Preface to “Respiratory Disease and Nutrition”

Diet and nutrition are increasingly becoming recognized as mutable contributors to chronic
disease development and progression. Considerable evidence has emerged indicating the importance
of dietary intake and metabolism in obstructive lung diseases, such as asthma and chronic obstructive
pulmonary disease (COPD), in both early life and disease development and the management of

disease progression.
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Abstract: Allergic airway diseases are accompanied by increased permeability and an inflammatory
state of epithelial barriers, which are thought to be susceptible to allergen sensitization.
Although exogenous drivers (proteases, allergens) of epithelial barrier disruption and sensitization
are well studied, endogenous contributors (diet, xenobiotics, hormones, and metabolism) to allergic
sensitization are much less understood. Xenoestrogens are synthetic or natural chemical compounds
that have the ability to mimic estrogen and are ubiquitous in the food and water supply of developed
countries. By interfering with the estrogen produced by the endocrine system, these compounds
have the systemic potential to disrupt the homeostasis of multiple tissues. Our study examined the
potential of prototypical xenoestrogen bisphenol A (BPA) to disrupt epithelial homeostasis in vitro
and promote allergic responses in vivo. We found that BPA exposure in epithelial cultures in vitro
significantly inhibited epithelial cell proliferation and wound healing, as well as promoted the
expression of the innate alarmin cytokine TSLP in a time-and dose-dependent manner. In vivo,
the exposure to BPA through water supply or inhalation induced a systemic para-inflammatory
response by promoting the expression of innate inflammatory mediators in the skin, gut, and airway.
In a murine tolerogenic antigen challenge model, chronic systemic exposure to BPA was sufficient
to induce airway sensitization to innocuous chicken egg ovalbumin in the complete absence of
adjuvants. Mechanistic studies are needed to test conclusively whether endocrine disruptors may
play an upstream role in allergic sensitization via their ability to promote a para-inflammatory state.

Keywords: bisphenol A; estrogen; xenoestrogens; para-inflammation; endocrine; alarmins; allergy;
asthma

1. Introduction

The epithelium is the first barrier encountered by an inhaled or ingested allergen [1].
Allergic inflammatory diseases are accompanied by the increased permeability and inflammatory
state of the epithelial barrier, which is thought to be more susceptible to allergen sensitization [2-5].
Multiple lines of evidence point to the causality of epithelial barrier dysfunction in the development
of allergic inflammation. A number of mouse and human models using protease epithelial damage
triggers or the targeted deletion of structural or junctional barrier genes report enhanced allergic
sensitization and Th2 inflammation [6-9]. Although research shows that exogenous proteases in many
allergens themselves are sufficient to disrupt epithelium, this does not explain why only a fraction of the
population exposed to the same allergens develops sensitization. Endogenous factors linked to systemic
epithelial barrier dysfunction, such as changes in nutrients, hormones, vitamins, chemical exposures,
and dysbiosis, are suspected in the origins of allergic disease but are much less understood [10].

Nutrients 2020, 12, 343; doi:10.3390/nu12020343 1 www.mdpi.com/journal/nutrients
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Among them, xenoestrogens are receiving attention due to their biological action and ubiquitous
human chronic exposure through their release into beverages, food, and the environment [11-13].
Xenoestrogens are synthetic or natural chemical compounds that have the ability to mimic estrogen
and have estrogenic effects on biological organisms, thus interfering with the estrogen produced by
the endocrine system. For this reason, they are also sometimes called “environmental hormones” or
“endocrine disrupting compounds”. Synthetic xenoestrogens are widely used industrial compounds
that are prevalent in the food and water supply of developed countries because of their widespread
use as plasticizers in the production of food packaging. Low but persistent non-toxic exposure to
xenoestrogens has been recently shown to be a serious environmental hazard linked to a vast array
of human conditions, including allergic diseases [14-17]. Estrogen receptors alpha and beta play a
central role in epithelial homeostasis in both sexes, which is independent of their role in reproduction
and sexual development [18-20]. In particular, estrogen receptors are essential in the integration
of extracellular signals, such as growth factor and WNT/Notch pathways, to properly regulate the
expression of genes that control cell fates during epithelial turnover [20-25]. In this manuscript, we
tested whether the ubiquitous endocrine disruptor bisphenol A (BPA) is disruptive for epithelial
homeostasis with possible in vivo consequences for the initiation of allergic responses. We found that
BPA exposure (1) significantly inhibited epithelial cell proliferation and wound healing in vitro as well
as promoted the expression of innate alarmin cytokine TSLP in a time- and dose-dependent manner;
(2) elevated the systemic expression of innate cytokines and chemokines at skin, gut, and airway
barriers when given to mice in water or by inhalation; and (3) in tolerogenic airway antigen challenge
protocol was sufficient to induce sensitization to chicken egg ovalbumin in the absence of adjuvants.

2. Materials and Methods

2.1. Animal Experiments

For all in vivo asthma model experiments, we used wild-type adult female littermate mice on
the BALB/cJ background (Jackson Laboratories, Bar Harbor, ME, USA). The Institutional Animal
Care and Use Committee of Northwestern University approved all animal procedures (protocol
1S00001710, original approval date 6/8/2015). For the in vivo experiments, bisphenol A (BPA) (Sigma)
was administered at 25 mg/L in drinking water bottles ad libitum or intranasally (in.) daily at 25 ug/mL
(volume administered = 53 uL). This BPA concentration is comparable to human environmental
exposure of 5 mg/kg of body weight/day, which is the current NOAEL (no observed adverse effect level)
concentration set by the U.S. Food and Drug Administration (FDA) and the European Food Safety
Authority (EFSA). This is also the dose typically used in murine studies of low-dose BPA exposures.
The BPA was not specifically endotoxin free, but it was > 99.0 pure by HPLC (Sigma). Lung, skin
(abdominal), and gut (duodenal) tissues were harvested after seven days of BPA exposure. For the
allergic model, mice were maintained on regular drinking water or water with 25 mg/L BPA for 70 days
to mimic chronic exposures by ingestion. In the last 10 days of the protocol, mice were administered
daily saline or 1% chicken egg ovalbumin (OVA) grade VI (Sigma) with or without BPA (25 ug/mL) by
intranasal inhalation. We obtained bronchoalveolar lavage fluid (BALF), lung tissue, and serum 24 h
after the last inhalation challenge.

2.2. Bronchoalveolar Lavage, Lung Digestion, and Flow Cytometry

Bronchoalveolar lavage was performed by lavaging lungs with ice-cold 1x phosphate-buffered
saline (PBS) through the cannulated trachea. Lungs were digested in 1 mg/mL collagenase D and
0.2 mg/mL DNAse I (Roche, Indianapolis, IN, USA) in preparation for flow cytometry. Digested tissue
was filtered through sterile mesh and incubated in 1x BD PharmLyse Lysing Buffer (BD Biosciences,
San Jose, CA, USA) to lyse red blood cells. Live/dead exclusion was performed using Aqua dye
(Molecular Probes) followed by incubation with CD16/CD32 FC Block (BD Pharmingen, San Jose, CA,
USA). Antibody cocktail was added directly to blocked samples and incubated for 30 min at 4 °C.
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Antibody cocktail composition was as previously used for leukocyte population characterization during
allergic inflammation [26]. Samples were acquired on a BD LSRII flow cytometer (BD Biosciences).
BAL cells were pelleted by centrifugation at 300x g for 5 min, washed, and prepared as described above,
starting with the live/dead step. Bead compensation (OneComp; eBioscience, San Diego, CA, USA,
and ArC; Molecular Probes beads), gating, and data analysis were performed using FlowJo v.10 (TreeStar,
Inc., Ashland, OR, USA). Only live, single, hematopoietic (CD45+) cells were used in all analyses.
Fluorescence Minus One (FMO) controls were used to set up gate boundaries. Leukocyte populations
were identified as follows: (i) eosinophils: CD11b(+)Ly6G(low/-)CD11c(~/low)Siglec-F(med/high);
(ii) alveolar macrophages: CD11b(—)Ly6G(-)CD11c(high)Siglec-F(high); and (iii) neutrophils:
CD11b(+)Ly6G(high)CD11c(-)Siglec-F(-).

2.3. Cell Culture

For epithelial cultures, we used the commercially available (Sigma) BEAS-2B human cell line
originally derived from normal bronchial epithelium obtained from the autopsy of non-cancerous
individuals. Cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) with the addition of
1% penicillin—streptomycin and 5% heat-inactivated fetal bovine serum. Cells were treated with BPA
dissolved in ethanol (ethanol alone used for vehicle controls). Cells were passaged when reaching
70%-80% confluency to avoid spontaneous transformation. For wound-healing assays, epithelial
monolayers were scratched using p10 pipet tips, and wound closure was monitored by bright field
microscopy using same field view over a 48 h period. Scratch width was quantified using Image]J
software (NIH).

2.4. Quantitative PCR

RNA was isolated from cells using the Qiagen RNeasy mini kit (Qiagen). cDNA was synthesized
using a qScript cDNA synthesis kit (Quanta BioSciences) and analyzed by real-time PCR on a 7500
real-time PCR system (Applied Biosystems) using primers/probes from Integrated DNA Technologies
and PrimeTime Gene Expression Master Mix (IDT or Applied Biosystems).

2.5. Cytotoxicity Assay

The Vybrant Cytotoxicity Assay Kit (Thermo Fisher), which detects glucose-6-phosphate
dehydrogenase released from damaged cells via the reduction of resazurin into red-fluorescent
resorufin, was used to assess cytotoxicity. A total of 7000 BEAS-2B cells were plated in 50 uL of normal
media in a 96-well plate and incubated for 24 h to adhere; then, they were changed to 50 uL media with
indicated BPA concentrations and incubated for another 24 h. Control wells were lysed with cell lysis
buffer from the kit; then, 50 uL of resazurin/enzymatic solution was added to each well, and each plate
was incubated on a shaker in the dark for 10 min. Then, fluorescence was measured on a fluorescent
plate reader (excitation 560 nm, emission 600 nm).

2.6. Measurements of Serum Proteins and Antibodies

Harvested serum was assayed for cytokine IL-33 using a Ready-SET-Go! ELISA kit purchased from
eBioscience (Invitrogen). ELISA assays were performed according to the manufacturer’s instructions.
OVA-specific IgE was determined by custom ELISA, as previously described [27].

2.7. Statistical Analysis

Statistical significance of all data was determined by an unpaired t-test or one-way ANOVA
followed by Tukey’s post hoc pairwise testing whenever applicable. All data are represented as
mean + S.E.M. Statistical analysis was performed using GraphPad Prism 7 (GraphPad Software, Inc.).
An alpha level of 0.05 was used as a significance cut-off in all tests. For principal component analysis
(PCA), PAST v.3 software was used, inputting data as logl0-normalized values from the qPCR of
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alarmin, cytokine, and chemokine gene expression (genes used: 1133, Tslp, Ifug, Tnfa, 1110, Cxcl9, Cxcl10,
Cxcl11, Ccll, Ccl2, and Ccl11) from the following nine sample groups: non-treated lung tissue, lung
tissue from BPA water-treated mice, BPA-i.n. treated lung tissue, non-treated gut tissue, BPA-water
treated gut tissue, BPA-i.n. treated gut tissue, non-treated skin tissue, BPA-water treated skin tissue,
and BPA-i.n. treated skin tissue.

3. Results

3.1. Bisphenol A Has An Inhibitory Effect on BEAS-2B Epithelial Cell Proliferation and Wound Healing

Estrogen receptors intricately interact with developmental pathway signaling to maintain epithelial
homeostasis [21]. Using wound scratch assays, we found that BPA had an inhibitory effect on epithelial
wound healing (Figure 1A,B). Our data show that this effect of BPA was likely mediated by the
significant inhibition of epithelial cell proliferation, which was both time- and concentration-dependent
(Figure 1C). The disruption of epithelial growth by BPA occurred without detectable cytotoxicity
at concentrations less than 200 uM (Figure 1E). It is likely that BPA could disrupt epithelium in a
non-damaging manner via interfering with the estrogen regulation of epithelial junctions and cell cycle.
Moreover, we detected a significant upregulation of the Tslp message by BPA-treated epithelial cells
in vitro, which was especially evident after 48 h of exposure in culture (Figure 1D). Notably, the highest
TSLP expression at 200 uM was at least partially associated with BPA cytotoxicity, which thus can
serve as a positive control for levels of death-induced alarmin expression. In summary, BPA directly
interferes with homeostatic proliferation and promotes TSLP expression by epithelial cells.
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Figure 1. Bisphenol A has an inhibitory effect on BEAS-2B epithelial cell proliferation and wound
healing. (A) Wound healing assay. Cells were grown to complete confluency, and monolayers were
scratched with a p10 pipet tip. Wound closure was monitored over a 48 h period. Representative images
from two experiments. (B) Quantification of wound closure rates using scratch width measured in
Image]. Representative quantification from two experiments. (C) Inhibitory effect of bisphenol A (BPA)
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on long-term BEAS-2B epithelial cells proliferation in culture. Data shown from experiment performed
one time. (D) BEAS-2B expression of TSLP induced by exposure to BPA. Representative quantification
from experiment performed three times. (E) Cytotoxicity analysis of BEAS-2B epithelial cell exposure
to BPA; cells were cultured for 24 h for adherence, treated with indicated concentrations of BPA for
24 h, and then assessed for cytotoxicity. All values included from experiment performed two times.
*,p < 0.05 by ANOVA.

3.2. Ingestion of BPA Promotes Systemic Para-Inflammation in Mice

Given the observed effects on epithelial cells in vitro, we proceeded to confirm this in vivo by
exposing mice to BPA (5 mg/kg of body weight/day) in water ad libitum for seven days (Figure 2A).
Another group of mice were exposed to BPA via intranasal inhalation daily at a concentration of
25 ug/mL. The local exposure of epithelial barriers to BPA (airway by inhalation and intestinal barrier
by ingestion) promoted the expression of Ccl1 and Ifny at several contact sites (Figure 2B). Surprisingly,
this was accompanied by significant changes in the expression of these mediators and trends for
changes in the expression of multiple other mediators at other barrier sites as well, which were
not the result of direct exposure to BPA (Figure 2B,C). In Figure 2C, we used exploratory principal
component analysis (PCA) to summarize the variation in expression of all genes measured by qPCR
(regardless of significance) at three barrier sites following BPA exposures via water supply or inhalation.
It suggests that each barrier site (lung, gut, skin) may promote the expression of innate cytokines
and chemokines even if not exposed to BPA directly (Figure 2C), which is consistent with low-grade
systemic inflammation.
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Figure 2. Ingestion of BPA promotes systemic para-inflammation in mice. (A) BPA administration
protocol. (B) Expression of Ccl1 and Ifng in murine lung, gut, and airway after seven days of BPA
exposure. Top graphs, exposure by intranasal inhalation; bottom graphs, exposure through ad libitum
water intake. N = 2 mice/group/9 groups, all data are from one experiment. *, p < 0.05, **, p < 0.01 by
t-test within each tissue compartment. (C) Exploratory PCA analysis of log10-normalized values of
gene expression measured at all tissue sites (lung, skin, gut) following BPA exposure via water intake
or by inhalation (see Methods for list of genes/groups).
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3.3. Chronic Systemic BPA Exposure Induces Allergic Sensitization to Innocuous OVA Antigen Exposure and
Facilitates the Development of Allergic Inflammation

We further tested whether the para-inflammatory state induced by BPA exposure would facilitate
sensitization to chicken egg ovalbumin (OVA) in a tolerogenic antigen exposure protocol. The treatment
of mice with 25 ug/mL of BPA in water supply for 10 weeks followed by the daily intranasal treatment
of endotoxin-free 1% OVA for 10 days resulted in spontaneous, adjuvant-free sensitization and allergic
inflammation development (Figure 3). This OVA treatment protocol is completely tolerogenic and
does not result in sensitization or allergic inflammation in the absence of adjuvants. Although there
was some non-specific inflammatory response and neutrophil recruitment in control mice (receiving
water only, no BPA) challenged with 1% OVA, eosinophils were significantly recruited only in mice
treated with BPA plus OVA (Figure 3). Interestingly, the eosinophils in this treatment group showed a
CD11c (+) phenotype indicative of their mucosal activation and heightened capacity to migrate to the
airway [26] (Figure 3B). The finding that BPA was sufficient to elicit an allergic inflammatory response to
innocuous OVA antigen in the complete absence of adjuvant was reinforced by the demonstration that
the lung expression of Type 2 cytokines interleukin (IL)-4, IL-5, and IL-13 was significantly upregulated
only in mice administered BPA and OVA (Figure 4A). Consistent with the inflammatory response and
eosinophil recruitment, we also observed the lung tissue expression of chemokines CCL2 (MCP1) and
CCL11/CCL24 (eotaxins 1 and 2) (Figure 4B). There was no difference in the expression of cytokine
IL-33 in the lung tissue of mice challenged with BPA and OVA; however, we found significantly
elevated serum protein levels of IL-33 in these mice (Figure 4C). Interestingly, BPA administration
alone (without OVA) resulted in the marginally significant elevation of IL-33 protein serum, further
demonstrating its systemic potential (Figure 4C). To fully demonstrate that BPA promoted allergic
sensitization, we measured OVA-specific IgE antibodies in serum. Again, only mice receiving both
BPA and OVA showed significant antigen sensitization (Figure 4D).
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Figure 3. Chronic systemic exposure to BPA facilitates the development of allergic inflammation
in a murine tolerogenic ovalbumin (OVA) treatment protocol. (A) BPA administration and OVA
antigen challenge treatment timeline. (B) Flow cytometry analysis of leukocyte inflammatory response.
Top charts, leukocyte populations measured in bronchoalveolar lavage; bottom charts, leukocyte
responses measured in homogenized lung tissue. (C) Quantification of numbers of recruited cells in
BALs by flow cytometry. N = 2 in saline group, N = 3-4 mice in treatment groups, all data shown from
experiment performed one time. *, p < 0.05 by ANOVA.
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Figure 4. Chronic systemic BPA exposure induces allergic sensitization to innocuous OVA antigen
exposure followed by the expression of Type 2 immune mediators. (A) Lung tissue expression of Type
2 cytokines by qPCR. (B) Lung tissue expression of chemokines by qPCR. (C) Serum protein levels of
alarmin cytokine IL-33 by ELISA. (D) Serum levels of OVA-specific IgE antibodies by ELISA. N = 2 in
saline group, N = 3-4 mice in treatment groups; all data shown from an experiment performed one
time. *, p < 0.05, **, p < 0.01 by ANOVA.

4. Discussion

In this study, we tested whether xenoestrogen BPA, which is ubiquitous in the food and water
supply of developed countries, promotes the endogenous systemic disruption of epithelial barriers
and contributes to the initiation of allergic responses. With a total worldwide production capacity
exceeding 6 billion pounds per year, BPA is one of the highest volume chemicals in commercial
production today due to its widespread use in the production of plastics and flame retardants [14].
The ester bond linking BPA molecules in polycarbonates and resins undergoes hydrolysis, resulting in
the release of low levels of free BPA into food, the water supply, and the environment. Measurements of
unconjugated BPA in human blood, tissues, and urine in the United States, European Union, and
Japan show higher than predicted levels, suggesting continuous exposure to significant amounts
of BPA [14]. Normal functioning of the endocrine system is critical in the maintenance of multiple
systemic homeostatic processes, including metabolism, normal neuroendocrine and immune function,
and tissue homeostatic maintenance and renewal [28-30]. Sex steroids, in particular estrogens (aside
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from their function in reproduction and sexual development), are critical in maintaining systemic
homeostasis in both sexes [19,28,31-33]. Given the centrality of hormones in the maintenance of
systemic homeostasis, it is not surprising that epidemiological and experimental research studies link
endocrine disruption by xenoestrogens to inflammatory diseases, cancer, metabolic syndrome, and
neuroendocrine and reproductive abnormalities [34-36]. Mouse models suggest that BPA exacerbates
allergic inflammation [37-40] and that maternal exposure to BPA enhances the development of allergic
inflammation in offspring [15]. There are multiple epidemiological studies linking bisphenol exposures
(typically measured in urine) to the development of asthma and other allergic conditions [41-43].
For example, higher postnatal urinary BPA concentrations were associated significantly with asthma in
inner-city children [16]. The concentrations of BPA that we used in this study likely correspond only to
high-end human exposures, since an acceptable daily human intake of BPA is typically 1000-fold below
the NOAEL, and human serum levels of BPA range between 0.2 and 20 ng/mL [44]. However, our
study was not aiming to represent daily human intake, but rather to add to the discovery of immune
processes driven by “low-dose” BPA exposures typical for murine studies.

Tissue and epithelial homeostasis is maintained by balancing cell proliferation, differentiation,
and death. It is well established that the nuclear receptor superfamily controls homeostasis by
mediating the regulatory activities of many hormones, growth factors, and metabolites [45-48].
Estrogen receptors were shown to intricately interact with the WNT and Notch developmental
pathways for the maintenance of epithelial homeostasis [21]. Consistent with this, we found that BPA
could disrupt epithelium in a non-damaging manner via interfering with proliferation. Moreover,
epithelial cells cultured with BPA expressed innate alarmin cytokine TSLP, which was also observed in
study of BPA epithelial biology by Tajiki-Nishino et al. [37]. In support of these observations, it has been
published that Notch-deficient keratinocytes fail to differentiate and release high levels of TSLP, which
is critical to the development of allergic diseases [49]. More studies in the literature suggest that chronic
BPA exposure could also affect the proliferation of epithelial basal progenitor cells [50]. Epithelial cells
are known to produce innate cytokines in response to numerous stimuli [51]. The knockdown of
filaggrin and E-cadherin induces the mRNA expression of TSLP through the epidermal growth factor
receptor (EGFR) signaling pathways [52,53]. Importantly, Notch signaling and cellular receptors
(protease-activated receptors (PARs), retinoic acid, and peroxisome proliferator-activated receptors
(PPARs)) have regulatory activity for TSLP [49,51]. Studies of estrogen show similar effects to the
results reported here for BPA, which is likely because both signal via a common pathway. In particular,
estrogen has been demonstrated to induce the secretion of TSLP from human endometrial stromal cells
in a dose-dependent manner [54]. Estrogen has also been shown to negatively regulate epithelial wound
healing in multiple mouse and human studies [55-58]. Whether steroid hormones and xenoestrogens
directly regulate TSLP and alarmin production by human epithelium warrants further investigation.

While evaluating in vivo epithelial barrier responses (skin, gut, airway) to systemic BPA exposure,
we found that BPA significantly promoted the expression of Ccll and Ifny at more than one barrier
site. Multiple mediators that are regulatory for the tissue innate immune system showed trending
but not significant expression consistent with low-grade inflammatory response. Among them,
chemokine Ccll is known to promote the recruitment of monocytes and eosinophils to tissue during
the development of allergic inflammation [59]. Cxcl9, Cxcl10, and Cxcl11 are a family of interferon
gamma-induced chemoattractant proteins stimulatory for the recruitment of monocytes, dendritic
cells, and T cells to tissue. The induction of such responses is known to facilitate the inception of
Type 2 sensitization [60]. Moreover, we found a significant increase in serum IL-33 protein levels after
BPA exposure only. Such systemic action of BPA reported by us and others is consistent with the
concept of a para-inflammatory response [61], which is likely mediated by its systemic interference
with estrogen homeostatic signaling. Para-inflammation is a tissue adaptive response to persistent
stress (distinct from direct injury and infection) to restore tissue functionality and homeostasis. It is
thought to underlie the chronic inflammatory conditions associated with modern human diseases [62].
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In our mouse experiments, such a systemically induced para-inflammatory state was sufficient to
promote spontaneous, adjuvant-free sensitization as well as development of allergic inflammation.
Although several previous studies examined the effect of oral and/or intratracheal BPA exposure on
allergic responses in juvenile and adult mice, BPA was reported only as an exacerbating or aggravating
factor in the development of allergic airway inflammation [37-40]. However, they parallel our results
by showing the inflammatory-inducing potential of BPA in vivo via different exposure routes and the
lack of necessity for standard adjuvants in these models. Our study, using a tolerogenic exposure
protocol to low doses of highly purified OVA antigen, confirms that the ingestion of BPA is not
only aggravating but is a sufficient factor to facilitate allergic sensitization. Thus, we would like to
bring to attention that BPA may play an upstream role in sensitization via its ability to promote a
para-inflammatory state, which warrants further mechanistic investigation. It is likely that multiple
xenoestrogens, as well as other natural and systemic chemicals in our food supply, are capable of
inducing similar systemic effects, possibly at different concentration ranges or exposure durations.
Our study used bisphenol A as a prototypical xenoestrogen to emphasize the systemic inflammatory
potential of endogenous endocrine dysregulation and suggest its potentially critical upstream role in
promoting allergic responses.

5. Conclusions

The Endocrine disruption potential of BPA stems from its potential to interfere with epithelial
homeostatic signals regulated by estrogen. We show that BPA exposure interferes with epithelial
proliferation and triggers innate inflammatory responses from epithelial cells in vitro and systemically
invivo. Such systemic para-inflammatory response would present fertile ground for allergic
sensitization, which we indeed observed in our brief study. Further mechanistic studies are needed to
test conclusively whether endocrine disruption may play an upstream role in allergic sensitization via
induction of a para-inflammatory state.
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Abstract: The prevalence of obesity in asthmatic children is high and is associated with worse clinical
outcomes. We have previously reported that weight loss leads to improvements in lung function
and asthma control in obese asthmatic children. The objectives of this secondary analysis were to
examine: (1) changes in diet quality and (2) associations between the baseline subject characteristics
and the degree of weight loss following the intervention. Twenty-eight obese asthmatic children, aged
8-17 years, completed a 10-week diet-induced weight loss intervention. Dietary intake, nutritional
biomarkers, anthropometry, lung function, asthma control, and clinical outcomes were analysed
before and after the intervention. Following the intervention, the body mass index (BMI) z-score
decreased (A = 0.18 + 0.04; p < 0.001), %energy from protein increased (A = 4.3 + 0.9%; p = 0.002),
and sugar intake decreased (A = 23.2 + 9.3 g; p= 0.025). Baseline lung function and physical activity
level were inversely associated with A% fat mass. The ABMI z-score was negatively associated
with physical activity duration at baseline. Dietary intervention is effective in achieving acute
weight loss in obese asthmatic children, with significant improvements in diet quality and body
composition. Lower lung function and physical engagement at baseline were associated with lesser
weight loss, highlighting that subjects with these attributes may require greater support to achieve
weight loss goals.

Keywords: weight loss; asthma; children; diet; nutritional biomarkers

1. Introduction

Over the past few decades, the prevalence of both obesity and asthma has increased significantly
worldwide in children [1]. Asthma is the most common chronic childhood disease and was estimated
in 2007-2008 to affect 10.4% of children aged 0-15 years in Australia [2,3]. Obesity is a worldwide
epidemic, with a study of 188 countries reporting 23.8% of boys and 22.6% of girls aged 2-19 years are
overweight or obese in developed countries [4]. Australian data from 20142015 found that 27% of
children aged 5-14 years were overweight and an additional 7% were obese [5].

Childhood obesity has been identified as a strong predictor of obesity in adulthood, with 6.4%
of males and 12.6% of females carrying obesity from childhood to adulthood [6]. Of concern are
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a myriad of obesity-related respiratory problems and, in adults, these include mechanical lung
compression, resistance to steroid treatment, increased systemic inflammation, and altered airway
inflammation [7-10]. In children, excess weight is associated with poorer asthma control, increased
risk of exacerbations, reduced effectiveness of steroids, and decreased static lung function, implicating
the need for obesity management in paediatrics [10-12]. Therefore, addressing obesity in children with
asthma is of high importance, not only to improve short-term health, but also long-term health.

To date, few weight loss studies utilising a dietary intervention alone have been conducted in
obese children with asthma. The present study is a secondary analysis of a trial by Jensen et al. [13],
a randomised controlled trial of a short-term dietary intervention in obese asthmatic children, which
achieved improvements in lung function and asthma control as a result of an average weight loss
of 3.4 kg. Subsequently, there have been three weight loss studies undertaken in asthmatic children
that have demonstrated improvements in asthma control and severity, quality of life, static lung
function, and fewer acute asthma exacerbations and nocturnal symptoms following weight loss of
2.6-13% [13-16]. Considering the reported benefits of weight loss in childhood asthma, studies
examining the various strategies used are warranted.

Therefore, the aims of the current study were: (1) To examine changes in diet quality in obese
asthmatic children during a weight loss intervention, and (2) To examine the association between the
baseline subject characteristics and degree of weight loss following the intervention.

2. Materials and Methods

2.1. Study Design

This is a secondary analysis of a group of obese children with physician-diagnosed asthma
who participated in a 10-week dietary intervention trial, which has been previously described [13].
Briefly, obese children (body mass index (BMI) z-score > 1.64 standard deviation score (SDS)), aged
between 8-17 years, with stable asthma (defined as no exacerbation, respiratory tract infection, oral
corticosteroid use, or change in asthma medications in the past 4 weeks) were recruited from the
John Hunter Children’s Hospital (JHCH) outpatient clinics, local medical centres, and the general
community in Newcastle, Australia. Exclusion criteria for this study included: unexplained weight
change during the past 3 months, inflammatory or endocrine disorders, and respiratory disorders
other than asthma. Participants were randomised to either the dietary intervention group (DIG) or the
wait-list control group (WLC), who received the same intervention as the DIG group after an initial 10
week waiting period. As the degree of weight loss was similar in the DIG and WLC groups, these
were combined for this secondary analysis. Participant approval and guardian consent were acquired
prior to enrolment. The study was registered with the Australian New Zealand Clinical Trials Registry
(ACTRN12610000955011) and was approved by the Hunter New England and University of Newcastle
Human Research Ethics Committees (09/05/20/5.08).

2.2. Intervention

The 10-week dietary intervention pursued a 2000-kilojoule/day (K]J/day) energy reduction from
individually calculated age- and gender-appropriate energy requirements (Schofield equation to
estimate basal metabolic rate using activity factor of 1.55) [17]. Participants attended face-to-face
counselling sessions with an Accredited Practising Dietitian in weeks 0, 1, 2, 4, 6, 8, and 10 with
telephone contact in alternate weeks. Counselling sessions involved theoretical and practical education
on food selection as well as appropriate serving sizes to optimize macronutrient and micronutrient
intakes within an energy-restricted diet, identification and resolution of barriers to dietary change, and
goal-setting. Materials included individually adapted meal plans and a commercial calorie counter.
Meal plans routinely encouraged participants to increase intake of wholegrain breads and cereals, fruit
and vegetables, and low-fat dairy products and lean meats. Additionally, intake of foods high in excess
energy, fat, sugar, and salt such as chips, pizza, sausage rolls, cakes, soft drinks, and fried foods such as
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chicken nuggets and hot chips, were discouraged. Participants and their guardians were instructed to
self-monitor energy intake using a food diary throughout the study period.

2.3. Clinical Assessment

At baseline and post-intervention, participants attended John Hunter Children’s Hospital after
an overnight fast (>12 h) and withholding antihistamines and asthma medications (>24 h). Baseline
clinical asthma pattern (Global Initiative for Asthma (GINA) guidelines) and atopy (skin prick
test) were assessed as described previously [18]. The following data were assessed at baseline and
post-intervention: asthma control (Juniper Asthma Control Questionnaire (ACQ)), quality of life
(Paediatric Asthma Quality of Life Questionnaire (standardized) (PAQLQ(s))), dynamic and static lung
function via spirometry (Windows KoKo PFT System Version 4.9 2005, PDS Inc., Louisville, KY, USA),
and plethysmography (MedGraphics Elite Series Plethysmograph, St. Paul, MN, USA; Breeze Suite
6.4.1.14 Version 510 2008, MedGraphics Corp., St. Paul, MN, USA) [19,20]. Forced expiratory volume
in one second (FEV1), forced vital capacity (FVC), and expiratory reserve volume (ERV) values were
expressed as a percentage of the predicted values [21,22].

2.4. Anthropometry

Height and weight were measured at baseline and post-intervention using 150 kg max scales
(EB8271 NuWeigh, Newcastle Weighing Services, Newcastle, NSW, Australia) and a 2 m wall-suspended
measuring tape with wall stop (Surgical and Medical Supplies Pty Ltd., Rose Park, SA, Australia).
Waist circumference measurement was collected using a tape measure (Lufkin Executive Thin line
2 m W606 PM tape measure). BMI was calculated (weight (kg)/height (m?)) and converted to BMI
z-scores [23]. Body composition, including total body fat and lean mass, was measured as a percentage
(%) of total body weight by dual energy X-ray absorptiometry (DEXA) (GE Lunar Prodigy, Medtel,
Madison, WI, USA; GE Healthcare encore 2007 software Version 11.40.004, Madison, WI, USA) at
baseline and post-intervention.

2.5. Diet Quality

2.5.1. Dietary Intake

Dietary intake was estimated pre- and post- intervention using a 4-day food record completed by
participants using household measures. Records were analysed using the AUSNUT 2010 database
available on nutrient analysis software Foodworks (Foodworks version 7.0.3016, Xyris Software,
Brisbane, QLD, Australia) to quantify macronutrient and micronutrient intake. Nutrient intake was
compared to the age and gender specific Nutrient Reference Values (NRVs) for Australians [24].

2.5.2. Nutritional Biomarkers

Plasma Carotenoid and Tocopherol Analysis

High performance liquid chromatography (HPLC) methodology was used to determine
[-carotene, lycopene, x-carotene, 3-cryptoxanthin, lutein/zeaxanthin, x-tocopherol, and y-tocopherol
concentrations in plasma, as described previously [25,26].

Plasma and Red Blood Cell Fatty Acid Analysis

Gas chromatography (GC) was used to determine red blood cell (RBC) fatty acid (FA) proportions
and plasma FA concentrations of saturated fatty acids (SFA), polyunsaturated fatty acids (PUFA),
monounsaturated fatty acids (MUFA), and omega 3 and 6. RBC membrane and plasma FAs were
methylated, and the total FAs were determined using the validated method established by Lepage and
Roy as described previously [27,28].
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2.6. Physical Activity

Baseline physical activity measurements, including the amount of exercise (duration) undertaken
and the intensity of physical activity as measured by metabolic equivalent (METs) for subjects,
was obtained via the Adolescent Physical Activity and Recall Questionnaire (APARQ).

2.7. Statistical Analysis

Data are presented as mean (standard deviation, SD), median (interquartile range, IQR),
or proportion (n, (%)). Continuous data were assessed using a paired mean-comparison f-test
or Wilcoxon sign-rank test for within-group comparisons. Correlation analysis was conducted using
Pearson’s correlation coefficient or Spearman’s Rank correlation coefficient to identify variables that
correlated with weight loss, indicated by change in (A) BMI z-score and %fat mass. Results were
considered statistically significant at p < 0.05. Statistical analysis was performed using Statistical
Software for the Social Sciences Version 24.0 (SPSS Release 24.0; IBM Corp., Armonk, NY, USA).
No adjustments were made for multiple testing.

3. Results

3.1. Participant Characteristics

Baseline characteristics for the 28 participants are presented in Table 1. Participants were
predominantly mild asthmatics, with normal lung function between 80-120% predicted values.
Baseline characteristics revealed that participants were predominantly male and atopic.

Table 1. Subject characteristics at baseline.

Characteristics Baseline
Subjects; n 28
Gender (%females) 11 (39.3)
Age (years) 121+23
Height (cm) 156.6 + 12.2
Weight (kg) 733 +£3.9
BMI z-score 21+0.3
Waist Circumference (cm) 98.1 +10.6
Total body fat mass (%) 45.1+6.8
Total lean mass (%) 533+ 6.4
ACQ score 1.0(04,1.4)
PAQLQ score 6.1(5.2,6.5)
FEV1 %predicted 928 +24
FVC %predicted 100.5 (93.7, 108.4)
FEV1/FVC % 94.2 (88.1,96.5)
ERV %predicted 94.6 (66.2, 147.9)
Atopic; n (%) 19 (67.9)
Metabolic Equivalent (METs) 5.2(3.9,5.8)
Activity Duration (mins) 436.3 (285.0, 702.5)
Short-acting Beta-antagonist; n (%) 24 (84.7)
Inhaled Corticosteroid; n (%) 10 (35.7)

Data are presented as mean + SD or median (interquartile range, IQR) unless stated. BMI z-score: Body Mass Index
z-score; ACQ: Asthma Control Questionnaire; PAQLQ: Paediatric Asthma Quality of Life Questionnaire; FEV1: Forced
Expiratory Volume in 1s; FVC: Forced Vital Capacity; ERV1: Expiratory Reserve Volume; METs: Metabolic Equivalent
of Task; SABA: Short acting 3-agonist; ICS: Inhaled Corticosteroids.
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3.2. Changes Following The Intervention

3.2.1. Lung Function and Medication Use

No significant change in lung function or medication use were observed following the
intervention [13].

3.2.2. Anthropometric and Body Composition

Complete pre- and post-intervention anthropometric and body composition data were available
for 27 participants. Following the intervention, a significant reduction in various anthropometric and
body composition measurements (p-value < 0.001) were observed. Furthermore, a significant increase
in lean mass (1.9%) was observed following the intervention (Table 2).

Table 2. Change in anthropometric variables in obese asthmatic children following a 10-week
dietary intervention.

Anthropometry and Body Composition  Pre-Intervention Post-Intervention  p-Value

Weight (kg) 73.3 +£20.71 70.8 £19.35 0.001

BMI z-score 2.13 £0.30 1.95 +0.31 <0.001

Waist circumference (cm) 98.1 £9.72 94.4 +9.05 <0.001
Total body fat mass (%) 451 +6.74 429 +7.38 <0.001
Lean mass (%) 53.1+6.3 55.0+7.2 <0.001

Data are presented as mean + SD or median (QR) unless stated.

3.2.3. Diet Quality

Dietary Change

Complete pre- and post-intervention diet quality data were available for 16 participants.
A significant increase in mean % energy derived from protein (16.2 + 3.1 versus 20.5 + 3.7, p < 0.001)
and a significant decrease in absolute sugar intake (g) (115.3 + 34.6 versus 92.2 + 29.4, p = 0.025) were
detected post intervention (Figure 1). A trend towards decreased intake of energy and % energy from
fat was observed (Table 3). At baseline, the mean intake of fibre, Vitamin A, potassium, and calcium
were below age and gender specific recommendations. Post-intervention, the mean intake of fibre,
Vitamin A, potassium, and calcium intake remained inadequate. The intake of saturated fat as % total
fat intake was relatively high, approximately 38%, and remained unchanged post-intervention.

Bl Pre-intervention
mm Post-intervention

(%)

L
2
o
%

Figure 1. The % Energy intake from carbohydrate, protein, and fat as well as absolute sugar intake (g)
pre- and post-intervention. * p < 0.05 for pre- versus post-intervention values.
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Nutritional Biomarkers

No significant change in plasma carotenoid and tocopherol concentrations was detected following
the intervention (Table 4). No significant differences in total red blood cell membrane fatty acids or
individual fatty acids was seen in participants following the intervention (Table 5).

Table 4. Change in plasma carotenoids and tocopherols in obese asthmatic children following a 10-week

dietary intervention.

Nutritional Biomarker Pre-Intervention Post-Intervention p-Value

Carotenoids (mg/mL)

Lutein 171.0 (152.5, 250.8) 207.5 (138.5, 268.8) 0.349

B-Cryptoxanthin 220.5 (78.0, 543.0) 254.5 (146.8, 346.8) 0.896

Lycopene 64.5 (42.3,168.5) 53.0 (36.3,97.5) 0.653

a-carotene 21.0 (0.00, 35.3) 21.0 (10.8, 31.8) 0.463

{-carotene 311.0 (114.0, 568.8) 304.5 (114.0, 711.8) 0.352

Total Carotenoids 995.5 (528.5, 1504.3) 946.0 (494.3, 1494.3) 0.472
Tocopherols (mg/mL)

y-tocopherol 1.56 (0.93, 2.26) 1.95 (1.18, 2.41) 0.396

«-tocopherol 19.17 +2.41 23.56 +2.82 0.157

Total Tocopherols 20.88 (9.69, 29.46) 26.22 (18.23,29.28) 0.157

Data are presented as mean + SD or median [IQR] unless stated.

Table 5. Change in red blood cell membrane fatty acids in obese asthmatic children following a 10-week

dietary intervention.

Nutritional Biomarker Pre-Intervention Post-Intervention p-Value
SFA % 44.0 (43.8,45.3) 43.9 (43.8,45.2) 0.326
PUFA % 38016 379+ 1.1 0.366
MUFA % 17.6 £ 0.8 17.9 £ 0.7 0.205
Omega 3 % 54(4.0,7.2) 6.7 (5.0,7.7) 0.281
Omega 6 % 43.9 (36.8,49.0) 42.0 (37.0,47.6) 0.379

Data are presented as mean + SD or median (IQR) unless stated.

3.3. Correlations

The A% fat mass was negatively associated with baseline % predicted FEV1 (r = —0.429, p = 0.026)
(Figure 2 a) and baseline METs (r = —0.454, p = 0.023) (Figure 2b). Baseline duration of physical activity
(mins/week) was negatively associated with ABMI z-score (r = —0.445, p = 0.023) (Figure 3).

101

%Fat change

-104

%Fat change

20 : — -20 : : ; ,
60 80 100 120 0 2 4 6 8
Baseline %predicted FEV1 Baseline METs
r=-0.429,p =0.026 r=-0.440,p =0.036
(a) (b)

Figure 2. (a) Correlation between % fat mass change and baseline %predicted forced expiratory volume
in1s (FEVy) (r = =0.429, p = 0.026). (b) Correlation between % fat mass change and baseline Metabolic

Equivalents (METs) (r = —0.440, p = 0.036).
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BMI z-score Change
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Baseline Exercise Duration
(mins/week) r = -0.430, p = 0.036

Figure 3. Correlations between BMI z-score change and baseline physical activity duration (mins/week)
(r =—-0.430, p = 0.036).

4. Discussion

In this secondary analysis of a cohort of obese asthmatic children who participated in a 10-week
diet-induced weight loss intervention, we evaluated diet quality, which was assessed by dietary intake
and key nutritional biomarkers, and examined the association between baseline subject characteristics
with degree of weight loss following the intervention [13]. Following the intervention, improvements
in diet quality were observed, notably a significant increase in protein intake and a significant decrease
in sugar consumption. No significant changes in micronutrient intake, plasma carotenoids, or fatty
acids were observed. Interestingly, children who had better baseline lung function (%predicted FEV1),
or who undertook higher intensity physical activity at baseline, had a greater loss of % body fat.
Additionally, children who engaged in a longer duration of physical activity at baseline had a greater
decrease in BMI z-score.

The dietary intervention was successful in inducing acute weight loss in this group of obese
asthmatic children, with a mean 3.4% weight loss and a 0.18 SDS reduction in the BMI z-score over
10 weeks. This is comparable to previous work reporting a 2.6% weight loss and a 0.2 SDS reduction
in the BMI z-score in overweight/obese asthmatic children who undertook a dietary intervention
over 6 weeks [15]. Of recent weight loss studies in non-asthmatic children that included a dietary
component, BMI z-score reductions of 0.1-0.4 have been reported in interventions conducted over
longer periods of time, lasting 4-9 months, whilst other studies found no significant change in BMI
z-score [29,30]. Our results also show a significant decrease in the mean waist circumference of 3.7 cm
compared to a 6 cm reduction in waist circumference in non-asthmatic overweight children involved
in a multi-faceted lifestyle intervention conducted over a much longer 6-month period by Reinehr et
al. [31]. Lastly, significant reductions in fat mass were also observed in our study, with a mean fat loss
of 2.2% and significant reductions in segmental fat. A multicomponent lifestyle intervention study by
da Silva et al. in asthmatic adolescents also reported significant fat loss with a reduction of 6%, albeit
over a longer period of 6 months [14]. The lean mass of participants in our study significantly increased
by 1.9% compared to a non-significant improvement in lean mass between control and intervention
groups following the 6-month intervention carried out by Reinehr et al. [31]. This is a notable finding
in the absence of a structured exercise component. Improvement seen in lean mass may have been
attributable to the main dietary findings of increased protein and decreased sugar intake following the
intervention. Therefore, the study outcomes suggest the efficacy of this short-term dietary intervention
in reducing weight loss, BMI z-score, waist circumference, and fat mass in obese asthmatic children.

Participants had a significant increase of 4.3% in energy derived from protein and a 20% reduction
in absolute sugar intake. Additionally, a trend of decreased % energy from total fat (-3.1%) was
observed; however, this did not reach statistical significance. The observed dietary changes as a result of
the intervention are likely attributable to the nutrition strategies employed in the intervention, such as
meal plans and portion size education, which discouraged large intakes of foods high in excess energy,
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fat, sugar, and salt. Similarly, studies by Davis et al. [32,33] in non-asthmatic overweight adolescent
females that focused on inducing weight loss through energy restriction achieved significant decreases in
sugar intake and trended towards increased % energy intake from protein, mainly achieved by reducing
the intake of processed foods. Therefore, our data demonstrate that an intervention spanning 10 weeks
can induce important dietary changes; however, it is unknown if these changes can be maintained long
term, and longer-term studies in this population are warranted. Additionally, the use of electronic
data collection, such as a mobile phone application to record dietary intake, may reduce the burden of
completing a 4-day record and increase compliance, particularly in this age group [34,35].

Dietary records revealed that baseline consumption of various micronutrients: vitamin A, fibre,
calcium, and potassium, was inadequate when compared to the NRVs, and remained inadequate
following the intervention. Interestingly, when compared to the 2011-2012 Australian health survey,
inadequate intakes of calcium and Vitamin A were common in the average Australian child [36].
Approximately 70% of males and 87% of females aged 12-18 years were reported to have inadequate
intakes of calcium [36]. Inadequate intake of vitamin A was seen in 33% of males and 27% of females
aged 14-18 years [36]. Adequate intakes of these nutrients are particularly important in children for a
range of essential body functions such as the use of Vitamin A to promote normal vision and a strong
immunity to infectious disease, fibre to promote good bowel health, and calcium to support adequate
growth and development. Therefore, it is concerning that intakes of these nutrients within this cohort
are inadequate [24]. The study intervention did not specifically target these micronutrients; the focus
was on dietary energy reduction and improving overall diet quality. Furthermore, the relatively short
time frame of the intervention limited the amount of dietary change achievable. Studies inducing
sustained increased intakes of fruit and vegetables in children have been conducted over 6-12 months,
indicating that improving micronutrient intakes is possible in studies of longer duration [37,38].
Notably, intake of saturated fatty acids remained relatively high (38% of total fat intake) pre- and
post-intervention. In dietary interventions of longer duration, this may be an important area to
target as high saturated fat intake is associated with increased risk of cardiovascular disease [39,40].
Interestingly, vitamin E intake reduced following the intervention. A large number of polyunsaturated
oils and processed foods are fortified with or contain vitamin E; therefore, a decreased intake of these
foods as a result of dietary strategies may explain a decrease in the dietary intake of vitamin E [41].

Significant changes in plasma carotenoids, tocopherols, and fatty acid biomarkers were not
detected following the 10-week weight loss intervention, despite improvements in dietary intake.
To our knowledge, this is the first study in children with asthma that was conducted to examine the
change in nutritional biomarkers following a weight loss intervention. Findings from nutritional
biomarker analysis are consistent with the findings from 4-day food records, indicating that fruit,
vegetable, and fat intake of participants did not significantly change as a result of the dietary
intervention in this small sample. Future studies including longer dietary interventions, to promote
micronutrient improvements as well as energy restrictions, are required in obese asthmatic children.
Adequate nutrient intake in childhood, including fibre and vitamins A and E, is not only essential for
optimal growth and development, but could also potentially provide beneficial anti-inflammatory and
antioxidant effects in the asthmatic population [42—-44].

An investigation of the baseline characteristics that were associated with the degree of weight loss
in our study found that children who presented with better lung function at baseline achieved greater
fatloss. This opposes results from a dietary intervention trial in obese asthmatic adults, whereby having
poorer lung function was a positive predictor of weight loss [45]. Our results, which suggest that
poorer asthma status is a barrier to lifestyle change in children, may be due to factors such as exercise
avoidance and increased corticosteroid use in children with more severe disease [46,47]. Indeed, we
found that more intense physical activity at baseline (METs) was correlated with greater % fat loss, and
longer participation in physical activity at baseline was correlated with a greater reduction in the BMI
z-score. Our data suggest that those with better lung function or physical engagement would be a
good target for future interventions as they are more likely to achieve weight loss goals. In contrast,
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these findings suggest that children who do not have these attributes experience a barrier to weight
loss and may benefit from a different type of intervention. Such an intervention may require extra
assistance to achieve weight loss goals through asthma education on approaches to exercising safely.

There are a few limitations that should be acknowledged. Firstly, the small sample size potentially
limited our ability to detect significant changes in some outcomes; nonetheless, we had adequate
power to detect key changes in weight status and diet quality, which provided novel and important
data to stimulate research in this area of childhood obesity and asthma. Secondly, we do not have
follow up data on participants; therefore, long-term diet quality, weight loss, or maintenance could
not be examined. Lastly, due to a low response rate, analysis of 4-day food records was limited and
reporting bias may have affected results. However, the assessment of diet quality was strengthened by
the use of gold standard objective measurement tools such as high performance liquid chromatography
and gas chromatography to analyse nutritional biomarkers in the majority of subjects.

Analysis of diet quality revealed that a short term, diet-induced weight loss intervention was
successful in reducing overall energy intake and intake of sugary foods; however, dietary data and
nutritional biomarker analysis indicated no change in fruit and vegetable or fatty acid intake, perhaps
due to a delay in the adoption of these positive practices. The study indicated that partaking in more
regular or intense exercise at baseline was correlated with greater weight loss success, whilst those
children with poorer lung function at baseline achieved less weight loss, so may require greater support
to achieve their weight loss goals. The findings from this study support the need for future larger trials
to further investigate the efficacy of weight loss interventions in obese asthmatic children. Future
trials should include a longer intervention period to allow the implementation and adoption of more
comprehensive dietary strategies targeting a reduction in dietary energy and improvements in diet
quality, including an increase in fruit and vegetable intake and a reduction in saturated fatty acid
intake. Importantly, this study has highlighted subgroups of obese asthmatic children, specifically
those with low lung function or low physical activity levels, that may require additional support in
order to succeed in weight loss interventions.
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Abstract: It was previously demonstrated that non-allergen-sensitized rodents born to mothers
exposed to a high-fat diet (HFD) spontaneously develop lower respiratory compliance and higher
respiratory resistance. In the present study, we sought to determine if mice born to mothers
consuming HFD would exhibit changes in inflammatory response and lung remodeling when
subjected to ovalbumin (OVA) sensitization/challenge in adult life. Mice born to dams consuming
either HFD or standard chow had increased bronchoalveolar lavage (BAL) levels of IL-1§3, IL-4, IL-5,
IL-10, IL-13, TNF-« and TGF-B1 after challenge with OVA. IL-4, IL-13, TNF-o and TGF-31 levels
were further increased in the offspring of HFD-fed mothers. Mice born to obese dams also had
exacerbated values of leukocyte infiltration in lung parenchyma, eosinophil and neutrophil counts
in BAL, mucus overproduction and collagen deposition. The programming induced by maternal
obesity was accompanied by increased expression of miR-155 in peripheral-blood mononuclear
cells and reduced miR-133b in trachea and lung tissue in adult life. Altogether, the present data
support the unprecedented notion that the progeny of obese mice display exacerbated responses
to sensitization/challenge with OVA, leading to the intensification of the morphological changes
of lung remodeling. Such changes are likely to result from long-lasting changes in miR-155 and
miR-133b expression.

Keywords: obesity; pregnancy; allergic airway disease; offspring; high fat diet

1. Introduction

The global prevalence of allergic asthma has continuously increased since the last decade of the
20th century [1]. From a clinical perspective, distinct types of asthma are commonly hallmarked
by chronic airway inflammation, remodeling of the airway wall and airway hyperresponsiveness.
The inflammatory response of allergic asthma is classically recognized as a predominantly T2
activation that leads to IgE production and eosinophil development and infiltration in the lung
parenchyma. Such features are granted by Ty2 cytokines such as interleukin (IL)-4 and IL-5 [2].
IL-13 has also been shown to play a role in airways hyperresponsiveness, mucous secretion and
eosinophil recruitment [3-5]. More recent is the notion that exacerbation of allergic asthma is also
supported by lung neutrophil accumulation, increased production of acute phase proteins, such as
the proinflammatory cytokines tumor necrosis factor-« (TNF-«) and IL-1f3, and activation of nuclear
factor-«B (NF-kB) [6,7].
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Along with the history of exposure to the allergen, the incidence of asthma has other determinants.
Prospective cohort studies have revealed that increased body mass index (BMI) is significantly related
to the risk of asthma in adults [8,9]. A causal relationship between asthma and obesity has been further
demonstrated by the improvement of pulmonary function in asthmatic obese patients subjected to
weight loss [10]. Obese asthmatic patients have also been described to display exacerbated eosinophilic
activation compared to their non-obese counterparts [11]. Accordingly, mice rendered obese by the
consumption of a high-fat diet (HFD) and subjected to the model of sensitization and challenge with
ovalbumin (OVA) display increased lung eosinophil infiltration and elevated production of both T2
cytokines and acute phase proteins such as IL-6, TNF-a and IL-1f [12-15].

The impacts of obesity on the intensity and frequency of asthma also have a transgenerational
aspect. Human studies have shown that maternal obesity during pregnancy and increased gestational
weight gain were positively associated with the risk of childhood asthma [16,17]. In accordance
with those findings, it was also described that non-allergen-sensitized mice and rats born to mothers
exposed to HFD during pregnancy and lactation spontaneously develop lower respiratory system
compliance and higher respiratory system resistance [18,19]. Similar data were found in adult
non-allergen-sensitized offspring of mice breastfed by dams consuming HFD [20].

The current study was conducted to evaluate if maternal obesity also affects the inflammatory
response in offspring subjected to a model of allergic airway disease. We investigated multiple aspects
of eosinophilic inflammation and lung remodeling after sensitization and challenge with OVA in the
offspring of mice born to mothers fed HFD. The expression of intracellular signaling proteins and
miRNAs associated with the inflammatory response were also evaluated as candidate mechanisms for
immune programming.

2. Materials and Methods

2.1. Animals and Experimental Design

Four-week-old female C57BL/6] mice were obtained from the Animal Breeding Center at the
University of Campinas (CEMIB, Campinas, Sao Paulo, Brazil) and were housed at 22 + 2 °C under a
12:12 hours light:dark cycle (lights on at 7:00 a.m.) with free access to standard chow (SC) and water
for 2 weeks. Two weeks later, female mice were either kept on SC or offered a HFD ad libitum with
22.36 k]-g‘1 (60% fat, 15% protein, 25% carbohydrates). Six weeks later, both SC- and HFD-fed mice
were mated (housing one male with two females for 3 days). The same diet offered before mating was
kept for both groups throughout pregnancy and lactation. The number of pups was adjusted to 5-6 per
litter no later than 24 h after delivery. Twenty-one days after delivery, the male offspring of SC- and
HFD-fed dams were weaned to the SC diet (originating SC offspring and HFD offspring, respectively).

We used two independent cohorts of pregnant mice in this study. In the first cohort, we generated
six litters from HFD-fed mice and six litters of SC-fed mice. Two male littermates per litter belonging
to the progenies of both SC- and HFD-fed mothers were sensitized with OVA (cat. no. A5503;
Sigma-Aldrich Co; St Louis, MO, USA) by reaching 6 weeks of age. Sensitization consisted of one (i.p.)
injection with OVA (30 ug of OVA plus 0.9 mg Al(OH); diluted in 400 uL of 0.9% NaCl) followed by
two additional injections performed 7 and 11 days after the first injection. Three days after the last i.p.
injection, one sensitized mouse from each litter was challenged with intranasal installations containing
OVA (10 pg/40 uL) (two instillations per day for two consecutive days). Sensitized/challenged mice
were thereafter identified as SC/OVA or HFD/OVA. The remaining sensitized littermates were kept
unchallenged and received intranasal installations containing vehicle only. These mice were thereafter
identified as SC/SHAM or HFD/SHAM. The results showing four different groups were therefore
obtained with the mice of the first cohort.

The second cohort was consisted with 12 pregnant HFD-fed mice and 12 pregnant SC-fed mice.
One mouse of each litter was allocated in the SC/OVA or in the HFD/OVA subgroup. The remaining
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littermates were discarded. Therefore, the results showing two different groups were obtained with
the mice of the second cohort.

The same weight balance was used throughout the experiments to assess body mass of the dams
and of the offspring.

All the experiments were performed 48 h after the beginning of the intranasal challenge, and the
procedures were approved by the State University of Campinas Committee for Ethics in Animal
Experimentation (protocol no. 3875-1) and were conducted in accordance with the guidelines of the
Brazilian College for Animal Experimentation.

2.2. Bronchoalveolar Lavage (BAL) Sampling

The mice were euthanized with sodium thiopental (80 mg/kg), and the trachea was exposed and
subsequently cannulated with a polyethylene catheter. The lungs were washed with three flushes
containing 500 uL of 0.9% NaCl solution. The volumes were recovered together to produce one BAL
sample of approximately 1.5 mL. BAL samples were centrifuged for 10 min at 4 °C (500x g) and
the supernatants were collected and stored at —80 °C for cytokine determination. The pellets were
resuspended in 1.5 mL of 0.9% NaCl solution and used either for flow cytometry or for staining and
differential counting of leukocytes as previously described [12].

2.3. Flow Cytometry

Aliquots containing 200 uL of BAL samples were centrifuged, and the pellets were suspended in
staining buffer (SB) (cat. #554656, BD Biosciences, San Jose, CA, USA) and incubated with Alexa Fluor
647-conjugated anti-mouse CCR3 (cat. #557974; BD Biosciences, San Jose, CA, USA) (0.4 ug per 200 uL)
and PE-conjugated anti-mouse VLA4 (cat. #557420; BD Biosciences, San Jose, CA, USA) (0.36 ug per
200 pL) for 20 min at 4 °C. After incubation, the samples were washed three times with SB and fixed
(cat. #554655; BD Biosciences, San Jose, CA, USA) for 20 min at RT. After fixation, cells were subjected
to an additional washing and reconstituted in SB to a final volume of 300 uL. Samples were added
with 50 pL of CountBright beads (54,000 beads/uL) (cat. #C36950; Life Technologies, Carlsbad, CA,
USA) for absolute cell counting and then analyzed in a BD FACSCalibur Cytometer (San Jose, CA,
USA). Final volume of every sample was 350 uL.

FSC and SSC parameters were acquired in linear scale, while fluorescent signals were acquired in
logarithmic scales. Two gates were placed in the FSC versus SSC dot plot. A gate excluding the beads
and encompassing the leukocytes was used to evaluate fluorescence (R1). A total of 10,000 events
were acquired in R1. The second gate placed in the FSC versus SSC dot plot encompassed the beads
population (R2). The absolute number of beads in R2 was used to calculate the volume of each sample
that was consumed by the cytometer (consumed volume).

In parallel, we assessed the fluorescent signal of the events acquired in R1 gate. Fluorescent
signals were placed in the dot plot of FL2-H (VLA4-positive cells) against FL4-H (CCR3-positive
cells). The fluorescence dot plots were divided into four quadrants and the events appearing in the
upper right quadrant were considered CCR3*/VLA4* events. The absolute number of CCR3*/VLA4*
events acquired in the consumed volume, the consumed volume and the final volume were used to
estimate the whole number CCR3*/VLA4" events in each sample. The fluorescent signal obtained
from samples stained with Alexa Fluor 647-conjugated (cat. #557690; BD Biosciences, San Jose, CA,
USA) and PE-conjugated (cat. #552784; BD Biosciences, San Jose, CA, USA) negative isotypes were
previously used to set unspecific fluorescence, and therefore, the dimensions of the lower left quadrant
in the fluorescence dot plots. All acquisitions, plots and analyses were obtained using the BD CellQuest
Pro software (San Jose, CA, USA).
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2.4. Cytokine and IgE Determinations

Cytokines were measured in the supernatants of BAL samples using commercially available
Enzyme-Linked Immunosorbent Assay (ELISA) kits. The kits for IL-4 (cat. #555232), IL-5 (cat. #555236)
and IL-10 (cat. #555252) were from BD Biosciences (San Jose, CA, USA), and the kits for IL-13 (cat.
#M1300CB), IL-1p (cat. #DY401), TNF-« (cat. #DY410) and transforming growth factor-31 (TGF-1)
(cat. #DY1679-05) were from R&D Systems (Minneapolis, MN, USA). IgE levels were determined
in plasma samples using ELISA Kkits (cat. 555248; BD Biosciences, San Jose, CA, USA). Leptin levels
were determined in plasma samples using EIA kit (EZML-82K; Merck Millipore, Billerica, MA, USA).
Triglycerides, glucose and cholesterol concentrations were determined in plasma samples using
colorimetric enzymatic assays (respectively, Cat. No. 1770290, 1770130 and 1770080; LaborLab,
Sao Paulo, Brazil).

2.5. Lung Histology and Immunohistochemistry

The inferior lobes of the right lungs were excised, immersed in 10% (wt/vol) formalin fixative
solution for 72 h and embedded in paraffin. Serial sections (5 um thick) were mounted onto
aminopropyltriethoxysilane-coated glass slides and sequentially processed for paraffin removal with
xylol followed by rehydration. Sections were subjected either to different staining protocols or to
immunohistochemical detection of phosphorylated NF-«B and tumor necrosis factor alpha-induced
protein 3 (TNFAPI3).

Staining with hematoxylin and eosin (H&E) was performed to assess leukocyte infiltrated area.
Two random pictures (20X magnification) from each section were analyzed (one random section per
animal). The fields were chosen to contain one or two bronchioles. The peribronchiolar leukocyte
infiltrated area was manually outlined and its value (excluding the bronchiolar lumen) in um? was
automatically determined with the Image]J software (http://imagej.nih.gov/ij). To estimate the area of
neutrophils and eosinophils within the leukocyte infiltrated area, we used the following approach.
The perimeters of the bronchioles were carefully examined using a light microscope equipped with 100x
objective lens for use with immersion oil (Nikon Eclipse E200; Nikon, Tokyo, Japan). The percentage
of eosinophil and neutrophils in the first layer of leukocytes adjacent to the bronchiolar epithelial
cells was estimated. Next, it was assumed that the eosinophil and neutrophil infiltrated areas were a
fraction of the leukocyte infiltrated area that were directly proportional to the percentage of eosinophil
and neutrophils found in the first layer of leukocytes adjacent to the bronchiolar epithelial cells.

The Masson’s trichrome protocol was performed to determine collagen accumulation. The presence
of blue-stained collagen fibers was visualized by optical microscopy under 20x magnification. Images
were acquired under 20x magnification using a Leica DM4500 B optical microscope coupled to a
digital camera (Leica Microsystems; Wetzlar, Germany) and analyzed with Image-Pro Plus software
(version 2.0, Media Cybernetics; Rockville, MD, USA). The blue-stained area with collagen fibers was
automatically detected by the software and expressed as the percentage of the tissue section area.
The tissue section area was calculated by the software and was defined as the picture area subtracted of
the bronchioles and vessels lumen area (empty bronchioles and vessels lumen area was automatically
outlined by the software).

The periodic acid-Schiff (PAS) method was performed to determine the mucus content in the
epithelial layer. The presence of purple-magenta stained mucus was visualized by optical microscopy
under 20X magnification. Images were acquired under 20x magnification using a Leica DM4500
B optical microscope coupled to a digital camera and analyzed with Image-Pro Plus software.
The purple-magenta stained area containing mucus was automatically detected by the software and
expressed as the percentage of the tissue section area. Calculations were performed as for collagen
stained area. Pictures of sections subjected to the PAS method were also used to determine the number
of globet cells around the bronchiole perimeter. To this end, the perimeters of the bronchioles were
carefully by applying a 2x digital zoom to the images. The number of globet cells (defined as cells
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containing unstained vacuoles) were manually counted around the bronchiole perimeter and expressed
as number of cells per 100 um.

Sections used for immunohistochemistry were washed with 0.05 M Tris buffered saline (TBS)
(pH 7.4) and then incubated with 0.1 M sodium citrate buffer containing 0.05% Tween-20 (pH 6.0)
for 24 min at 98 °C for antigen retrieval. Endogenous peroxidase activity was blocked with 0.3%
hydrogen peroxide followed by permeabilization with TBS containing 0.1% Tween-20 and 0.5%
bovine serum albumin (BSA) at room temperature. Primary antibodies against TNFAIP3 (cat. no.
bs-2803R-B; InsightTech; Woburn, MS, USA) or against phospho-NF-«B p65 (S536) (cat. no. ab86299;
Abcam; Cambridge, UK) were used at a final dilution of 1:200. Incubations were performed in TBS
containing 0.5% BSA overnight at 4 °C. Subsequently, sections were washed with TBS and incubated
with biotinylated mouse anti-rabbit IgG, avidin and biotinylated HRP (cat. no. SC-2018; St. Cruz
Biotechnology; St. Cruz, CA, USA) following the manufacturer’s instructions. These antibodies have
been previously tested in lung sections in parallel to primary omission controls. The area stained
for A20 or NF-«B was detected with 3,3’-diaminobenzidine (Sigma Chemical, St Louis, MO, USA)
solution. All slides were counterstained with hematoxylin and mounted for observation by microscopy.
Images were acquired under a final magnification of 20x using a Leica DM4500 B optical microscope
coupled to a digital camera and analyzed with Image-Pro Plus software. The brown-stained areas
present both in the sections stained with phospho-NF-«B p65 or in the sections stained with TNFAIP3
were automatically detected by the software and expressed as the percentage of the tissue section area.
The tissue section area was calculated by the software and was defined as the picture area subtracted of
the bronchioles and vessels lumen area (empty bronchioles and vessels lumen area was automatically
outlined by the software).

Two random pictures for each section (one random section per animal) were analyzed in order to
originate the data for collagen, mucus, TNFAIP3 and phospho-NF-«B p65 stained area. One bronchiole
per picture (two pictures per section, one section per animal) were analyzed to originate the data on
globet cell numbers.

2.6. RNA Extraction and mRNA and miRNA Detections

A fragment of lung weighing approximately 100 mg, a segment of the trachea and mononuclear
cells from whole blood and from spleen were immediately processed for total RNA extraction with
Qiazol following the manufacturer’s instructions. PBMCs were obtained from 1 mL of whole blood
using Ficoll-Paque PLUS (cat no. 17-1440-02; GE Life Sciences; Uppsala, Sweden) manufacturer’s
instructions. For SMCs, whole spleen cells were subjected to hemolysis followed by washing in
Dulbecco’s Minimum Essential Medium (DMEM). After washing, the remaining cells were subjected
to the Ficoll-Paque method for mononuclear separation exactly as for whole-blood samples.

RNA purity (260/280 and 260/230 ratios) and concentration were calculated using a NanoDrop
2000 spectrophotometer (Thermo Scientific, Waltham, MA, USA) and subjected to poly(A) tailing
and reverse transcription with an annealed adaptor (5'-GGCCACGCGTCGACTAGTAC(T)12-3')
as previously described [21]. PCRs were conducted using KAPA SYBR® FAST qPCR Master
Mix (Kapa Biosystems, Inc., Boston, MA, USA) in a StepOnePlus Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA), using adhesive-sealed plates. = The primer
sequences were as follows: miRNA antisense (universal): 5-GGCCACGCGTCGACTAGTAC-3’;
miR-133b (miR-133-3p) sense: 5'-TTTGGTCCCCTTCAACCAGCTA-3’; miR-155 (miR-155-5p)
sense: 5 -TTAATGCTAATTGTGATAGGGGT-3’; Rpl37a (NM_009084) sense: 5-GTACACTT
GCTCCTTCTGTGGC-3" and antisense: 5-AGGTGGTGTTGTAGGTCCAGG-3’; 114 (NM_021283)
sense: 5'-AGCAACGAAGAACACCACAGA-3’ and antisense: 5'-AAGCACCTTGGAAGCCC.
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TAC-3’; 115 (NM_010558) sense: 5-TCAAACTGTCCGTGGGGGTA-3’ and antisense: 5'-CTCG
CCACACTTCTCTTTTTGG-3’; 1110 (NM_010548) sense: 5-AGGCGCTGTCATCGATTTCTC-3’
and antisense: 5-CTCTTCACCTGCTCCACTGC-3’; 1113 (NM_008355) sense: 5-GGCCCCCA
CTACGGTCT-3’ and antisense: 5'-TCCTCATTAGAAGGGGCCGT-3'. miRNA primer sequences
were based on their respective seed sequences; mRNA primers were designed with GeneRunner
software. Specificity of the primers were checked by melting profiles and agarose gel electrophoresis of
the amplicons. The miRNA and mRNA expression values were normalized using the geometric mean
calculated from the reference gene Rpl37a. The fold changes were calculated via the 2724CT method.
Ct values of targets and reference genes were <35, and of the negative control (non-template reactions)
were >40.

2.7. Statistical Analysis

The results are presented as the mean + standard error of the mean (SEM). D’Agostino and Pearson
normality test was used to check for parametric distribution. Comparisons of data from different
offspring were made with two-way ANOVA considering (i) type of maternal diet (SC or HFD) and
(ii) exposure to challenge with OVA (challenged or unchallenged). Tukey’s multiple comparison test
was used as a post-test. Data from SC- and HFD-fed mothers or from parameters assessed exclusively
in challenged offspring were compared with Student’s f-test (for parametric distribution) or Mann
Whitney test (for non-parametric distribution). Pearson or Spearman correlations were used for
parametric or non-parametric data, respectively (GraphPad Prism, Version 8.0, San Diego, CA, USA).
Results with p values that were less than 0.05 were considered significant. The number of independent
measures (1) indicated throughout the text refers to animals from different progenies.

3. Results

3.1. Weight and Biochemical Characteristics of Mice Before Mating and Pregnancy Outcomes

We initially assessed biochemical and body weight parameters to demonstrate that our
experimental approach was efficient in inducing obesity and its metabolic consequences just before the
beginning of pregnancy. Mice fed either SC or HFD were evaluated one day before mating (except for
leptin level, which was assessed 21 days after delivery). Our data revealed that body weight, blood
glucose and serum triglycerides, cholesterol and leptin were increased in pregnant mice fed a HFD
(respectively, 24%, 33%, 38%, 49% and 611% higher than in SC-fed mice; p < 0.05) (Table 1).

Table 1. Body weight and biochemical characteristics of Standard chow (SC) and High Fat Diet (HFD)

fed dams.
SC Dams HFD Dams P
N 12 12 -
Body mass (g) 21.68 +1.24 27.03 + 3.89 ok
Triglycerides (mg/dL) 114.3 +27.4 158.1 + 36.6 **
Glucose (mg/dL) 128.8 +14.9 170.5 + 15.54 ok
Cholesterol (mg/dL) 941579 141.2 +32.9 wx
Leptin (ng/mL) 1.555 + 0.297 11.070 + 2.130 Hr
Number of pups per litter 6.1+1.6 5+1.9 nd

Body mass, blood glucose and serum triglycerides and cholesterol were assessed 1 day before mating. Serum leptin
was evaluated 21 days after delivery. The number of pups per litter was evaluated during the first 24 h after delivery.
Data are shown as mean + SEM. ** p < 0.01 versus SC dams; *** p < 0.001 versus SC dams; **** p < 0.0001 versus SC
dams. nd: Not detected.
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We found no differences between the numbers of siblings within the progenies born to SC- and
HFD-fed dams. The body weight of the offspring born to HFD-fed mice was reduced on the 3rd day
and at the end of the 3rd week of life (21% and 17%, respectively, lower than that of the offspring born
to SC-fed mice; p < 0.05). This difference in body weight was no longer detected at the end of the 8th
week of life. Serum triglyceride, cholesterol, leptin and blood glucose levels were also similar between
8-week-old offspring born to HFD- and SC-fed mice (Table 2).

Table 2. Body weight and biochemical characteristics of the offspring born to SC- and HFD-fed dams.

SC Offspring HFD Offspring P
N 8 8 -
Triglycerides (mg/dL) 82.02 +29.5 67.16 = 24.87 nd
Glucose (mg/dL) 150.4 + 24.29 142.4 +18.28 nd
Cholesterol (mg/dL) 78.36 + 12.24 67.07 +12.08 nd
Leptin (ng/mL) 0.588 + 0.162 0.587 + 0.064 nd
Body mass at the 3rd day of life (g) 317 +£0.14 2.52 +0.14 o
Body mass at the 21st day of life (g) 9.36 + 0.61 7.56 +0.19 *
Body mass at the 8th week of life (g) 26.13 +£2.34 24.38 +£0.73 nd

Blood glucose and serum triglycerides, cholesterol and leptin were assessed at the 8th week of life. Data are shown
as mean + SEM. * p < 0.05 versus SC offspring; ** p < 0.01 versus SC offspring. nd: Not detected.

3.2. Increased Eosinophil Accumulation in BAL of OVA-Challenged Mice born to HFD-Fed Mice

We conducted multiple measurements to assess if mice born to obese mothers would display
an exacerbation of eosinophilic infiltration in BAL and lung parenchyma. A scheme illustrating the
protocol for sensitization and challenge with OVA is shown in Figure 1a. Both SC/OVA and HFD/OVA
mice had more leukocytes in BAL compared to their unchallenged counterparts (respectively, 20- and
41-fold higher; p < 0.0001). However, the number of leukocytes in BAL of HFD/OVA was higher than
in that of SC/OVA (2.0-fold; p < 0.0001) (p < 0.0001 for interaction) (Figure 1b).

Differential counting revealed that eosinophils were only present in the BAL of SC/OVA and
HFD/OVA. As observed for total leukocytes, the number of eosinophils in the BAL of HFD/OVA was
higher than in that of SC/OVA (1.9-fold; p < 0.0001) (p < 0.0001 for interaction). Although a prevalence
of eosinophils was noted in both challenged groups, challenge with OVA also resulted in an increased
number of neutrophils exclusively in BAL of HFD/OVA (6.0-fold higher than in HFD/SHAM and
3.0-fold higher than in SC/OVA; p < 0.0001) (p = 0.0006 for interaction) (Figure 1c).

Changes in the number of eosinophils in BAL samples were also evaluated by flow cytometry
quantification of CCR3*/VLA4™ cells. In agreement with the results of the differential counting, the
flow cytometry experiments revealed that the number of CCR3"/VLA4™ cells was increased in BAL of
HFD/OVA (28% higher than in SC/OVA; p = 0.0048) (Figure 1d,e).

The exacerbation of leukocyte migration to BAL seen in HFD/OVA was paralleled by a more
pronounced accumulation of leukocytes in the lung parenchyma, as evidenced by H&E-stained lung
sections. H&E staining also revealed that leukocytosis in the peri-bronchoalveolar and peri-vascular
spaces, partial destruction of the epithelial layer, smooth muscle hypertrophy and hyperplasia and the
development of a subepithelial layer were more pronounced in the HFD/OVA than in the SC/OVA
(Figure 2a). The leukocyte infiltrated area in lung parenchyma was increased in HFD/OVA (4.0-fold
higher than in SC/OVA; p < 0.0001) (Figure 2b). Both the area infiltrated with neutrophils and
eosinophils were increased in HFD/OVA (respectively, 3.3- and 4.3-fold higher than SC/OVA; p < 0.0001)
(Figure 2c).
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Figure 1. Leukocyte infiltration in the bronchoalveolar lavage (BAL) of mice born to HFD-fed mothers.
The offspring born to SC- and HFD-fed mothers were subjected to sensitization only (SHAM) or
sensitization and challenge with ovalbumin (OVA) (a). BAL samples were obtained from SC/SHAM,
SC/OVA, HFD/SHAM and HFD/OVA and processed for total (b) and differential leukocyte counting (c).
BAL samples from SC/OVA and HFD/OVA were also processed for flow cytometry quantification of
CCR3*/VLA4" cells (d,e). Data are shown as mean + SEM. ** p < 0.01 and **** p < 0.0001.
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Figure 2. Leukocyte infiltration in the lung parenchyma of mice born to HFD-fed mothers. Lung tissue
samples from SC/OVA and HFD/OVA were processed for hematoxylin and eosin (H&E) staining to
visualize morphological aspects (a). The total leukocyte infiltrated area (b) and the neutrophil and
eosinophil infiltrated area around the bronchial alveolar space (c) were determined using Image]J
software. Horizontal bars represent 50 um. Data are shown as mean + SEM. **** p < 0.0001. Br:
Bronchiole; V: Vessel.

3.3. Increased BAL Levels of Interleukins of the Ty2 Response and Serum Level of IgE in OVA-Challenged Mice
Born to HFD-Fed Mice

We next evaluated 1L-4, IL-5, IL-10 and IL-13 BAL levels to elucidate if increased accumulation of
eosinophils in BAL and lung of mice born to HFD-fed mice challenged with OVA was associated with
a widespread exacerbation of the T2 response. IL-4 level in BAL samples was elevated by challenge
with OVA in the SC/OVA and in the HFD/OVA (respectively, 272% and 369% higher than in SC/SHAM
and HFD/SHAM,; p = 0.03 and p < 0.0001). IL-4 level in BAL samples of HFD/OVA, however, was
higher than in those of SC/OVA (125% higher; p = 0.0007) (p = 0.0067 for interaction) (Figure 3a).

Although a trend towards an increase in IL-5 in BAL samples was noted in OVA-challenged
mice (p = 0.06), no specific change was seen when the comparison was made between SC/OVA and
HFD/OVA (p = 0.43 for interaction) (Figure 3b). Similarly, challenge with OVA equally increased
IL-10 in BAL samples from SC/OVA and HFD/OVA (36% higher than in unchallenged mice; p = 0.01).
However, no specific changes were found when comparing the IL-10 levels of SC/OVA and HFD/OVA
(p = 0.72 for interaction) (Figure 3c). IL-13 was only detected in BAL samples of challenged mice, but
its level in HFD/OVA was higher than in SC/OVA (214% higher; p = 0.0005) (p = 0.0032 for interaction)
(Figure 3d).
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As with the BAL level of IL-4, the serum level of IgE was elevated by challenge with OVA in the
SC/OVA and in the HFD/OVA (respectively, 575% and 981% higher than in SC/SHAM and HFD/SHAM;
p=0.03 and p < 0.0001). However, the IgE level of HFD/OVA was higher than in SC/OVA (119% higher;
p = 0.004) (p = 0.012 for interaction) (Figure 3e).

a 1501 Fekek b 6001 $
Fkkk | |
r
vv
2 —~ 1001 _'iL 2~ 4007
o <
= —E' . m
T O — v £ €
o8 " w2
= 504 a =
= 2004
o= $
+ -
e
L A
o DB G odeme o
N8B =
o @\ ,,g‘@ A"’\ @® 'Z>® @@ ’b®
& ¥ 0 o o
2 X RS B ng RN

c " d* —
kkkk
|
6004 v
z ~
&%) %I'—" 1004 _v}
c | |
= g 400 =
L e # 28
= s | .
200- =% = % .
. =
oo 4@
o-+t—T—"T—p— 04 "
S XN @ »
& ot & e e & @ @
O L & o & F
CHIK OGP Y
ISP M @ O O QO
T Q&
R
1500+ i
L ——— |
Fkkk
v
w . 10004
27,
== ‘}
25 —
Q C v
@D = 5004 "
£
0_..’ ek
N DB
NN\
*Q{b& \0\\’1’ \\@ \O‘\(b
& o & L
&£ %é(o X

Figure 3. T2 cytokine and IgE levels in mice born to HFD-fed mothers. BAL and serum samples were
obtained from SC/SHAM, SC/OVA, HFD/SHAM and HFD/OVA. BAL samples were processed for IL-4
(a), IL-5 (b), IL-10 (c) and IL-13 quantification (d). Serum samples were used for IgE determination (e).
Data are shown as mean + SEM. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; $ p = 0.06 indicating
the effect of challenge with OVA and # p < 0.05 indicating the effect of challenge with OVA.
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3.4. Intensification of Lung Remodeling in OVA-Challenged Mice Born to HFD-Fed Mice

We next evaluated if the overproduction of some T2 interleukins induced by challenge with OVA
in mice born to HFD-fed mice could impact the changes associated with lung remodeling in the allergic
asthma. Masson’s trichrome staining revealed that both SC/OVA and HFD/OVA had evident collagen
deposition in the peri-bronchoalveolar space that was partially located over the subendothelial smooth
muscle layer. The percentage of the area stained for collagen was, however, 60% higher in HFD/OVA
than in SC/OVA (p < 0.0001) (Figure 4a,b). TGF-B1 was not detected in BAL samples of unchallenged
mice. On the other hand, TGF-f1 level in BAL samples of HFD/OVA was 255% higher than in those of
SC/OVA (p < 0.001) (p = 0.004 for interaction) (Figure 4c).
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Figure 4. Lung collagen deposition and TGF-$1 level in mice born to HFD-fed mothers. Lung tissue
samples from SC/OVA and HFD/OVA were subjected to the Masson’s trichrome staining protocol to
assess collagen deposition. Representative images show peri-bronchoalveolar blue-stained collagen
fibers (black arrows) (a). The percentage of stained area was assessed with Image-Pro Plus software
(b). BAL samples were obtained from SC/SHAM, SC/OVA, HFD/SHAM and HFD/OVA mice and
processed for TGF-$1 quantification (c). Horizontal bars represent 50 um. Data are shown as mean +
SEM. **p < 0.001 and *** p < 0.0001. Br: Bronchiole; V: Vessel.
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The PAS method also revealed that both groups of mice challenged with OVA presented
purple-magenta staining for mucus over the epithelial layer.  This indication of mucus
production was exacerbated in HFD/OVA, as evidenced by the quantification of the percentage
of purple-magenta-stained area (214% higher than in SC/OVA; p < 0.0001) (Figure 5a,b). The number
of globet cells in the bronchioles was also increased in HFD/OVA mice (150% higher than in those of
SC/OVA; p < 0.0001) (Figure 5c¢).
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Figure 5. Mucus production in mice born to HFD-fed mothers. Lung tissue samples from SC/OVA and
HFD/OVA were subjected to the PAS staining method to assess mucus production. Representative
images show purple-magenta-stained mucus over the epithelial layer (black arrows) (a). The percentage
of stained area was assessed with Image-Pro Plus software (b). The number of goblet cells in the
broncho epithelial layer was determined by morphological criteria (c). Horizontal bars represent 50 um.
Data are shown as mean + SEM. **** p < 0.0001. Br: Bronchiole; V: Vessel.

3.5. Mice Born to HFD-Fed Mothers Have Exacerbated TNF-a level and Increased TNF-« Signaling after Being
Challenged with OVA

To evaluate if the exacerbation of the inflammatory response to allergic asthma in mice born to
HFD-fed mothers was not restricted to the T2/eosinophil axis, we also assessed the production of
proinflammatory cytokines that act as acute phase proteins. BAL IL-13 was only detected in samples
of OVA-challenged mice, but no difference was noted between HFD/OVA and SC/OVA (p = 0.72 for
interaction) (Figure 6a). TNF-« concentration was also elevated in BAL samples of SC/OVA and
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HFD/OVA mice (respectively, 172% and 177% higher than in SC/SHAM and HFD/SHAM; p = 0.006
and p < 0.0001). In contrast to IL-1§3, the level of TNF-a in BAL of HFD/OVA was higher than in those
of SC/OVA (86% higher; p = 0.0008) (p = 0.01 for interaction) (Figure 6b).
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Figure 6. Acute phase protein levels and TNF-« signaling in mice born to HFD-fed mothers. BAL
samples were obtained from SC/SHAM, SC/OVA, HFD/SHAM and HFD/OVA mice and processed
for IL-1f (a) and TNF-« quantification (b). Lung tissue samples from SC/OVA and HFD/OVA were
subjected to immunohistochemistry detection of phospho-NF-«kB (c) and TNFAIP3 (d) (black arrows).
The percentages of phospho-NF-«B- (e) and TNFAIP3-stained areas (f) were assessed with Image-Pro
Plus software. Horizontal bars represent 50 um. Data are shown as mean + SEM. * p < 0.05; ** p < 0.01;
*** p < 0.001; *** p < 0.0001 and ## p < 0.01 indicating the effect of challenge with OVA. Br: Bronchiole;
V: Vessel.
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We also evaluated two intracellular proteins that take part in the cellular signaling evoked by
TNF-«. The area stained for phosphorylated NF-«B was higher in lung sections of HFD/OVA than
in SC/OVA (71% higher; p = 0.02) (Figure 6c,e). On the other hand, the area stained for TNFAIP3,
a repressor of TNF-a signaling, was reduced in lung sections of HFD/OVA (60% lower than in SC/OVA;
p = 0.03) (Figure 6d,f).

3.6. Mice Born to HFD-Fed Mice Have Increased miRNAs That Are Associated with the Exacerbation of the
Ty2 Response and IL-13 Signaling

The present investigation also sought to clarify the mechanisms underlying the exacerbated
allergic airway inflammation detected later in the life of the progeny born to obese mothers. We chose
to study miR-133b based on the following reasons. A study profiling several circulating miRNAs
in serum samples has shown that miR-133b was one miRNA that was downregulated in asthmatic
patients [22]. Evidence showing that miR-133b is more than only a biomarker for allergic asthma came
from studies with mice demonstrating that the model of sensitization and challenge with OVA leads to
a reduction in miR-133b expression in nasal mucosa. It was further demonstrated that upregulation of
miR-133b with an specific agomir was able to abrogate OVA-induced increased in IgE, IL-4, IL-5 and
TNF-« levels and lung eosinophil infiltration [23].

Investigating the expression of miR-133b in our model was also of particular interest because this
microRNA was described to modulate the proliferation of smooth muscle cells in different territories.
Increased expression of miR-133b was associated to reduced proliferation and calcium levels in
vascular smooth muscle cells [24,25]. Additionally, it was also shown that TGF-31-induced reduction
of miR-133b expression in bladder smooth muscle cells was pivotal for collagen accumulation in these
cells [26].

Due to the reasons stated above, and based on our data on collagen deposition and TGF-f1 levels
in BAL, we decided to evaluate miR-133b expression in the lung and in the trachea of HFD/OVA and
SC/OVA mice.

The choice for the study of miR-155 was based on consistent literature showing its participation
in the T2 response of allergic airway disease. Mice knockout for miR-155 exhibited attenuated
eosinophil infiltration in the lung parenchyma, reduced mucus production and lower IL-4, IL-5 and
IL-13 levels when subjected to OVA sensitization and challenge [27]. Concordant data using mice
knockout for miR-155 were found by other groups [28,29]. Accordingly, miR-155 overexpression
resulted in increased mucus production, lung eosinophil infiltration and IL-4, IL-5 and IL-13 levels [30].
Directly inhibiting miR-155 expression in T2 cells prevents Ty2-mediated airway allergy (airway
eosinophilia, IL-13 production and airway mucus production [31]). miR-155 expression was also
described to be positively associated in IL-4, IL-5 and IL-13 production by CD4" cells isolated from
allergic patients [32]. On the other hand, miR-155 was reported to reduce IL-13-induced bronchial
smooth muscle cells proliferation and migration [33]. Therefore, we decided to evaluate miR-155
expression not only in peripheral-blood mononuclear cells (PBMCs) and in splenic mononuclear cells
(SMC), but also in lung and trachea of HFD/OVA and SC/OVA mice.

The expression of miR-155 was upregulated in PBMCs of HFD/OVA mice (483% higher than in
SC/OVA; p = 0.003). No significant changes were found in SMC or trachea or lung samples (Figure 7a).
The expression of miR-133b was not detected in PBMCs or in SMCs, but its level was reduced in the
trachea and in the lung samples of the HFD/OVA (respectively, 87% and 58% lower than in SC/OVA;
p = 0.03) (Figure 7b).

In order to explore the relevance for the increased miR-155 in PBMC of HFD/OVA mice,
we evaluated the mRNA expression of 114, 115, [110 and 1I13. In agreement with our data on interleukin
concentration in BAL, we found that HFD/OVA mice had increased Il4 and I/13 expressions in PBMC
(respectively, 175% and 212% higher than in SC/OVA; p = 0.027 and p = 0.007). No changes were found
in 115 and 1110 expression when comparing PBMC samples of HFD/OVA and SC/OVA (Figure 7c).
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The relevance for the reduced miR-133b in trachea and lung samples of HFD/OVA mice was
explored by measuring the /13 mRNA expression in these samples. The expression of 1113 was
increased both in trachea and lung samples of HFD/OVA (respectively, 67% and 190% higher than in

SC/OVA; p = 0.019 and p = 0.003) (Figure 7c).
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Figure 7. miR-155, miR-133b and interleukins expression in mice born to HFD-fed mothers. PBMC,
SMC, trachea and lung tissue samples were obtained from SC/OVA and HFD/OVA and processed for
RNA extraction and miR-155 (a) and miR-133b detection (b) by Quantitative polymerase chain reaction
(qPCR). Expression of interleukins I/4, 115, 1110 and 1113 mRNA in PBMC, and /13 mRNA in trachea and
lung were also determined. (c) Rpl37a was used as an internal control. Data are shown as mean + SEM.
*p <0.05and ** p < 0.01.
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We also tested whether the levels of miR-155 and miR-133b would correlate with the levels 14
and I/13 expressions. We detected a trend towards a positive correlation between miR-155 and 1/4
expressions in PBMC (r = 0.6721; p = 0.0679) and a positive correlation between miR-155 and 1113
expressions in PBMC (r = 0.9272; p = 0.0009) (Figure 8a,b). On the other hand, a negative correlation
between miR-133b and 1113 expressions were found in trachea (r = —0.5789; p = 0.0094) and lung
samples (r = —0.4648; p = 0.039) (Figure 8c,d).
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Figure 8. Correlation of interleukin expression with miRNAs in mice subjected to sensitization and
challenge with OVA. The expression miR-155 in PBMC of SC/OVA and HFD/OVA was correlated with
I14 (a) and 1113 (b) expressions. The expression miR-133b in trachea (c) and in lung (d) of SC/OVA and
HFD/OVA was correlated with 1113 expression.

4. Discussion

Recent observational studies have shown that children born to obese women are more prone to
develop asthma [16,17]. The increased risk for asthma in children born to obese mothers was observed
using models that were adjusted for several co-varieties including mother’s race, maternal age and
child’s sex [34]. Apart from these studies, no clear mechanism for this relationship has been suggested
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thus far. To the best of our knowledge, this is the first study to demonstrate that mice born to and
breastfed by obese mothers exhibit exacerbated activation of inflammatory parameters when subjected
to the model of allergic airway inflammation characterized by sensitization followed by challenge
with OVA.

The present data are in accordance with previously published papers showing persistent respiratory
abnormalities in offspring born to HFD-fed dams. Using OVA-naive offspring, a previous report by
Griffiths et al. demonstrated that rats born to mothers fed a HFD during pregnancy and lactation
display increased levels of acute phase proteins, such as IL-1«, IL-13 and TNF-«, along with an
increase in the T2 cytokine IL-5, during the first days of life. Some changes were persistently observed
at the moment of weaning and in the adult offspring. Those authors have also demonstrated that
weanling rats born to and breastfed by HFD-fed dams had higher basal respiratory resistance and
lower respiratory compliance, although some of these changes disappeared when the progeny reached
adult life [19].

MacDonald et al. have demonstrated that the male and female offspring of BALB/cByJ] mice born
to and breastfed by mothers receiving HFD manifest increased methacholine-induced respiratory
resistance and increased neutrophil count and IL-6 level in BAL samples [18]. Dinger et al., instead, used
C57B6 mice to show that feeding dams with HFD during lactation caused greater airway resistance in
the male offspring not exposed to OVA [20]. Given the data published by Dinger et al. [20], we decided
to carry our experiments in the male offspring of C57BL/6] mice.

The present study further contributes to this field of investigation by demonstrating that
sensitization followed by challenge with OVA leads to an exacerbated increase in IL-4, IL-13 and TNF-«
in BAL of male C57BL/6] mice born to and breastfed by HFD-fed dams. Such findings support the
notion that changes imprinted on the immune system may play an important role in the respiratory
programming induced by maternal obesity.

We have found no differences in leukocytes in BAL when comparing SC/SHAM to HFD/SHAM
mice. This is in apparent contrast to the study published by MacDonald et al. [18]. Those researchers
found increased leukocytes in BAL of mice born to HFD-fed mice. However, there are two important
differences between the study by MacDonald et al. and the present experiments that may contribute
such different results. The offspring in the study by MacDonald et al. were naive to OVA while our
SHAM animals were sensitized with the allergen. The study by MacDonald et al. used a strain of
BALB/c mice, while we used C57BIl/6] mice.

Interestingly, our data show that, in contrast to IL-4 and IL-13, challenge with OVA did not
promote a further increase in IL-10 and IL-5 levels in BAL of mice born to HFD-fed dams. Such selective
modulation demonstrates that the programming induced by maternal obesity is not characterized by a
widespread activation of the T2 response in the offspring. On the other hand, it is noteworthy that
published evidence clearly supports the proposition that overproduction of IL-4 and IL-13 may be
responsible for the features of allergic asthma that are exacerbated in the offspring born to HFD-fed
mice after challenge with OVA.

IL-4 is known to act in uncommitted B cells, promoting their switch to an IgG1- and IgE-secreting
phenotype [35]. Therefore, an exacerbated IL-4 level in BAL samples explains the increased serum IgE
found in HFD/OVA mice. Moreover, IL-4 has been shown to boost the airway eosinophilia induced by
IL-5 in mice sensitized/challenged with OVA [36]. Accordingly, we found increased eosinophils in the
lung parenchyma and in the BAL of HFD/OVA mice. Evidence also exists supporting the proposition
that exacerbated IL-13 level in BAL of OVA-challenged mice born to HFD-fed dams may contribute to
their increased lung eosinophilia [3].

IL-10, instead, is produced by Treg cells and exerts regulatory function of Ty;1 and T2 cells [37].
It was already described that IL-10 production by thymic Foxp3-negative Treg cells alleviates the lung
eosinophil infiltration, globet cell hyperplasia and IgE and production in mice subjected to the OVA
model of allergic asthma [38]. Our data revealed that the male offspring born to either HFD-fed or
SC-fed mothers exhibit a similar increase in BAL IL-10 levels when challenged with OVA. Thus, we can
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conclude that the exacerbated features of allergic airway inflammation seen in the offspring born to
HFD-fed mothers are probably not due to an impaired IL-10 production by Treg cells.

The exacerbated presence of eosinophils in BAL of OVA-challenged mice born to HFD-fed dams
was also evidenced by the increased concentration of CCR3*/VLA4" cells. CCR3, also known as CD193,
was described to play a pivotal role in the transendothelial migration of activated eosinophils [39].
VLAA4, also known as a4(31 integrin, is highly expressed in eosinophils of asthmatic individuals and
contributes to their increased adhesion to airway smooth muscle [40].

Another features induced by challenge with OVA that were intensified in mice born to obese
mothers were mucus hypersecretion and globet cells hyperplasia. As we understand, it is reasonable to
assume that excessive IL-4 and IL-13 may account for mucus hypersecretion in mice born to HFD-fed
mice. Accordingly, previous studies have demonstrated that IL-13 and IL-4 can stimulate mucus
production in vivo and in vitro by acting directly in goblet cells [5,41-43] stimulating the expression
of different mucins such as Muc2 and Muc5-ac [44,45]. IL-4, in turn, was also described to induce
structural changes, such as epithelial hypertrophy of the airways, a feature also noted in the offspring
born to obese dams [46].

The present study also reveals that exacerbation of the inflammatory response induced by OVA in
the offspring born to obese dams has consequences for lung remodeling, as evidenced by increased
collagen deposition and BAL TGF-f31 level. Interestingly, TGF-1 produced by airway smooth muscle
cells was described to act in an autocrine fashion to stimulate collagen expression [47,48].

Another aspect revealed by the present study is that OVA-challenged mice born to obese
mothers manifested exacerbated TNF-« level along with neutrophils in BAL and increased NF-«B
phosphorylation in lung. We also found reduced TNFAIP3 level in the lung of HFD/OVA mice. TNFAIP3
is an inhibitor of NF-«B that was reported to reduce airway leukocyte recruitment, peribronchoalveolar
inflammation and mucus production and airway hyperresponsiveness (AHR) in mice subjected to
OVA sensitization/challenge [49,50]. Interestingly, TNF-c, by activating NF-«B, was described to play
a role in the steroid-resistant neutrophilic inflammation and AHR that occur in chronically sensitized
(four weeks) mice subjected to a single moderate OVA challenge [6]. Furthermore, neutrophils and
TNF-« levels in the lung were implicated in NF-«B activation in distinct models of lung injury [51,52].
Accordingly, as our data with BAL samples were obtained by washing the entire lungs, it is plausible to
assume that, even assessing one random section per animal, our immunohistochemistry data represent
phenomena that are taking place in the whole lung.

Our data showing reduced miR-133b in the trachea and in the lung and increased miR-155 in
the PBMC indicates a putative mechanism by which the exacerbated response to OVA develops in
the adult progeny. Several lines of evidence indicate that miR-133b is relevant to the inflammatory
response and lung remodeling in allergic asthma. Lower levels of circulating miR-133b have been
detected in asthmatic patients [22], and its overexpression in nasal mucosa was shown to target the
Nlrp3 inflammasome and reduce eosinophil infiltration and IgE, TNF-a, IL-4, IL-5 and IFN-y levels in
mice sensitized/challenged with OVA [23].

The reduction in miR-133b was also shown to mediate TGF-31-induced collagen accumulation
in bladder smooth muscle cells [26]. Notably, IL-13-induced collagen synthesis was reported to be
dependent on TGF-f31 production [53]. In vivo IL-13 neutralization also resulted in lower collagen
deposition in lung of mice subjected to experimental asthma [54]. Our data showing a negative
correlation of IL-13 with miR-133b in trachea and lung of the mice belonging to the OVA subgroups
further suggest that the downregulation of miR-133b may play a role in the increased collagen
deposition seen in the HFD/OVA group.

As we understand, the increased expression of miR-155 in PBMCs found in the offspring born to
obese mothers also helps to explain their increased IL-4 and IL-13 levels. It has been demonstrated
that allergen stimulation of CD4" cells in vitro increases miR-155 expression and IL-13 production [32].
miR-155-knockout mice subjected to OVA sensitization/challenge showed reduced levels of I1L-4,
IL-5 and IL-13 as well as lower lung eosinophil/neutrophil infiltration compared to wild-type [27].
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Accordingly, miR-155 was described to stimulate the T2 response and mucus hypersecretion by
directly targeting sphingosine-1-phosphate receptor 1 and cytotoxic T lymphocyte-associated antigen
4 in CD4* cells in experimental models of asthma [30,31]. The positive correlation between miR-155
with IL-13 and a trend towards a significant correlation with IL-4 in PBMCs of the mice belonging to
the OVA subgroups favors the interpretation that elevated miR-155 may be relevant for the increased
levels of IL-4 and IL-13 in HFD/OVA.

It is still challenging to determine the mechanism by which maternal obesity increases the intensity
allergic outcomes in the offspring. It is now clear that changes in gut microbiota play a crucial role in
metabolic adaptations to obesity [55]. Feeding mice with a HFD has been show to induce changes
in gut microbiota in parallel to a reduction in fecal content of short chain fatty acids (SCFAs) [56].
SCFAs are produced by the intestinal microbiota fermentation of indigestible dietary carbohydrates
such dietary fiber. It has been shown that treatment with several SCFAs including acetate is capable
of preventing HFD-induced metabolic outcomes [57]. In this context, a recent study in mice has
suggested that diet-induced changes gut microbial diversity in the mother may play a crucial role in
the programming of allergic asthma in the offspring. Exposure of pregnant mice to a high fiber diet or
to the SCFA acetate in the drinking water resulted in an attenuation of allergic airway disease in the
offspring subjected to sensitization/challenge with house dust mite challenge [58].

In summary, our study reveals unprecedented data showing that progeny born to obese mice
display exacerbated responses to sensitization/challenge with OVA. This exacerbation is hallmarked by
overproduction of IL-4, IL-13, TNF-« and TGF-f31, which is paralleled by increased circulating IgE.
Mice born to obese mothers also display accentuated eosinophil/neutrophil infiltration in the lung
parenchyma, increased collagen deposition and increased mucus hypersecretion. From the mechanistic
point of view, our data suggest that increased miR-155 in PBMCs and reduced miR-133b in lung tissue
and trachea are likely to mediate the programming events described herein.
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Abstract: Lung transplantation offers patients with end-stage lung disease an opportunity for a better
quality of life, but with limited organ availability it is paramount that selected patients have the best
opportunity for successful outcomes. Nutrition plays a central role in post-surgical outcomes and,
historically, body mass index (BMI) has been used as the de facto method of assessing a lung transplant
candidate’s nutritional status. Here, we review the historical origins of BMI in lung transplantation,
summarize the current BMI literature, and review studies of alternative/complementary body
composition assessment tools, including lean psoas area, creatinine-height index, leptin, and dual
x-ray absorptiometry. These body composition measures quantify lean body mass versus fat mass
and may provide a more comprehensive analysis of a patient’s nutritional state than BMI alone.

Keywords: lung transplantation; body mass index; nutrition; body composition; lean body mass;
muscle mass; leptin; sarcopenia; creatinine-height index

Institutional lung transplant patient selection committees are faced with a daunting task: to
accurately and expediently identify and predict candidates with a high likelihood of success following
lung transplantation. The selection process involves a rigorous and comprehensive evaluation
of the potential candidate’s medical and surgical comorbidities, physical fitness and potential for
improvement, and social and financial support. Also included in this assessment—though sometimes
overlooked in its importance, particularly in the setting of critically ill patients—is nutritional status. In
this review, we discuss the pre-transplant evaluation of nutritional status in patients with end-stage lung
disease which, historically, has utilized the body mass index (BMI), and we discuss recent developments
that may enhance our future ability to more finely characterize a candidate’s preoperative nutritional
status with the aim of better prognosticating outcomes after lung transplantation.

1. Lung Transplant Candidate Selection

Lung transplantation is the definitive treatment for end-stage lung disease and offers these patients
the opportunity for better quality of life. Lung transplant rates continue to increase, with 2345 lung
transplants performed in the USA in 2016. Yet, at the end of the year, 1395 candidates remained on
the waiting list [1]. Despite the rise in numbers of transplants performed, survival outcomes after
lung transplantation remain far lower than those of other solid organs, with a median survival of
approximately 6 years [2]. Given the limited number of organs available and, in contrast, the large
number of individuals awaiting transplantation, it is paramount that patients selected for transplant
have the best potential for successful outcomes.
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The Ohio State University Transplant Center follows a comprehensive lung transplant patient
evaluation process based on the recommendations of The International Society for Heart & Lung
Transplantation (ISHLT) [3]. Patients undergo an extensive review of their medical, surgical, family,
social, medication, and allergy history. Pulmonary tests include chest radiography, chest computed
tomography, quantitative lung perfusion, spirometry with lung volumes and diffusion capacity for
carbon monoxide, 6-min walk test, and room air arterial blood gas testing. Cardiac and gastrointestinal
testing includes echocardiogram and right/left heart catheterization and gastric emptying, esophageal
pH testing, and esophageal manometry, respectively. Patients are screened for infectious diseases via
survey and bloodwork, and health maintenance screenings are updated. Psychosocial evaluations are
performed by social workers and/or psychologists/psychiatrists, and all potential candidates undergo
a nutrition evaluation by a registered dietitian. Finally, a financial assessment, including insurance, is
completed before the patient is brought to the patient selection committee.

Despite best efforts to select the most suitable candidates, there are areas for improvement. As
described above, there are many facets to lung transplant candidate evaluation, including nutrition
status. Within the realm of nutrition is a patient’s body composition and state of nourishment. Use
of historical as well as novel tools can facilitate a more objective assessment of a patient’s body
composition and nutrition status and potentially identify targets for early or aggressive intervention.
Given that this area of medical science is young and developing, expert opinion has been the basis of
much of the criteria available [4].

2. Nutrition Evaluation

When a patient is referred to our center, a preliminary nutrition screening is performed over
the phone by a pre-transplant nurse coordinator who collects the patient’s height and weight for the
calculation of BML. For the purpose of this article and the studies reviewed, BMI is calculated as weight
(kg) divided by height? (m?). Weight ranges are based on the World Health Organization (WHO)
classification scheme: underweight (<18.5 kg/m?); normal weight (18.5-24.9 kg/m?); overweight
(25-29.9 kg/m?); and obese (>30 kg/m?) [5].

A transplant pulmonologist completes an initial in-person assessment, and should the patient be
deemed appropriate for full evaluation, additional consults and tests are arranged [6], including a
full nutrition assessment with the transplant dietitian. The full nutrition evaluation has evolved and
involves reviewing the history of present illness; past medical, surgical, and social histories; medication
review; activity level, including review of 6-min walk test results; and diet history, including current
diet, eating behaviors, current symptoms affecting oral intake, diabetes history, weight history, previous
weight gain/loss attempts, food allergies, current and past use of oral nutrition supplement products,
and a Nutrition Focused Physical Exam (hand grip currently not performed) [6]. Patients are then
assigned a malnutrition diagnosis based on the 2012 Academy of Nutrition and Dietetics/American
Society for Parental and Enteral Nutrition (AND/ASPEN) Guidelines [7], and an assessment is made of
relative and absolute contraindications based on transplant center policy, transplant nutrition-related
experience, and nutrition diagnosis. Finally, an individualized nutrition plan of care/goals, based on
the patient and their readiness for change, resources available, severity of illness, and other factors, is
developed. Additional support from other nutrition providers is utilized when possible, including
comprehensive weight management services, nutrition care associated with pulmonary rehabilitation,
and diabetes management, as well as other appropriate services dependent on patient needs and
willingness/ability to participate.

Following completion of the pre-transplant assessment and testing, patients are presented
at the Lung Transplant Patient Selection Committee for multidisciplinary team review. Relative
and absolute contraindications are reviewed, including those that are pertinent from a nutrition
perspective. Generally, much like the ISHLT Pulmonary Council, our center considers an absolute
contraindication to lung transplant to be class IT or III obesity (BMI > 35 kg/m?) [3]; obese individuals
are, however, evaluated on a case by case basis and offered support to achieve a more desirable weight.
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Relative contraindications associated with nutrition care include class I obesity (BMI > 30-34.9 kg/m?),
underweight BMI < 17 kg/mz, cachexia, and malnutrition, as well as uncontrolled diabetes and
osteoporosis [3]. For the purposes of this review, we focus on the use of BMI and malnutrition in the
lung transplant evaluation and subsequent outcomes (Table 1).

Table 1. Summary of studies reviewed.

Number of Nutrition
Author Year Study Type Patients Assessment Results
. Single center, BMI in lowest quartile associated with ICU mortality
Plochl (8] 199 retrospective 51 BMI in patients requiring >5-day ICU LOS
Low lean body mass associated with more severe
Schwebel Single center, hypoxemia, reduced 6MWT, and higher mortality
2000 N 78 CHI
[9] retrospective pre-transplant and longer post-transplant
mechanical ventilation and ICU LOS
. Single center, Higher risk of post-transplant 90-day mortality in
Madill [10] 2001 retrospective 1 BMI patients with BMI of <17 kg/m? or >25 kg/m?
3X increased risk of post-transplant mortality for
. B Lo .
Kanasky [5] 2002 Single center, 85 BMI obese (BMI > 30 kg/m®) patients, but no difference

retrospective between overweight (BMI 25-29.9 kg/m?) and
normal weight patients

Elevated leptin levels, but not BMI 30-34.9 kg/mZ,
were associated with increased mortality

Multicenter,

Singer [11] 2014 retrospective

599 Leptin/DXA

Single center, 103 LPA Lower LPA associated with longer mechanical
retrospective ventilation, need for tracheostomy, and ICU LOS

6MWT: 6-min walk test; BMI: body mass index; CHI: creatinine-height index; DXA: dual x-ray absorptiometry; ICU:
intensive care unit; LOS: length of stay; LPA: lean psoas area.

Weig[12] 2016

3. BMI-Based Nutrition Assessment

The nutritional needs of the lung transplant population are immensely varied; individualized
nutrition prescriptions are necessary to best serve each person, which can create challenges when
studying this population. Broadly, transplants are provided for patients with four categories of lung
disease: obstructive, suppurative, restrictive, and vascular [4]. As a result, transplant recipients and
their nutritional needs can vary from young underweight cystic fibrosis (CF) patients to the older
chronic obstructive pulmonary disease and pulmonary fibrosis patients that may be obese. Across the
board, patients” candidacy still relies in part on weight status, usually in the form of BMI.

Interestingly, BMI itself dates back to the 19th century, when Belgian Adolphe Quetelet suggested
the premise that “the transverse growth of man is less than the vertical” [qtd. in 13] and thus derived
the equation weight (kg) divided by height (m) squared. It was not until much later that Ancel Keys
coined the term “body mass index” with evidence to support the theory [13]. While BMI has long been
the standard method of assessing nutrition status in potential candidates because of its ease and low
cost, it was not always so. In fact, in the inaugural 1998 guidelines for selection of lung transplant
candidates, ideal body weight (IBW) was recommended as the measure of nutritional status. Patients
with IBW <70% or >130% were required to gain or lose weight, respectively, in order to move forward
with transplant [14].

Historically, underweight and obese lung transplant recipients have been linked with poor
post-surgical outcomes, though studies have been conflicting [12]. The utility of BMI in predicting
lung transplant outcomes came to light with Plochl’s report of increased intensive care unit (ICU)
mortality in lung transplant recipients whose BMI was in the lowest quartile [8], though no difference
was observed in ICU length of stay (LOS). Following this, studies by Madill et al. and Kanasky et al. in
the early 2000s were the first to demonstrate longer term adverse outcomes in lung transplantation
at the extremes of nutrition status as measured by BMI [5,10]. In the first study, recipients with BMI
<17 kg/m? or >25 kg/m? were associated with higher risk of death in the first 90 days compared to those
with BMI between 20-25 kg/m2 [10]. Recipients with BMI >27 kg/rn2 were even more at risk, with a
5-fold higher odds ratio of death compared to the reference group. In a single-center retrospective
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review of 85 patients, Kanasky et al. found that patients classified as obese (BMI > 30 kg/m?) prior to
transplantation had markedly shorter post-transplant survival times (40% survival at 20 months for
BMI > 30 kg/m? versus nearly 70% survival at 50 months for BMI < 30 kg/m?). Underweight patients
(BMI < 18.5 kg/m?) had better survival in the first 50 months post-transplant compared to normal
(18.5-24.9 kg/mz) or overweight (25-29.9 kg/mz) recipients, with a late marked decline thereafter [5],
a departure from Plochl’s findings. In contrast to Madill’s earlier study, there was no difference in
survival between normal and overweight recipients.

Based on these studies, BMI was eventually incorporated as a component of the lung allocation
score, a method of prioritizing lung transplant candidates, introduced in 2005 [15], and BMI > 30 kg/m?
was included as a relative contraindication to transplant in the 2006 update of lung transplant candidate
selection guidelines [16]. In the most recent 2014 update to the guidelines, class II or III obesity
(BMI > 35 kg/m?) is now considered an absolute contraindication to lung transplant, while class
obesity (BMI 30-34.9 kg/m?) remains a relative contraindication [3].

However, as newer methods for measuring body composition are developed, BMI’s role as the
sole measure of nutrition status in lung transplant candidates is now being questioned. Inconsistencies
among the aforementioned studies may be due to BMI’s inability to discriminate different body
compositions (adipose tissue mass and muscle mass). Consequently, the use of BMI alone can place
patients in a gray area when determining their transplant candidacy, especially for those who are asked
to gain or lose weight prior to transplant listing, a difficult task in patients with end-stage lung disease.
Therefore, use of alternative and complementary modalities to BMI may better delineate a candidate’s
nutrition status.

4. Creating Better Outcomes through Use of BMI Alternatives

Body composition can be computed a number of different ways, including, but not limited to,
computed tomography (CT), magnetic resonance imaging (MRI), dual x-ray absorptiometry (DXA),
and bioimpedance analysis (BIA). Both CT and MRI are considered the gold standards for estimating
muscle mass in research [17]. Unfortunately, there are drawbacks (e.g., exposure to radiation, higher
cost, and availability of equipment) to using these gold standard methods routinely in the clinic that
may contribute to the continued use of BMI as a means of assessing candidates [18]. While BMI is most
frequently used in the assessment of lung transplant candidates, our notion that body composition
may produce better outcomes is not considered novel. Several studies, including those highlighted
below, analyzed body composition through CT, DXA, as well as creatinine-height index (CHI), and
measured leptin levels.

4.1. Lean Psoas Area

Sarcopenia is defined by decreased muscle mass and either low peripheral muscle strength or
function and becomes more prevalent with aging [18]. Assessment of muscle tone therefore becomes
that much more essential, particularly in lung transplant candidates, a population that has steadily
increased in age [19]. Moreover, sarcopenia affects people of all weight classes. Core muscle size,
estimated by lean psoas area (LPA) using CT scans, was evaluated as a predictor of postoperative
outcomes in lung transplant recipients. LPA, not BMI, was associated with shorter duration of
mechanical ventilation, reduced need for tracheostomy, and shorter ICU LOS [12]. Six-minute walk
distance increased with increasing LPA and decreased with increasing BMI. Sarcopenia (measured as
low LPA) was present in one-third of normal weight and one-fourth of overweight patients. On the
other hand, half of the underweight population had normal or high LPA. While further studies are
needed, it is likely that transplant outcomes will be less favorable in sarcopenic patients with normal
or elevated BMI due to BMI's inability to account for body composition.
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4.2. Leptin and DXA

In contrast to the aforementioned BMI studies, Singer et al. found that class I obesity (BMI
30-34.9) was not associated with one-year mortality after lung transplant [11]. However, using DXA
and measured leptin levels, the authors identified a linkage between body composition and survival.
Leptin, a satiety hormone produced by adipose cells, is required for energy balance [20]. Mutations
in LEP, the gene encoding leptin, led to altered metabolism and the development of obesity [20].
Compared to BMI, leptin levels correlate more strongly with percent body fat [21]. In lung transplant
recipients, higher preoperative plasma leptin levels were associated with increased one-year mortality
in patients not requiring intraoperative cardiopulmonary bypass support. Body composition analysis
with DXA identified obesity in 51% of patients with a normal BMI. Conversely, sarcopenia was noted
in 46% of patients by DXA, whereas only 5% of patients were classified as underweight by BMI alone.
This data suggests that nutrition analysis by BMI alone may be insufficient. For patients classified as
underweight based on BMI, body composition analysis may have mitigated the need for pre-transplant
weight gain and, thus, delay in transplant listing. The reverse is also true; patients with sarcopenic
obesity could be educated on muscle mass maintenance rather than strict weight loss, which, in turn,
may improve outcomes such as shortening post-transplant hospital LOS [22].

4.3. Creatinine-Height Index

The creatinine-height index (CHI) was developed in the 1970s as a measure of protein nutrition
and lean muscle mass [23] and is calculated as:

24 h urinary creatinine of subject

CHI X 100.

B expected 24 h urinary creatinine of person of same height and sex

Comparing CHI and percent ideal body weight (IBW), Schwebel et al. noted that nutritional
depletion was prevalent in lung transplant candidates and was a risk factor for higher mortality. In this
study, 72% had some form of nutritional depletion, which included patients with weights <90% and
>90% of IBW. Furthermore, lower 6-min walk distance and more severe hypoxemia were observed
in individuals with a higher percent IBW but poorer lean body mass as estimated by CHI, even
more so than those with low weight and low lean body mass. Therefore, lean body mass depletion
is not exclusively tied to decreased body weight. This research supports the use of supplemental
measures, like CHI, to more precisely assess nutritional status and ultimately predict post-transplant
outcomes. The authors hypothesized that improving nutritional status pre-transplant might improve
body composition quality and therefore reduce ICU LOS and overall costs [9].

5. Optimizing Nutrition in Lung Transplant Candidates

5.1. Outcomes in Relation to Nutritional State

With the understanding that nutrition, with time, can improve patient health before, during, and
after transplantation, the role of the dietitian at each stage is essential. Unfortunately, disease states
can progress quickly, and sometimes a patient’s nutrition status may be less than ideal prior to surgery
despite nutritional intervention. Following transplant, similar issues may be seen. Complications
during the perioperative period or longer term can have detrimental effects on patient health. In the
acute perioperative phase, nutrition’s role includes promoting wound healing, preventing infection,
and meeting a patient’s macronutrient needs given their catabolic state. Further beyond transplant,
nutrition’s role shifts but continues to be paramount, assisting in healthy weight maintenance, aiding
in blood glucose control, preventing chronic metabolic diseases, and reducing potential complications
like graft rejection [24].

For those diagnosed with malnutrition, addressing weight loss and loss of lean body mass is
imperative. A potential linkage between the degree of malnutrition and airflow obstruction has been
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reported [25]. Loss of lean body mass has been associated with a greater loss in lung function, reduced
distance on 6-min walk test, and worsened hypoxemia [9,26]. Additionally, these patients are likelier
to experience prolonged ICU LOS, days on mechanical ventilation, and increased mortality [8,10,12,27].
Similarly, pre-transplant serum prealbumin, a marker of both inflammation and nutrition status, has
been linked to outcomes in lung transplant recipients, with low prealbumin levels (<18 g/dL) associated
with a threefold higher risk of death than levels above 18 g/dL [27].

5.2. Weight Gains and Losses

For patients at the upper end or just above a program’s maximally acceptable BMI, weight loss is
likely to be recommended prior to transplant listing. Weight loss improves survival and perioperative
morbidity and leads to reduced ICU LOS and duration of mechanical ventilation [28]. As previously
mentioned, obese patients are at higher risk for complications, however, strict weight loss may not
guarantee better outcomes, especially if it means a loss of muscle mass [11]. Rather, emphasis on
healthful weight loss (loss of fat mass rather than muscle mass, an endeavor that takes a great deal
of time, which may be limiting in lung transplant candidates) would prove to be more beneficial
regarding post-transplant outcomes.

In the immediate postoperative period, patients experience a decline in weight and BMI despite the
best efforts of dietary staff to improve their nutritional state pre-transplant. The postoperative catabolic
state and potential intestinal absorption concerns following the initiation of anti-rejection medications
may play an important role in this weight loss, such that oral intake alone may be insufficient in
meeting nutritional needs, especially in patients severely malnourished prior to transplant [29]. This
is important because postoperative malnutrition impacts morbidity and mortality through effects
on immune cell and skeletal muscle function and impaired wound healing [30], leading to a 3-fold
increased risk of nosocomial infection [29].

Beyond the immediate postoperative period, a median weight gain of 10% is anticipated [31].
While not an exhaustive list, weight gain after transplant may be a result of corticosteroid use, increased
leptin levels, decreased resting energy expenditure, and reduced production of cachexia-associated
cytokines [31]. While steroid use in transplant patients may contribute to weight gain, due to dose
tapering, this weight gain may not contribute as much as anticipated [31,32]. The most substantial
weight gain occurs during the first year, and patients with successful early post-transplant weight gain
demonstrate better survival [31]. CF patients and younger patients also tend to gain more weight [31,33].
The reasons for this are still not clear, but may be due to better early lung allograft function, fewer
pro-inflammatory cytokines, decreased work of breathing, or enhanced immunosuppressive efficacy.

5.3. Opportunities for Further Research

More studies are necessary to better define the role of pre-transplantation weight loss, nutrition
counseling, and body composition on lung transplant outcomes, including survival and quality of
life [28]. In addition to nutrition counseling, to best maintain muscle mass during intended periods of
weight loss, candidates benefit from pulmonary rehabilitation (pre-habilitation) at regular intervals.
However, the impact of pre-habilitation on nutrition status remains understudied. Some patients
experience unintentional weight loss while awaiting transplant. How this might affect transplant
outcomes compared to intentional weight loss is unknown. Lastly, even though nutrition counseling is
provided, given the time patients may remain on the waiting list, the optimal frequency of nutrition
consultations to best achieve and maintain a healthy nutritional state in patients awaiting transplant
is unclear.

6. Conclusions

In this short review, we sought to review the use of BMI as a metric of nutrition status in the
evaluation of potential lung transplant recipients. Because of its low cost, ease of use, and studies
linking outcomes to BMI extremes, BMI ranges are currently utilized in published guidelines as
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absolute or relative contraindications to lung transplant. However, the use of BMI alone to assess
nutrition status may lead to miscalculation of a candidate’s true nutrition status. Body composition
analysis through DXA, CHI, lean psoas area, or measured leptin levels can augment BMI through
the identification of sarcopenia in overweight/obese patients or higher than anticipated lean muscle
mass in underweight patients. Further, repeated measures in patients awaiting transplant can help to
determine the success of pre-transplant nutritional interventions.

The role of the dietitian is critical in the multidisciplinary review of potential lung transplant
candidates. Dietitians provide diet education and healthy weight loss counseling in overweight and
obese patients, with emphasis on slow steady loss in coordination with pulmonary pre-habilitation
services to prevent muscle wasting. In underweight patients, dietitians develop a strategy for
healthfully gaining weight. They may provide oral nutrition supplements or suggest the initiation of
nutrition support (enteral or parenteral) should it be deemed essential. With adequate time, as a result,
patients may lose unwanted fat, gain muscle tone, and improve their overall nutrition status and
candidacy for transplant. Similar measures can be taken following transplant to improve or maintain
nutritional status with the goal of optimizing post-transplant outcomes.
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Abstract: Asthma is a chronic inflammatory airway disease, associated with systemic inflammation.
Omega-3 polyunsaturated fatty acids (n-3 PUFA) have established anti-inflammatory effects,
thus having potential as an adjunct therapy in asthma. This study aimed to compare erythrocyte n-3
PUFA in adults with (n = 255) and without (n = 137) asthma and determine the relationship between
erythrocyte n-3 PUFA and clinical asthma outcomes. Subjects had blood collected, lung function
measured and Juniper Asthma Control Questionnaire (ACQ) score calculated. Fatty acids were
measured in erythrocyte membranes by gas chromatography, and the omega-3 index (O3I) was
calculated (% eicosapentaenoic acid + % docosahexaenoic acid). O3I was similar in subjects
with and without asthma (p = 0.089). A higher O3I was observed in subjects with controlled or
partially controlled asthma (ACQ < 1.5) compared to subjects with uncontrolled asthma (ACQ > 1.5)
(6.0% (5.4-7.2) versus 5.6% (4.6-6.4) p = 0.033). Subjects with a high O3 (>8%) had a lower maintenance
dose of inhaled corticosteroids (ICS) compared to those with a low O3I (<8%) (1000 pg (400-1000)
versus 1000 pg (500-2000) p = 0.019). This study demonstrates that a higher O3I is associated with
better asthma control and with lower ICS dose, suggesting that a higher erythrocyte n-3 PUFA level
may have a role in asthma management.

Keywords: omega-3 index; asthma; inflammation; fatty acids; nutritional biomarkers

1. Introduction

Asthma is a chronic inflammatory disease of the airways, affecting 2.5 million Australians in
2014-2015 [1]. Globally, it is estimated that 334 million people have asthma [2]. Airway inflammation in
asthma is triggered by exposures such as allergens and viruses, and causes airway hyper-responsiveness
(AHR), airway smooth muscle contraction and excess mucous production [3,4]. This results in the
hallmark symptoms of asthma including breathlessness, wheezing, chest tightness and persistent
cough [2]. Systemic inflammation is also a feature of asthma, with circulating C-reactive protein (CRP)
levels shown to be elevated in people with asthma [4-6], which is associated with poorer lung function
and more severe airway inflammation [6].

Current treatment for asthma predominantly involves inhaled corticosteroid (ICS) medication,
which helps to control symptoms and exacerbations and to improve lung function and quality of life
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by reducing airway inflammation [7,8]. However, dietary patterns are also being investigated for their
potential preventative or therapeutic role. It has been suggested that a Western dietary pattern, high in
energy, saturated fats, sugars and salt, may increase the prevalence and severity of asthma, independent
of socioeconomic and lifestyle factors [9]. Additionally, a Mediterranean dietary pattern, which is
nutrient dense and high in fish, fruit and vegetables, could be protective, reducing the incidence and
the severity of asthma symptoms [9].

One such way that the Mediterranean diet might be effective in reducing asthma symptoms
is due to the high intake of omega-3 polyunsaturated fatty acids (n-3 PUFA). n-3 PUFA include
eicosapentaenoic acid (EPA, C20:5n-3), docosapentaenoic acid (DPA, C22:5n-3) and docosahexaenoic
acid (DHA, C22:6n-3) and are commonly found in significant amounts in marine sources such
as salmon, herring and sardines [10]. These fatty acids have been found to inhibit inflammatory
processes within the body, with benefits in cardiovascular disease well established [10]. These include
suppression of transcription factors that control the production of circulating inflammatory cytokines
CRP, tumour necrosis factor alpha (TNF-«), interleukin (IL)-1p and IL-6 [11,12]. n-3 PUFA also
compete with omega-6 polyunsaturated fatty acids (n-6 PUFA), resulting in the downregulation of
arachidonic acid-derived immune and inflammatory mediators including 3- and 5-series prostaglandins,
thromboxanes, leukotrienes and lipoxins [3,13]. These same pathways and inflammatory mediators
are involved in AHR in people with asthma [11,12]. Hence, it is possible that n-3 PUFA could play a
role in the prevention or treatment of asthma.

Various studies have investigated n-3 PUFA in asthma. Mouse models have shown that increased
DHA intake is associated with reduced eosinophil infiltration into the lungs [13] and that by increasing
the ratio of n-3:n-6 in lung tissue, interleukins can be downregulated [14]. In humans, research is
conflicting. Some studies have found that supplementation with n-3 PUFA can decrease inflammatory
markers and improve asthma symptoms [15,16], while others found no changes to AHR or airway
inflammation [17]. A Cochrane meta-analysis conducted in 2000, and updated in 2011 with nil
changes, including 9 randomised control trials (RCTs) of both adults and children, concluded that
there was no benefit or risk for the use of dietary marine fatty acids in people with asthma [18,19].
Furthermore the European Academy of Allergy and Clinical Imnmunology have released a position
statement emphasizing that until more standardized trials with assessment of pre-intervention fatty
acid levels have been conducted, there is no recommendation for n-3 PUFA in asthma and other allergic
diseases [20].

The conflicting evidence highlights a need for more research in this area. Hence, this study aimed
to examine the relationship between n-3 PUFA status and clinical outcomes in Australian adults with
asthma. Firstly, it is unclear whether n-3 PUFA status is impaired in Australian subjects with asthma
compared to health controls, thus an aim of this project was to investigate and describe the differences
between these two groups. We hypothesized that individuals with asthma would have poorer n-3
PUFA status compared to those without asthma. Furthermore we hypothesized that subjects with
asthma and a high n-3 PUFA status would have better clinical outcomes than those with low n-3 PUFA
status. These aims were examined using the omega-3 index (O3I), which has been validated as a reliable
measure of dietary n-3 PUFA intake and reflects long-term n-3 PUFA status [21,22]. O3 is the sum of
erythrocyte EPA and DHA, expressed as a percentage of total erythrocyte membrane fatty acids [23].
A secondary aim of this project was to examine the effects of obesity on O3I in adults with asthma.
Obesity in asthma is associated with poorer asthma control, greater severity, higher medication doses
and more frequent exacerbations than healthy weight individuals [24]. One mechanism suggested
to underpin this relationship is the chronic low-grade inflammation associated with obesity [25,26].
Considering the anti-inflammatory properties attributed to n-3 PUFA, it is possible that n-3 PUFA may
attenuate this inflammation. Whether these interactions exist in obese asthmatic subjects is unknown.
Therefore, we hypothesized that in an obese asthmatic population, those with a lower O3I would have
poorer clinical and biochemical outcomes compared to those with a higher O3I.

64



Nutrients 2020, 12, 74

2. Materials and Methods

2.1. Subjects

Subjects were pooled from seven previously published research studies [25,27-31]. Subjects were
adults (>18 years of age) with (1 = 255) and without (1 = 137) asthma, recruited at the Hunter Medical
Research Institute (HMRI), NSW Australia, from existing research volunteer databases or by media
release. Subjects were nonsmoking (never smoked, or ceased at least 6 months prior). Asthma was
defined as a doctor’s diagnosis of asthma with documented history of AHR. All asthmatic subjects were
classified as stable with no asthma exacerbation, respiratory tract infection or oral corticosteroid use in
the preceding four weeks. Exclusions included current smokers, use of systemic anti-inflammatory
or immunosuppressant medications or current cancer diagnosis. All studies were conducted at the
Hunter Medical Research Institute, Newcastle, Australia between 2006-2015. All procedures involving
human subjects were approved by the Hunter New England Human Research Ethics Committee (Ethics
approval numbers: 11/06/15/3.03; 14/02/19/3.01; 13/07/17/4.03; 08/10/15/5.07; 09/03/18/5.05; 05/03/09/3.09;
09/05/20/5.07). All subjects provided written informed consent.

Clinical assessment and blood collection were performed during a single clinic visit. Subjects
underwent spirometry including forced expiratory volume in one second (FEV;) and forced vital
capacity (FVC) (Koko, nSpire Health, Longmont, CO, USA or Medgraphics, PFS/D and BreezeSuite
software; Medgraphics, Saint Paul, MN, USA) in accordance with American Thoracic Society and
European Respiratory Society guidelines [32,33]. All asthmatic subjects completed the six-item Juniper
Asthma Control Questionnaire (ACQ6) [34]. Partially or well controlled asthma was defined as ACQ
< 1.5, while uncontrolled asthma was defined as >1.5 [34]. Clinical asthma pattern was determined
according to Global Initiative for Asthma (GINA) recommendations [8]. Maintenance ICS doses
were recorded and converted to beclomethasone equivalents. Body weight was measured in 0.1 kg
increments using calibrated electronic scales (Nuweigh EB8271; Newcastle Weighing Services, Wickham,
Australia). Height was calculated to the nearest millimetre using a wall-mounted stadiometer (Seca 220;
Seca, Hamburg, Germany). Body mass index (BMI) was calculated as body weight (kg)/height (m)?.

2.2. Sputum Induction and Analysis

Sputum induction and bronchial provocation were performed using 4.5% hypertonic saline
over 15.5-min nebuliser time [35]. Lower respiratory sputum portions were selected and dispersed
using dithiothreitol. Total cell counts and cell viability (trypan blue exclusion) were determined
from cytospins.

2.3. Plasma Inflammatory Markers

Venous blood was collected after a 12 h overnight fast. Commercial ELISAs were used to determine
plasma high sensitivity CRP (MP-Biomedicals, Orangeburg, NY, USA), IL-6 and TNF-o (R&D Systems,
Minneapolic, MN, USA), according to manufacturer’s instructions.

2.4. Erythrocyte Membrane Fatty Acid Preparation

Whole blood was collected in EDTA tubes and centrifuged at 3000x g at 4 °C for 10 min. Red blood
cells were separated and stored at —70 °C before analysis.

After thawing, the erythrocytes were lysed, and their membranes solubilised and purified using
the method described by Tomoda et al. [36]. Then, 12 mL of hypotonic tris buffer (10 mM tris
hydroxymethyamino methane/5 mM ascorbate buffer, pH 7.4) was added to approximately 500 uL of
erythrocytes and vortexed. After standing on ice for five minutes, 12 mL of 0.25 M glucose solution
was added. The sample was vortexed, stood on ice for another five minutes, then centrifuged at
10,000 rpm at 4 °C for 10 min. The supernatant was discarded and the procedure repeated twice more
(resuspending the pellet by vortexing) using the same quantities of tris and glucose solutions above,
but centrifuging at 12,000 rpm at 4 °C for 10 min and then 15,000 rpm at 4 °C for 20 min. The pellet
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was then resuspended in approximately 250 uL each of tris and glucose solutions and stored at —20 °C
prior to analysing for fatty acid content.

2.5. Fatty Acid Determination

Total erythrocyte fatty acids were determined using the method established by Lepage and
Roy [37]. Here, 2 mL of a methanol/toluene mixture (4:1 v/v), containing C21:0 (0.02 g/L) as internal
standard and BHT (0.12 g/L), was added to 200 pL of erythrocyte membrane suspension. Fatty acids
were methylated by adding 200 uL acetyl chloride dropwise while vortexing and heating to 100 °C
for one hour. After cooling, the reaction was stopped by adding 5 mL 6% K,COj3. The sample was
centrifuged at 3000 rpm at 4 °C for 10 min to facilitate separation of layers. The upper toluene layer
was used for gas chromatography analysis of the fatty acid methyl esters, using a 30 m X 0.25 m
(DB-225) fused carbon-silica column coated with cyanopropylphenyl (J & W Scientific, Folsom, CA,
USA). Both injector and detector port temperatures were set at 250 °C. The oven temperature was
170 °C for two minutes, increased 10 °C/min to 190 °C, held for one minute, then increased 3 °C/min up
to 220 °C and maintained to give a total run time of 30 min. A split ratio of 10:1 and an injection volume
of 5mL was used. The chromatograph was equipped with a flame ionisation detector, autosampler and
autodetector. Sample fatty acid methyl ester peaks were identified by comparing their retention times
with those of standard mixture of fatty acid methyl esters and quantified using a Hewlett Packard 6890
Series Gas Chromatograph with Chemstations Version A.04.02.

2.6. Fatty Acid Calculations

Saturated, monounsaturated, polyunsaturated, n-3 PUFA and n-6 PUFA are reported as a
percentage of total fatty acids. Omega-3 Index is calculated as ((erythrocyte membrane EPA (mg) +
erythrocyte membrane DHA (mg))/total erythrocyte fatty acids (mg)) x 100 [22]. Harris et al. [22]
classify an O3I between 0-4% as undesirable, 4-8% as intermediate and >8% as desirable, for
cardioprotective benefits. An O3I cutpoint of >8% was used for the current analysis to represent a high
O3I. The omega-6:0mega-3 ratio was determined by dividing total omega-6 fatty acids (%) by total
omega-3 fatty acids (%).

2.7. Statistical Analysis

Data are reported as median (interquartile range (IQR)) for nonparametric data or mean + standard
deviation (SD) for parametric data. Data were analysed using GraphPad Prism 7.0 for Windows
(GraphPad Software, La Jolla, California, USA) and STATA 15 (StataCorp, College Station, TX, USA).
Comparisons for continuous data were performed using either the unpaired t-test or Mann-Whitney
test for nonparametric variables. Logistic regression analysis was used, adjusted for age, BMI and
sex, for comparisons between subjects with versus without asthma; subjects with asthma with well
or partially controlled asthma versus poorly controlled asthma; and subjects with asthma with low
versus high O3I. Age and gender adjusted two-factor ANOVA was used to analyse the interaction
between obesity and O3I status on clinical and biochemical asthma outcomes. Chi-squared testing was
used for categorical variables. In this study, p-values < 0.05 were considered statistically significant.

3. Results

3.1. Comparison of Nonasthmatic and Asthmatic Subjects

Table 1 shows the clinical characteristics of subjects with and without asthma. There was no
significant difference in age between the groups, however the BMI was higher and there were fewer
females in the nonasthmatic group. After adjusting for age, gender and BMI, lung function was lower
in the asthmatic population. CRP was significantly higher in the asthma population, however there
was no significant difference in the other systemic inflammatory markers. Subjects without asthma
had a significantly lower percentage of eosinophils in sputum, higher percentage of macrophages in
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sputum, higher percentage of SFAs, a lower percentage of MUFAs and omega-3 PUFA and a higher

ratio of n-6:n-3 fatty acids.

Table 1. Subject characteristics.

No Asthma Asthma p-Value*  Odds Ratio (95% CI)
Subjects 137 255
Age 53.5 (45.2-64.35) 57.1 (40.9-66.0) 0.8473 "
Gender (% female) 394 (n=54) 50.6 (n = 129) 0.0435 #
BMI (kg/m?) 33.5 (28.9-41.45) 31.0 (26.9-36.2) 0.0011 "
Smokers (% Ex) 46.72 (n = 64) 43.14 (n = 110) 0.854 0.98 (0.79-1.22)
Smoking history (pack years) 4.0 (0.0-11.0) 5.5 (0.0-20.0) 0.011 1.03 (1.00-1.06)
0.7 (0.2-1.3)
ACQo (n =206)
GINA Classification 25/20/39/16
(%1/2/3/4) (n =243)
o . 98.54 + 13.04 79.42 +18.77
FEV; (% predicted) (n=71) (n = 235) <0.001 0.93 (0.90-0.95)
o . 102.8 + 14.07 91.46 + 16.11
FVC (% predicted) (n=71) (n = 235) <0.001 0.95 (0.93-0.97)
o 77.0 (74.0-81.0) 70.0 (63.1-77.0) .
FEV1/FVC (%) (n =71) (n = 235) <0.001 0.88 (0.84-0.92)
Airway markers
N 30.5 (12.0-47.25) 34.75 (10.25-54.75) .
Neutrophils (%) (n=51) (1 = 206) 0.782 1.00 (0.99-1.02)
. A 0.75 (0.25-1.25) 2.5(0.72-14.4) .
Eosinophils (%) (n = 51 (1 = 206) 0.003 1.25 (1.08-1.44)
o 61.5 (46.0-74.0) 38.31 (18.9-61.31) .
Macrophages (%) (n =51) (1 = 206) <0.001 0.97 (0.96-0.98)
o 1.75 (0.75-3.0) 1.0 (0.25-3.25) N
Lymphocytes (%) (n = 51) (1 = 206) 0.032 1.06 (1.01-1.11)
Systemic markers
3.0 (1.5-5.5) 3.41(1.2-8.18)
CRP (mg/L) (n = 135) (1 = 196) 0.018 1.06 (1.01-1.11)
1.45 (1.05-1.94) 1.51 (0.89-2.58)
IL-6 (pg/mL) (n = 34) (n=171) 0.289 1.19 (0.87-1.63)
1.05 (0.88-1.34) 1.18 (0.64-1.77)
TNF-a (pg/mL) (n = 44) (n = 143) 0.168 1.43 (0.86-2.38)
Erythrocyte fatty acids
o 43.29 (42.54-44.26)  41.92 (40.87-43.11) g
SFA (%) (n=127) (n = 242) 0.001 0.89 (0.83-0.96)
o 18.27 (17.29-19.28)  19.06 (17.67-20.13) .
MUFA (%) (n=127) (n = 242) 0.526 1.02 (0.96-1.09)
o 29.13 (27.27-30.44)  28.77 (27.29-30.39)
PUFA (%) (n =127) (1 = 242) 0.995 1.00 (0.91-1.10)
o 8.91 (7.85-10.25) 10.03 (8.74-12.54)
n-3 PUFA (%) (n=127) (n = 242) <0.001 1.24 (1.12-1.37)
o 6.1(4.9-7.4) 6.2 (5.4-7.9) .
031 (%) (n=127) (1 = 242) 0.089 1.10 (0.99-1.23)
. 3.31(2.72-3.74) 2.82 (2.30-3.40) .
n-6:n-3 (n =127) (n = 242) <0.001 0.58 (0.44-0.78)

Data are presented as median (interquartile range) or mean + standard deviation. Significant effects are highlighted
in bold. BMI: Body mass index; FEV;: Forced expiratory volume in 1 s; FVC: Forced vital capacity; ACQ:
Asthma Control Questionnaire; GINA: Global Initiative for Asthma; CRP: C-reactive protein; IL-6: Interleukin-6;
TNF-o:: Tumour necrosis factor «; SFA: Saturated fatty acids; MUFA: Monounsaturated fatty acids; n-6 PUFA:
Omega-6 polyunsaturated fatty acids; n-3 PUFA: Omega-3 polyunsaturated fatty acids; O31: Omega-3 index. GINA
classification: 1 = intermittent, 2 = mild persistent, 3 = moderate persistent, 4 = severe persistent. *: Logistic
regression analysis performed, adjusting for age, gender and BMI unless otherwise stated. Reference population is
nonasthmatic. ": Mann-Whitney test, unadjusted. #: Chi-squared test, unadjusted.
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3.2. Asthma Clinical Markers, Systemic Inflammation and O31

While O3I did not differ between subjects with and without asthma, when comparing within the
asthma group alone, subjects with partially controlled or well controlled asthma (ACQ6 < 1.5) had
a significantly higher O3I compared to those with uncontrolled asthma (ACQ6 > 1.5) (6.0% (5.4-7.2)
versus 5.6% (4.6-6.4), respectively, p = 0.033) (Figure 1).

151
141
131
12+
111
10+

p =0.033*

Omega-3 Index (%)

ACQ6 <1.5 ACQ 6>1.5

Figure 1. Omega-3 index classified by asthma control, ACQ < 1.5 n = 150, ACQ > 1.5 n = 44. * Logistic
regression adjusting for age, BMI and gender.

When analysing clinical asthma measures, there was no significant difference in lung function or
asthma severity in subjects with a higher (>8%) versus lower (<8%) O3I (Table 2). However subjects
with higher O3I had a significantly lower range of maintenance ICS dose (beclomethasone equivalents)
(Table 2, Figure 2). There were no significant differences in systemic inflammatory markers between
higher and lower O3I after adjusting for age, gender and BMI (Table 2).
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Table 2. Clinical asthma markers of subjects with asthma by O3I status.

Asthma, Low O31  Asthma, High O31 Value * Odds Ratio
(<8%) (>8%) p (95% CI)
n 185 57
Age 57.9 (42.8-66.4) 54.6 (36.5-65.6) 0.1938
BMI (kg/m?) 30.6 (26.9-37.7) 31.7 (28.1-35.5) 0.9591 "
1Cs 1000 (500-2000) 1000 (400-1000) 0.019 0.999
(ug beclomethasone eq/d) (n =120) (n=>51) : (0.9989-0.9999)
0.7 (0.2-1.3) 0.42 (0.2-1.11)
ACQ6 (n=170) (= 24) 0.311 0.71 (0.37-1.37)
GINA Classification: 24/22/38/16 19/25/41/15 0.7638 #
1/2/3/4 (%) (n=176) (n=54) :
o . 7911 +£19.4 78.93 +16.78 .
FEV; (% predicted) (1 = 169) (1 = 54) 0.610 1.00 (0.98-1.01)
o . 91.01 + 16.82 91.71 + 1343
FVC (% predicted) (n = 169) (n = 54) 0.760 1.00 (0.98-1.02)
o 70 (63-77) 69.55 (59.78-75.33) .
FEV,/FVC (%) (n = 169) (1250 0.249 0.98 (0.95-1.01)
3.8(1.3-87) 2.9 (1.1-7.8)
CRP (mg/mL) (n = 140) (1= 44) 0.124 0.94 (0.87-1.02)
1.8 (1.3-8.7) 0.9 (0.1-1.7)
IL-6 (pg/mL) (n=a1) (1= 41) 0.212 0.85 (0.65-1.10)
1.3 (0.9-1.8) 0.4 (0.2-1.2) -~
TNF (pg/mL) (n=99) (n=37) 0.944 1.01 (0.85-1.19)

Data are presented as median (interquartile range) or mean + standard deviation unless stated. Significant effects
are highlighted in bold. ICS: inhaled corticosteroid; ACQ: Asthma Control Questionnaire; GINA: Global Initiative
for Asthma; FEV: Forced expiratory volume in 1 s; %; FVC: Forced vital capacity; CRP: C-reactive protein; IL-6:
Interleukin-6; TNF-«: Tumour necrosis factor «. *: Logistic regression analysis performed, adjusting for age,
gender and BMI unless otherwise stated. Reference population is low O3I. ": Mann-Whitney test, unadjusted.
#: Chi-squared test, unadjusted.

p=0.019*

— 45004
4000 —_— |

5004 I_I_I
0

031 <8% O3l >8%

Figure 2. Inhaled corticosteroid dose classified by omega-3 index status. * Logistic regression adjusting
for age, BMI and gender.

3.3. Asthma, O3I and Obesity

Due to the interesting nexus of asthma and obesity, we compared clinical asthma markers and
systemic inflammation in subjects with asthma divided into obese (BMI > 30 kg/m?) and nonobese
(BMI < 30 kg/m?) groups with high (>8%) and low (<8%) O3I (Table 3). The analysis was adjusted
for gender and age. We found that subjects who were obese with a lower O3I had a significantly
higher range of maintenance ICS medication dose compared with obese subjects with a higher O31
(p = 0.0002) (Table 3). While there was significance difference detected in all lung function measures,
only FEV1/FVC ratio revealed an obesity interaction. Both obesity and O3I were significant predictors
of CRP, but not for TNF-« or Il-6. Obesity and O3I were not significant predictors for ACQ.
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4. Discussion

To the best of our knowledge, this is the first study reporting that a lower omega-3 index is
associated with poorer asthma control in adults with asthma. Additionally, a higher O31 was associated
with a lower maintenance ICS dose. Interestingly, this was most significant in the subjects who
were also obese, showing a similar dose range of maintenance ICS to nonobese subjects with asthma.
Considering the high medication burden and reduced quality of life in people with asthma, our study
suggests that higher levels of n-3 PUFA could be utilised as an adjunct therapy in the treatment
of asthma.

Our first aim was to investigate the differences in erythrocyte fatty acid levels and O3I between
subjects with and without asthma in an Australian population. Contrary to our hypothesis there was
no difference in O3I, subjects with asthma had a better fatty acid profile, with lower saturated fatty
acids, higher monounsaturated and n-3 fatty acids and a lower n-6 PUFA to n-3 PUFA ratio. This is in
contrast to the results of Zhou et al. [38], who found that subjects in China with asthma had a fatty acid
profile composed mostly of SFAs, while those without asthma contained more PUFAs. Similar to our
study, supplement and dietary intake data were not available to determine whether these differences
were reflective of different dietary or supplement patterns or an effect of asthma. In severe asthma,
dysregulation of lipid metabolism pathways has been observed; in particular, n-3 PUFA pathways are
impaired, while n-6 PUFA pathways remain unaffected [39]. This may explain the differences between
the two studies, as our population had mild to moderate asthma while Zhou et al. did not present data
on the severity in their population and potentially had more severe asthma phenotypes. Furthermore,
the subjects with asthma were older than the control group (mean 58 years old versus 25 years old),
and without adjusting for this may have been a confounder explaining the differences between the
two groups.

This study demonstrated that a lower omega-3 index is associated with poorer asthma control in
adults. Subjects with uncontrolled asthma had a significantly lower O3I than those with well controlled
or partially controlled asthma. Our findings are supported by a cross-sectional study conducted in 2011,
which observed a significant positive relationship between EPA and DHA consumption (measured
using a Food Frequency Questionnaire (FFQ)) with asthma control and lung function (FEV) [40].
Our study reinforces this finding, using the objective and longer-term measure of O3, which provides
stronger evidence for this relationship.

Another significant finding was the relationship between O3 and maintenance ICS dose. Subjects
with a higher O3I had a significantly lower range of maintenance ICS dose. A similar finding has
been shown in a recent RCT by Papamichael et al. [41], where children with asthma were prescribed a
Mediterranean diet supplemented with two meals of 150 g cooked fatty fish per week for 6 months,
compared to a control group following their normal diet. They found that while there was no difference
between lung function, asthma control and quality of life scores, there was a significant reduction in
medication use for children in the intervention group [41]. In a study examining exercise-induced
bronchoconstriction, n-3 PUFA supplementation (3200 mg EPA + 200 mg DHA for eight weeks) has
also been demonstrated to reduce bronchodilator use in adults [42]. Given irregular reporting of
respiratory outcomes such as ICS dose and asthma control in the available literature, systematic
reviews on n-3 PUFA in asthma have highlighted the need for more high quality research in this
area [19,43]. In particular, the relationship between n-3 PUFA and medication use would be of great
interest for future research, given our results. Our findings suggest that achieving an O3I > 8% could
be a beneficial target for people with asthma in order to reduce maintenance ICS dose. This target also
corresponds with cardioprotective recommendations [22]. Nutritionally, to achieve this O3], it would
equate to consuming >800 mg EPA and DHA per day, or 4-5 serves of mostly oily fish per week [44].
Intervention studies are required to confirm our observations, particularly to elucidate the ideal dose
and duration needed to achieve this status in an asthmatic population, as well as the most effective
pathway (supplementation versus whole foods).
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As obesity is generally associated with increased asthma severity, poorer asthma control and
more frequent exacerbations, it was important to analyse the relationship between O3], obesity and
asthma outcomes [24]. When we examined obese and nonobese asthmatics according to O3I, obese
asthmatics with a higher O3I had a lower range of maintenance ICS doses compared with obese
asthmatics with a lower O3I. This is particularly important, as obesity is associated with a reduced
response to ICS medication, requiring higher doses to achieve protective effects [45]. Our findings
suggest that omega-3 fatty acids could be a potential nonpharmacological approach to assist in the
management of asthma, however our findings require confirmation by intervention studies. A recent
study by Lang et al. found that supplementing with 4 g/day of fish oil over 24 weeks did not affect
asthma control, lung function, exacerbations or have any impact on medication use in overweight and
obese adolescents and young adults with asthma [46]. This study did not investigate inflammation.
Rather, it reported fatty acid status within inflammatory cells such as monocytes and granulocytes,
so without confirmation that the supplementation was reducing inflammatory pathways it may be
possible that the dose or length of treatment was not sufficient to affect clinical changes in asthma.

Interestingly, we did not find any differences in systemic inflammatory markers between asthmatics
with lower and higher O3], after adjusting for age, gender and BMI. This has been confirmed in other
studies investigating the association between n-3 PUFA and inflammatory markers in asthma [47-49].
However, one study used a semiquantitative FFQ rather than objectively measuring n-3 PUFA [47].
Another study trialed a fish oil supplement for eight weeks (800 mg or 3400 mg per day), with neither
dose producing a reduction in CRP [48].

However, other studies have found positive effects of n-3 PUFA on systemic inflammatory markers
in asthma. Farjadian et al. [15] studied children with asthma and demonstrated a reduction in TNF-«
and IL-17A in 72% of subjects after n-3 PUFA supplementation (180 mg EPA and 120 mg DHA
daily) for 3 months [15]. This study also demonstrated an improvement in asthma symptoms, while
Mickleborough et al. [16] found that supplementing n-3 PUFA (3.2 g EPA and 2.2 g DHA) in elite
athletes over three weeks suppressed exercise-induced bronchoconstriction and inflammatory markers
such as TNF-« and IL-1f3.

A review examining the impact of n-3 PUFA supplementation on inflammatory biomarkers across
a variety of diseases found that, particularly in cardiac populations and the critically ill, omega-3
fatty acid supplementation can reduce a variety of inflammatory biomarkers including CRP, IL-6 and
TNEF-« [50]. However systematic inflammation is not reported in systematic reviews on n-3 PUFA and
asthma due to irregularity in reporting [19,43]. Considering the heterogeneity between studies with
pathway, dose and duration, further research is needed to further elucidate this relationship.

A recent review by Kumar et al. [51] highlighted a need for further research involving n-3 PUFA
in specific asthma sub-populations, as there is a gap in knowledge for the use of n-3 PUFA in obese
subjects with asthma. Considering our findings, which demonstrate that a higher O3I in obese
asthmatics is associated with lower CRP and maintenance ICS dose, n-3 PUFA supplementation may
provide a unique nonpharmacological approach to treating asthma in this population and demands
further research.

As expected, subjects with asthma had poorer lung function and increased airway inflammation
compared to those without asthma. Airway inflammation is a key feature of asthma and is characterised
by increased levels of eosinophils, neutrophils, or both, in the airways [25,52]. While increased systemic
inflammation has been reported in some studies of asthma, this was only significant in CRP between
our two groups. This may be related to the higher erythrocyte percentage of n-3 fatty acids that we
observed in asthma compared to controls. We are unsure why this occurred in our cohort, but we
suspect this must be due to higher dietary intake or supplement use by the asthma group.

Strengths of our study include the use of O3I. O3I is an objective and validated measure of n-3
PUFA intake, as erythrocyte fatty acids represent habitual intake and individual bioavailability as
opposed to plasma fatty acids, which reflect shorter term intake [12,22,23]. Erythrocyte fatty acids are
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more accurate than subjective measures such as FFQs, which rely on accurate recounting of dietary
intake, as well as interpretation.

There were some limitations to the study. This was an older cohort, limiting our study’s ability
to be generalised to younger populations. In addition, subjects with and without asthma were not
matched for sex or BMI. However, where differences existed, analyses have been adjusted for sex,
age and BMI. Another limitation was that fish oil supplementation and dietary intake of fish were not
recorded across the studies. It would be important to account for this in future research to determine
which pathway more effectively changes n-3 PUFA status in this population. Dietary intake data would
also be able to address possible confounding by other anti- or proinflammatory foods or nutrients,
which we were not able to account for in this study. Lastly, socioeconomic status data for subjects were
not available. Considering the established relationship between education and financial status with
n-3 PUFA status [53,54] it would have been beneficial to investigate this relationship in a population
with asthma, and would be important to assess in future studies. Furthermore, this cohort may be
more representative of subjects with high socioeconomic advantage. The higher median O3I in our
asthmatic and nonasthmatic subjects was higher than expected for average Australians. Previous
research suggests that, on average, Australians consume 395 mg of n-3 PUFA per day [55], equivalent
to an O3I of approximately 4-5%.

The cross-sectional study design cannot determine causality; as such, further intervention studies
are needed. Nevertheless, our study adds important insight into the relationship between n-3 PUFA
and asthma outcomes.

5. Conclusions

In conclusion, we have shown that a higher O3I is associated with better asthma control, lower
inhaled corticosteroid medication dose and lower systemic inflammatory markers, suggesting that
n-3 PUFA may have a role in asthma management. In particular, n-3 PUFA may be clinically relevant
for an obese asthma population as our findings show lower ICS dose and CRP in this population
with a higher O3I. Our findings suggest that achieving an O3I > 8% may be an appropriate target for
therapeutic benefit in both an asthma and an older population. However intervention studies are
needed to confirm this hypothesis, particularly in specific subpopulations such as obese people with
asthma who may benefit most from this type of dietary intervention.
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Abstract: Black ginseng (BG, C] EnerG), prepared via nine repeated cycles of steaming and drying of
fresh ginseng, contains more accessible acid polysaccharides and smaller and less polar ginsenosides
than red ginseng (RG) processed only once. Because RG exhibits the ability to increase host protection
against viral respiratory infections, we investigated the antiviral effects of BG. Mice were orally
administered either BG or RG extract at 10 mg/kg bw daily for two weeks. Mice were then infected with
a A(HIN1) pdm09 (A/California/04/2009) virus and fed extracts for an additional week. Untreated,
infected mice were assigned to either the negative control, without treatments, or the positive control,
treated with Tamiflu. Infected mice were monitored for 14 days to determine the survival rate. Lung
tissues were evaluated for virus titer and by histological analyses. Cytokine levels were measured in
bronchoalveolar lavage fluid. Mice treated with BG displayed a 100% survival rate against infection,
while mice treated with RG had a 50% survival rate. Further, mice treated with BG had fewer
accumulated inflammatory cells in bronchioles following viral infection than did mice treated with
RG. BG also enhanced the levels of GM-CSF and IL-10 during the early and late stages of infection,
respectively, compared to RG. Thus, BG may be useful as an alternative antiviral adjuvant to modulate
immune responses to influenza A virus.
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1. Introduction

Influenza viruses are RNA viruses of seven different genera in the family Orthomyxoviridae:
Influenza viruses A, B, C, and D, Quaranjavirus, Thogotovirus, and Isavirus [1,2]. Of these, the
influenza type A virus is responsible for the most common outbreaks of clinical respiratory diseases.
These include all the human influenza pandemics such as the 1918 Spanish flu, 1957 Asian flu, 1968
Hong Kong flu, and most recently, the 2009 swine flu [3-5]. The Center for Disease Control and
Prevention (CDC) in the United States recently announced influenza surveillance reports based on
data collected from October 2018 through May 2019. In this time frame, influenza caused an estimated
37.4 to 42.9 million flu illnesses and between 36,400 and 61,200 deaths [6].

Influenza vaccination and antiviral treatments have been used as the most effective methods to
prevent the spread and reduce the mortality of novel and potentially pandemic influenza viruses.
Inactivated trivalent and quadrivalent influenza vaccines and a live attenuated influenza vaccine are
commonly used [7]. Licensed influenza antiviral drugs include an influenza A virus M2 ion channel
blocker (Amantadine, Symmetrel®, Endo Pharmaceuticals), and influenza A and B virus neuraminidase
inhibitors (Oseltamivir Tamiflu, Roche Laboratories Inc; Zanamivir, Relenza, GlaxoSmithKline) [8-11].
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However, due to the increased frequency of viral resistance to vaccines and drugs caused by the rapid
mutation of influenza virus genomes, alternative anti-influenza therapeutic strategies are needed [12].

For this reason, many researchers have investigated potent antiviral activities of natural compounds
or extracts [13-16]. We previously investigated the anti-influenza effects of KIOM-C, which is an herbal
compound mixture of Scutellariae Radix, Glycyrrhizae Radix, Paeoniae Radix Alba, Angelicae Gigantis
Radix, Platycodon Grandiflorum, Zingiber Officinale, Lonicera Japonica Thunberg, and Saposhnikovia
Divaricata Schiskin. We demonstrated that KIOM-C decreases the viral burden in the respiratory
tracts of both mice and ferrets infected with influenza A virus [17]. In particular, red ginseng (RG) has
been reported to prevent lung immunopathology, leading to increased survival rates against various
subtype A influenza virus (HIN1, H5N1, and H3N2) infections in mice [18-23]. These studies were
supported by a randomized and double-blind clinical trial with healthy subjects demonstrating that
the frequency of acute respiratory illness in the RG group was significantly lower than in the placebo
group [24].

Unlike RG that is prepared via one-time steaming and drying of fresh ginseng (Panax ginseng
C.A. Meyer), black ginseng (BG) is made by repeating the same process nine times. During this
process, ginsenosides, the pharmacological components found in ginseng, are transformed into smaller
and less polar molecules by removing sugars and dehydrating at C-3, C-6, or C-20 (Figure 1) [25].
Steaming also leads to a significant increase in acid polysaccharides and phenolic compounds [25,26].
Further, because BG has substantially different components compared to RG, we established that
BG is a safe functional ingredient and registered it as a new dietary ingredient with the Food and
Drug Administration in the United States in 2016 (CJ EnerG: Notification Number, 897). However,
the protective role of this ingredient against viral infection has not been investigated. Therefore, we
evaluated the antiviral properties of BG (CJ EnerG) and compared them with those of RG.

Number of Steaming and Drying
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Figure 1. Transformation of the ginsenoside profile of ginseng with increased numbers of steaming
and drying cycles. There are two types of ginsenosides: protopanaxadiol-type saponins (e.g., Rb1,
Rb2, Re, Rd, Rg3, Rg5, and Rk1) with sugar moieties attached to hydroxyl groups at C3 and C20 and
protopanaxatriol type saponins (e.g., Re, Rgl, and Rh1) with sugar moieties attached to hydroxyl
groups at C3, C6, and C20. The outer residues from position C20 of Rb1, Rb2 and Rc are glucose,
arabinose (pyranose form), and arabinose (furanose form), respectively. These outer residues are
removed to achieve Rd. The remaining glucose of Rd at C20 can be deleted to form Rg3. Sequentially,
Rk1 with the double bond at C20-21 and Rg5 with a double bond at C20-22 are derived from Rg3 by
dehydration at C20. Re, a protopanaxatriol type, can also be transformed to Rg1 after deletion of the
rhamnose residue at C6. The outer glucose residue of Rgl at C20 is removed to form Rh1. Glu: glucose;
Ara(P): arabinose (pyranose form); Ara(F): arabinose (furanose form); Rha: rhamnose.
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2. Materials and Methods

2.1. Preparation of BG (C] EnerG) Extract

BG and RG extracts were provided by CJ CheilJedang Corporation (Suwon, Korea). Briefly,
BG and RG were subjected to extraction by adding a solution of ethanol and water in a heat reflux
extraction system. To generate the final BG and RG products for use in the animal studies, extracts
were filtered and concentrated to 70 Brix by removing ethanol and water.

2.2. Analysis of Acid Polysaccharides

Pulverized BG and RG powders (400 mg each) were extracted with 10 mL of distilled water at
90 °C for 3 h. Subsequently, the extraction was centrifuged at 3000 rpm for 10 min followed by the
addition of 1 mL of the supernatant to 4 mL of ethanol and centrifugation at 3000 rpm for 10 min. After
the supernatant was removed, the precipitant was dissolved in a mixture of n-butanol-chloroform
and water (1:4, v/v) and then centrifuged at 3000 rpm for 10 min. The final sample was made by
adding 4 mL of distilled water to this precipitate. Then a mixture of 50 uL of the sample, 50 uL of
distilled water, 50 uL of 0.1% carbazole-ethanol reagent, and 600 uL of sulfuric acid was placed in a 96
well-plate and analyzed at 530 nm using a multireader (Thermo scientific VARIOSKAN LUX, Vantaa,
Finland). The amount of acid polysaccharides was calculated based on the calibration curve generated
using galacturonic acid as the standard [27].

2.3. Measurements of Ginsenosides

Based on a modified method of Jin et al. [25], 2.5 g of each extract was dissolved in 50 mL of 70%
methanol at room temperature for 30 min using an ultrasonic generator (Branson 8510, Danbury, CT,
USA). The solution was centrifuged at 1600 g for 10 min (Labogene 1248R, Lynge, Denmark) at 4 °C.
The supernatant was then filtered using a 0.45 um membrane filter (Pall Corporation, Port Washington,
NY 11050, USA) and was resolved on a C18 column (Venusil XBP C18, 4.5 x 250 mm, ID 5 pm, 100 A)
with acetonitrile and distilled water. The amount of each ginsenoside was then measured using an
HPLC with DAD (Agilent 1260, Palo Alto, CA, USA) analysis.

2.4. Virus

An influenza A strain, A/California/04/2009 (CA04, HINT1) isolated in 2009, was propagated for
48 h at 37 °C in the allantoic cavities of specific-pathogen-free 10-day-old chicken eggs. Clarified
allantoic fluids were aliquoted and then stored at —70 °C until use. The virus titer was calculated
as 50% of the tissue culture infectious dose (TCIDs5() in Madin-Darby Canine Kidney (MDCK) cells
by the method of Reed and Muench [28]. MDCK cells obtained from the American Type Culture
Collection (ATCC) were maintained in Eagle’s minimal essential medium (EMEM) (LONZA, Inc.,
Allendale, NJ, USA) supplemented with 5% fetal bovine serum (LONZA, Inc., Allendale, NJ, USA)
and 1% penicillin/streptomycin (Gibco-Invitrogen, Inc., Carlsbad, CA, USA).

2.5. Mice and Treatments

Five-week-old BALB/c female mice were purchased from Samtaco (Pyungteack, Korea). After
one-week of acclimation, mice were orally administered 10 mg/kg of body weight of either BG or RG
extract in a total volume 200 ul for two weeks (Figure 2). Doses of BG and RG for treatments were
determined based on a previous report [29] and confirmed by our preliminary study. Mice were then
intranasally inoculated with five times the 50% mouse lethal dose (MLDs) of A/California/04/2009
(105.5 TCID50p/m1,) in a volume of 30 pl and treated with the extracts for an additional week. Untreated,
infected mice were assigned either a negative control treated with phosphate buffered saline (PBS)
or a positive control treated with Tamiflu (2 mg/kg bw daily) for 5 days. Uninfected mice were also
included as an intact control group. Mouse studies were conducted in strict accordance and adherence
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to relevant policies regarding animal handling as mandated under the Guidelines for Animal Use
and Care of the Korea Center for Disease Control (K-CDC). The study was approved by the Medical
Research Institute (approval number CBNUA-1196-18-01).

|— Monitoring —|
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Tamiflu ﬁ
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Figure 2. Schematic diagram of animal experiments. Mice were orally administered either red ginseng
(RG) or black ginseng (BG) (10 mg/kg bw daily) for 14 days. After challenge with A/California/04/2009
virus, mice continuously received either RG or BG for an additional week. As a negative control, mice
that received phosphate buffered saline (PBS) daily for 14 days were also infected with virus. The
positive control group was treated with Tamiflu daily for 5 days post-infection and then with PBS for 2
additional days. All mice were monitored for 14 days post-infection to measure survival.

2.6. Measurement of Survival

Following infection, mice were monitored for 14 days to determine the survival rate. Mice
showing more than 25% loss of body weight were considered to be dying and were euthanized.

2.7. Determination of Lung Viral Titers

Lung tissues (n = 6) from each group were aseptically collected at 1, 3, 5, and 7 days
post-infection (dpi), and homogenized in EMEM containing antibiotics (0.1% penicillin-streptomycin;
Gibco-Invitrogen, Inc., Carlsbad, CA, USA). Uninfected lung samples were also used as an intact
control. Ten-fold serial dilutions of supernatants were added in quadruplicate to a monolayer of MDCK
cells seeded in 96-well cell culture plates. The cells were allowed to absorb virus in the supernatants of
the homogenized samples for 1 h at 37 °C in a 5% CO; incubator. After supernatants were removed,
the cells were incubated with fresh EMEM and 1 pg/mL N-tosyl-l-phenylalanine chloromethyl ketone
-trypsin for 48 h at 37 °C in a 5% CO, incubator. The cytopathic effect of the virus was observed daily,
and the viral titer was determined by the hemagglutination test using 0.5% turkey red blood cells.

2.8. Histopathological Assays

The lungs of mice infected with A/California/04/2009 virus were harvested at 5 dpi. The samples
were fixed in 10% neutral-buffered formalin and embedded in paraffin. Deparaffinized histological
sections stained with hematoxylin and eosin (H&E) were viewed and captured using an Olympus IX
71 (Olympus, Tokyo, Japan) microscope.

2.9. Measurements of Cytokines

Bronchoalveolar lavage fluid (BALF) samples were isolated from mouse lungs at 1, 3, 5, and 7 dpi.
BALF from uninfected mice was used as an intact control. Collected samples were centrifuged at 12,000
rpm for 5 min at 4 °C, aliquoted, and stored at —70 °C until the analysis. BALF samples (20 uL) were
incubated with antibody-coupled beads specific for Interleukin 1 beta (IL-1f3), IL-2, IL-10, tumor necrosis
factor-alpha (TNF-«), interferon-gamma (IFN-v), and granulocyte-macrophage colony-stimulating
factor (GM-CSF). The complexes were washed, incubated with biotinylated detection antibody and
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streptavidin—-phycoerythrin. Cytokine levels in BALF samples were then determined using a multiplex
array reader from Luminex™ Instrumentation System (Bio-Plex Workstation, Bio-Rad Laboratories,
Hercules, CA, USA).

2.10. IgG Assay

ELISA plates (Immunlon 4 HBX, Thermo Scientific, Waltham, MA, USA) were coated with purified
virus (1 mg/mL) diluted in carbonate/bicarbonate coating buffer (pH 9.4; Sigma-Aldrich, St. Louis,
MO, USA) overnight at 4 °C. The plates were then blocked with PBS containing 0.1% Tween 20 (PBST)
and 5% nonfat dry milk powder for 1 h at room temperature (RT). Serial dilutions (1:10) of the serum
from each mouse in PBST containing 2% nonfat dry-milk powder were added to plates and incubated
for 1 h at RT. After extensive washing with PBST (3 times, 100 uL/well), the plates were incubated
for 1 h at RT with an antimouse horseradish peroxidase-conjugated immunoglobulin G (IgG, Abcam,
Cambridge, MA, USA) diluted in PBST containing 2% nonfat dry-milk powder. After three more
washes with PBST, the plates were overlaid with o-phenylenediamine dihydrochloride (SigmaFast
OPD; Sigma-Aldrich, St. Louis, MO, USA) substrate. Reactions were stopped using 3 M HCl. The
concentrations of IgG in serum were measured at an optical density of 450 nm on an iMark Microplate
Absorbance Reader (iMark Microplate Absorbance Reader, Bio-Rad Laboratories, Hercules, CA, USA).

2.11. Hemagglutination Inhibition (HI) Assay and Plaque Reduction Assay

To assess the antiviral effects of BG, a hemagglutination inhibition assay was performed. Briefly,
in 96-well plates, RG and BG (10 mg/mL) were serially diluted in PBS at two-fold increments in 25 uL.
volume, and equal volumes of influenza A virus (4-8 HAU in 50 uL) were added to each well. The
plate was incubated at room temperature for 60 min. Hemagglutination inhibition results appeared as
dots in the centers of the wells.

For plaque reduction assays, confluent monolayers of MDCK cells were seeded in 6-well tissue
culture plates (1 x 106 cells/well) and incubated at 37 °C under 5% CO,. RG or BG was diluted at
various concentrations (0.1, 0.25, and 0.5 mg/mL) into the media for pretreatment (2 h before virus
infection) or the cells were infected with 100 pfu of A/California/04/2009 for 1 h, the inoculum was
removed, and test media containing RG, BG, or Oseltamivir (10 uM) were added post-treatment. After
1 h incubation, the supernatant was removed and replaced with overlay medium (EMEM containing 1
ug/mL N-tosyl-I-phenylalanine chloromethyl ketone (TPCK)-trypsin, 0.7% agarose, without serum).
Cells were then incubated for 48 h at 37 °C in 5% CO5. Test plates were then fixed in a 10% formaldehyde
solution for 30 min. Agarose was removed, and cells were stained with a 1% (w/v) crystal violet
solution. The plaques were counted by visual examination, and the percentage of plaque reduction
was calculated as relative to the control without RG or BG.

2.12. Statistical Analysis

To assess the effects of treatment and time, a two-way analysis of variance (ANOVA) test was
run. When ANOVA indicated any significant difference among the means (p < 0.05), Fisher’s least
significant difference test, without correction for multiple comparison, was used to determine which
means were significantly different (p < 0.05). * Indicates p < 0.05 vs. PBS, # indicates p < 0.05 vs.
Tamiflu, and $ indicates p < 0.05 vs. RG. All statistical analyses were performed using GraphPad Prism
version 8.00 for Windows (GraphPad Software, La Jolla, CA, USA).

3. Results

3.1. The Components of BG Differ from Those of RG

To identify differences in the composition of RG and BG, we measured the amounts of
acid polysaccharides and major ginsenosides (Table 1). BG contained at least 7-fold higher acid
polysaccharides than RG (2.37 vs. 0.37 mg/g extract). RG contained 4.91 mg/g of Rb1, 2.21 mg/g of Rb2,
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3.23 mg/g of Rc, 1.75 mg/g of Rd, 3.74 mg/g of Re, 1.29 mg/g of Rgl, 0.42 mg/g of Rg3 (S), 0.12 mg/g of
Rk1, 0.46 mg/g of Rg5, and 0.43 mg/g of Rh1. BG contained 0.83 mg/g of Rb1, 1.34 mg/g of Re, 4.12
mg/g of Rg3 (S), 4.75 mg/g of Rk1, 4.54mg/g of Rg5, and 0.94 mg/g of Rh1. Further, Rb2, Rc, Rd, and
Rg1 were not detected in BG. These data indicate that BG considerably differs from RG in the amount
of acid polysaccharides and the profile of ginsenosides.

Table 1. The amounts of ginsenosides in BG and RG.

Acid Ginsenosides
Polysaccharides ~ Rb1l Rb2 Rc Rd Re Rgl  Rg3(S) Rkl Rg5 Rh1
m/g Extract
RG! 0.37 491 221 3.23 1.75 3.74 1.29 0.42 0.12 0.46 0.43
BG? 2.63 0.83 ND 3 ND ND 1.34 ND 412 4.75 4.54 0.94

T RG: red ginseng; 2 BG: black ginseng; 3 ND: not detectable.

3.2. BG Protects Mice Against Lethal Influenza A Virus Infection

To examine the antiviral effects of BG, mice (n = 6 per group) were orally administered 10 mg/kg
bw of either RG or BG daily for a total of three weeks. Following two weeks of treatment, the mice
were infected with a lethal dose of A/California/04/2009 virus and monitored for survival for two
weeks. Additional infected mice were assigned to either the negative control, treated with PBS, or the
positive control, treated with Tamiflu (Figure 3).
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Figure 3. Treatment with BG results in a higher survival rate in influenza virus-infected mice than
does treatment with RG. Survival was monitored for 14 days after influenza A virus infection in PBS-,
Tamiflu-, RG-, and BG-treated mice (1 = 6 per group). * p < 0.05 vs. PBS.

None of the mice treated with Tamiflu succumbed to infection (p < 0.05 vs. PBS). On the other
hand, the PBS-treated negative control group showed more than 25% weight loss (data not shown),
and all mice were dead by 8 dpi. Mice treated with RG showed a 50% survival rate against viral
infection, while BG protected all infected mice from virus-associated death, which was a significant
increase compared to the PBS-treated group (p < 0.05). This result demonstrates that administration of
BG provides increased protection of the host against influenza virus compared to treatment with RG.

3.3. Administration of BG Results in Reduced Viral Burden and Lung Histopathology Following Lethal
Influenza A Virus Infection

To assess the inhibitory effects of BG on viral growth, we measured the virus titer in infected
mouse lungs (n = 3 per group) at 1, 3, 5, and 7 dpi (Figure 4A). Samples from uninfected mice were
used as an intact control. Viral titers in PBS-treated mice were 4.1, 5.3, 5.5, and 5.0 1og10 TCIDsp/p,1. at 1,
3,5, and 7 dpi, respectively. On the other hand, the viral load in Tamiflu-treated mice was lower than
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in the PBS-treated group at all time points (p < 0.05). Moreover, the Tamiflu-treated group showed no
viral burden at 7 dpi. The RG-treated group showed 6.3, 10.0, 12.3, and 14.7 times lower virus load at 1,
3,5, and 7 dpi, respectively, than the PBS-treated group (p < 0.05). Similarly, the BG-treated group
displayed 12.5,17.7, 15.8, and 26.3 times lower virus load at 1, 3, 5, and 7 dpi, respectively, than the
PBS-treated group (p < 0.05). However, there was no significant difference in the degree of decrease of
the viral titer between RG- and BG-treated groups.

Virus titer(Log 1oTCIDso/ml)

1 dpi 3 dpi 5 dpi 7 dpi
m== PBS === Tamifu === RG === BG

(=)
PBS Tamiflu

A)
..:"
0

Figure 4. Treatment with BG improves antiviral activity and prevents histopathological alterations
following viral infection. (A) PBS-, Tamiflu-, RG-, and BG- treated mice were euthanized to collect lung
tissues at 1, 3, 5, and 7 dpi. Uninfected mouse lungs were also isolated to use as an intact control (dotted
line). Lung viral titer was determined in homogenized tissues by the hemagglutination test. Values are
mean (n = 6 per group at each time point) + SEM. *, p < 0.05 vs. PBS; #, p < 0.05 vs. Tamiflu. (B) At
5 dpi, paraffin-embedded lung samples were prepared from infected mice treated with either PBS,
Tamiflu, RG, or BG. Representative histological sections of lung tissues stained with H&E to visualize
inflammatory lesions (magnification: x 100).

To confirm whether the reduced virus titer in BG-treated groups was associated with decreased
virus-mediated lung pathology, we examined lungs from each group at 5 dpi (Figure 4B). Typically,
influenza A virus replication is accompanied by infiltration of immune cells into lung tissues of the
infected host [30,31]. PBS-treated mice showed induction of widespread inflammatory processes in the
lung. By contrast, minimal histological alterations were observed in the lung tissue of Tamiflu-treated
mice. RG-treated mice showed modest alleviation of infection-induced inflammation and disruption of
the membrane barrier of the lung alveolar septum. Interestingly, BG-treated mice showed considerably
reduced lung inflammation and pneumonia compared with that of PBS- and RG-treated groups. Our
results suggest that oral administration of BG improves antiviral activity and prevents histopathological
alterations against lethal influenza A virus.
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3.4. BG Induces Cytokine Production in Infected Mice

Cytokines including GM-CSE, IL-2, IL-13, TNF-c, IFN-y, and IL-10 are key molecules that regulate
innate and adaptive immune responses to viral infection [32,33]. To determine whether BG affected
the production of these cytokines during influenza A virus infection, we measured them in local BALF
at1,3,5,and 7 dpi (Figure 5). BALF samples collected from lungs of uninfected mice were also used as
a control.
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Figure 5. BG treatment further enhances production of cytokines in BALF. At 1, 3,5, and 7 dpi BALF
samples were harvested from PBS-, Tamiflu-, RG-, and BG- treated mouse lungs. Bronchoalveolar lavage
fluid (BALF) samples were also isolated from uninfected mice for use as an intact control (dotted line).
Cytokine production was analyzed in lung BALF by BioPlex analysis. (A) Granulocyte-macrophage
colony-stimulating factor (GM-CSEF), (B) Interleukin 2 (IL-2), (C) IL-13, (D) tumor necrosis factor-alpha
(TNF-a), (E) interferon-gamma (IFN-y), and (F) IL-10. Values are the mean (n = 6 per group at each
time point) + SEM. ¥, p < 0.05 vs. PBS; #, p < 0.05 vs. Tamiflu; $, p < 0.05 vs. RG.

At the early stage of infection (1 dpi), Tamiflu-, RG-, and BG-treated mice displayed higher levels
of GM-CSF than PBS-treated mice (p < 0.05) (Figure 5A). In particular, BG-treated mice showed the
highest levels of GM-CSEF, elevated 2.6, 5.7. and 8.3-fold over RG-, Tamiflu-, and PBS-treated mice,
respectively (p < 0.05). BG also induced higher levels of GM-CSF than Tamiflu at 3 dpi (p < 0.05). By
contrast, no differences in the levels of GM-CSF were observed among the groups at the late stage of
infection (5 and 7 dpi).

The levels of IL-2 were also increased in RG- and BG-treated mice at 1 dpi and in BG-treated mice
at 3 dpi compared to PBS-treated mice (p < 0.05) (Figure 5B). However, no significant difference was
observed among groups at 5 or 7 dpi.
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Increased levels of IL-13 and TNF-x were observed in Tamiflu-treated mice compared to
PBS-treated mice at 1 and 3 dpi, respectively (p < 0.05) (Figure 5C,D). Aside from these differences, the
levels of IL-13 and TNF-« were consistent among the groups at all other time points.

While the levels of IFN-y were comparable among the groups at 1 dpi, there was an increase in
this cytokine in BG-treated mice compared to both Tamiflu- and RG-treated mice at 3 dpi (p < 0.05)
(Figure 5E). However, this dramatic induction of IFN-y was comparable among Tamiflu-, RG-, and
BG-treated mice at both 5 and 7 dpi.

There were no differences in levels of IL-10 in any of the groups at 1, 3, or 5 dpi (Figure 5F),
Tamiflu-, RG-, and BG-treated mice displayed higher levels of IL-10 than PBS-treated mice (p < 0.05) at
7 dpi. However, mice treated with BG showed the highest level of IL-10 with a significant increase
over mice treated with either Tamiflu or RG (p < 0.05).

These results suggest that BG can modulate the secretion of cytokines during the immune response
to influenza A virus in mice.

3.5. BG Does Not Affect the Development of Normal Influenza-Specific Antibodies

To examine the effect of BG on influenza virus-induced adaptive immunity, we measured influenza
virus-specific IgG in sera collected from mice on 7 and 14 dpi (Figure 6). Regardless of treatment, all
infected mice showed IgG responses against virus at 7 dpi compared to uninfected mice (Figure 6A).
The levels of antibody production in serum collected from Tamiflu-, RG, and BG treated mice were
increased two-fold at 14 dpi over that at 7 dpi (Figure 6B). These data indicate that treatment with BG
does not interrupt virus-induced specific antibody production at the first virus inoculation.
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Figure 6. BG treatment does not disturb the normal development of IgG following the first virus
inoculation. PBS-, Tamiflu-, RG-, and BG- treated mice were euthanized at 7 and 14 dpi to collect sera.
Serum was also isolated from uninfected mice for use as an intact control. Anti-influenza A virus IgG
titers were measured in sera by ELISA. Data are representative of three independent experiments.
Values are the mean (n = 6 per group at each time point) + SEM.

3.

S

BG Inhibits the Hemagglutination Activity of Influenza A Virus and Virus Replication in Vitro

To evaluate the direct effects of RG or BG treatment in mice on influenza A virus replication, we
conducted HI assays. The HI assay results showed that the RG and Oseltamivir treatments could
not inhibit the hemagglutination activity of A/California/04/2009 virus with red blood cells (RBC)
(Figure 7A). However, at 2.5 to 10 mg/mL concentration, BG treatment could inhibit hemagglutination
activity of A/California/04/2009 with RBC.
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Figure 7. BG exhibits antiviral activities against A/California/04/2009 in vitro. (A) Hemagglutination
inhibition (HI) assay conducted with PBS, RG, BG, and Oseltamivir with A/California/04/2009 in 96-well
plates. A total of 0.02 to 10 mg/mL of each extract incubated with 4 to 8 HA unit of A/California/04/2009
virus for 60 min at RT and HI assay was conducted with 0.7% of turkey red blood cells (RBCs).
Viral neutralization (plaque formation) assessments were performed in Madin-Darby Canine Kidney
(MDCK) cells with (B) the pretreatment and (C) the posttreatment of BG against viral replication. The
antiviral effect of BG was compared with RG and Oseltamivir treatment. Results are presented as the
percentage of plaque reduction in each treatment group relative to the plaque formation in the PBS
treatment group (negative control). Values are the mean + SD *, p < 0.05 vs. PBS; 1, p < 0.01 vs. PBS; {,
p <0.001 vs. PBS. N.D: Not detected.

Further, we tested whether BG has antiviral activity in vitro by plaque reduction assay. It is
noteworthy that pretreatment of MDCK cells with 0.5 mg/mL RG and BG reduce plaque formation
by 50 and 65%, respectively, compared with the PBS-treated group (p < 0.01) (Figure 7B). Although
plaque reduction was also observed, the posttreatment with RG and BG was less effective at
reducing viral plaques (31% and 32.5%, respectively, at 0.5mg concentration) than their pretreatment
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(Figure 7C). Further, BG treatment resulted in greater plaque reduction activity than RG treatment
under both conditions.

These results suggest that the antiviral effect of BG might be mediated through binding of the
influenza virus particle and host innate immune responses following its pretreatment.

4. Discussion

The main purpose of this study was to examine the protective antiviral effects of BG (CJ EnerG) on
respiratory pathogen-mediated immune dysfunction and mortality using mice infected with influenza
A virus. To our knowledge, this is the first study to demonstrate that BG exhibits antiviral effects
though the modulation of the immune system leading to host protection against lethal infection with
influenza A virus.

Both innate immune responses, mediated by macrophages, dendritic cells and natural killer cells,
and adaptive immune responses, mediated by T and B cells, occur following influenza A virus infection
of the host [34]. Key molecules involved in this process are (1) IL-1 and TNF-«, pro-inflammatory
cytokines that induce adhesion molecules for innate immune cells migrating to sites of infection, (2)
IL-2, a T cell growth factor that stimulates T cell proliferation, (3) IFN-y, produced by Th1 effector CD4
+ T cells that regulates CD8 + T cell differentiation to clear the viral infection, and (4) IL-10, a negative
regulator of inflammation that reduces host damage caused by pro-inflammatory cytokines during the
recuperation phase of infection (reviewed in [35]). We demonstrated that BG induces the production of
IL-2 and TFN-y to amplify immune function, restrict viral replication, and euthanize virus-infected
host cells upon viral infection. Moreover, during the recovery phase of infection, BG stimulates the
production of IL-10 to decrease excessive immune activation and minimize potential host tissue damage.
Interestingly, an immunomodulatory role of Rg3, a major ginsenoside of BG, has been identified.
Administration of Rg3 was found to recover cyclophosphamide-induced immunosuppression by
enhancing the production of IL-2 and IFN-y and improving T cell production [36]. On the other hand,
Rg3 was found to decrease the levels of pro-inflammatory mediators (e.g., TNF-« and IL-13) and
increase the production of anti-inflammatory cytokines (e.g., IL-10), resulting in attenuation of damage
in lipopolysaccharide-induced acute lung injury in mice [37]. Thus, our data suggest that BG exerts
potent immunomodulating properties.

Tamiflu inhibits neuraminidase on the surface of the virus, which prevents virus release from
infected cells, thereby reducing viral replication and infectivity [10,38]. The most noticeable difference
between the effects of BG and Tamiflu on mice infected with influenza A virus is the marked increase
of GM-CSF in BALF induced by BG during the early stage of infection. The expression of GM-CSF in
alveolar type II epithelial cells maintains immune homeostasis in the lung [39,40]. Further, the direct
action of GM-CSF as an anti-influenza A virus agent has been confirmed in both genetically modified
GM-CSF transgenic mice [32,41,42] and by intranasal administration of GM-CSF to mice [32,43]. Similar
to our findings, GM-CSF was shown to modulate the immune system to reduce pneumonia by causing
a dramatic decrease in immune cell infiltration into the lung during the late stage of infection [32,42].
Thus, unlike Tamiflu, the antiviral role of BG is mediated at least partially through the induction of
GM-CSF, leading to decreased viral burden in the host.

In a mouse model of influenza virus infection, we demonstrated that treatment with BG induces
a higher survival rate than treatment with RG, which was previously established as an antiviral
agent [18-23,29]. Although the mechanism(s) underlying the antiviral effect conferred by BG is not clear
yet, the Hl assay demonstrates that only BG, and not RG, treatment can inhibit hemagglutination activity.
Further, the plaque reduction assay revealed that pretreatment with BG attenuates A/California/04/09
virus replication in a dose-dependent manner with up to 65% plaque reduction in MDCK cells. These
results suggest that the antiviral activity of BG might be associated with inhibition of hemagglutination
activity and early induction of host innate immune responses. However, to elucidate the detailed
mechanisms underlying the antiviral effects conferred by BG further studies are needed.
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Ginseng contains various pharmacological components, including a series of tetracyclic
triterpenoid saponins (ginsenosides), acidic polysaccharides, polyacetylenes, and polyphenolic
compounds [44]. Previously, it was shown that treatment with acid polysaccharides extracted
from RG results in increased mouse survival rates against influenza subtype HIN1 A/PR/8/34 in a
dose-dependent manner (60% survival at 12.5 mg/kg bw dosage vs. 100% survival at 25 mg/kg bw
dosage) [23]. Enhanced host protection against viral infection was also observed in mice following
administration of saponins (67% survival) compared to administration of PBS (17% survival) [22]. Rb1,
the most abundant ginsenoside in RG, has been shown to minimize viral activity in a dose-dependent
manner, possibly through the mechanism that interfered with the attachment of viral hemagglutinin
to sialic acid receptors on the surface of host cells [18]. Overall, acid polysaccharides and saponins
independently play roles in protecting the host from viral infection. Thus, the increased effects of BG
compared to those of RG on virus-associated respiratory pathogenesis may be due to the increased
levels of more accessible acid polysaccharides in BG. However, whether the substantially different
profiles of ginsenosides in BG and RG are responsible for the superior antiviral effects of BG remains to
be determined.

5. Conclusions

We demonstrated that treatment with a novel BG (CJ EnerG) attenuates viral replication and lung
histopathology by modulating immune responses, independent of IgG production, during infection.
These effects lead to the protection of mice from lethal challenge with influenza A virus. Thus, BG may
be a novel, orally active herbal adjuvant for the prophylactic treatment of influenza virus infections.
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Abstract: Cardiorespiratory function is not only the foremost determinant of life after premature birth,
but also a major factor of long-term outcomes. However, the path from placental disconnection to
nutritional autonomy is enduring and challenging for the preterm infant and, at each step, will have
profound influences on respiratory physiology and disease. Fluid and energy intake, specific nutrients
such as amino-acids, lipids and vitamins, and their ways of administration —parenteral or
enteral—have direct implications on lung tissue composition and cellular functions, thus affect
lung development and homeostasis and contributing to acute and chronic respiratory disorders.
In addition, metabolomic signatures have recently emerged as biomarkers of bronchopulmonary
dysplasia and other neonatal diseases, suggesting a profound implication of specific metabolites such
as amino-acids, acylcarnitine and fatty acids in lung injury and repair, inflammation and immune
modulation. Recent advances have highlighted the profound influence of the microbiome on many
short- and long-term outcomes in the preterm infant. Lung and intestinal microbiomes are deeply
intricated, and nutrition plays a prominent role in their establishment and regulation. There is an
emerging evidence that human milk prevents bronchopulmonary dysplasia in premature infants,
potentially through microbiome composition and/or inflammation modulation. Restoring antibiotic
therapy-mediated microbiome disruption is another potentially beneficial action of human milk,
which can be in part emulated by pre- and probiotics and supplements. This review will explore the
many facets of the gut-lung axis and its pathophysiology in acute and chronic respiratory disorders
of the prematurely born infant, and explore established and innovative nutritional approaches for
prevention and treatment.

Keywords: microbiome; nutrients; prematurity; lung development; respiratory distress syndrome;
bronchopulmonary dysplasia

1. Introduction

Acute and chronic lung disease of the premature infant have multiple origins spanning from
fetal life to perinatal and postnatal exposures. Genomic variations have a profound influence on
critical pathways involved in lung development, maturation and adaptation to various environmental
challenges [1]. On the other hand, nutrients supply both the fuel and building blocks for these essential
processes, and they have a profound influence on the homeostasis and responses of the developing lung.
Deficiencies, excesses or imbalances of nutrients lead to developmental, functional and inflammatory
lung disorders (Table 1).
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Table 1. Evidence-based recommendations on selected nutrients for premature lung disease prevention.

Nutrient Mechanisms of Action E;.fed on Lung RCT/Meta-Analyses Recommendations
isease
Antenatal supplementation }mpl;(lwed l(vimg d
Organogenesis, Low levels in VitA deficit 7000 UTPO TeHOT—decrease
differentiation, lung associated with (RCT, [3]) m(’ﬂ?ldlty
Vitamin A development and decreasgd ) R (high)
growth, alveolar alveolarization and Postnatal supplementation ~ Decreased BPD at 36
maturation susceptibility to 5-10,000 UT IM (META—4 weeks
g injury [2] studies) [4] R (moderate)
E‘ No change in RDS and
S - Pre/post_r\atal typeIlcell Low l_evels ) Postnatal supplementation BPD
Vitamin D maturation, surfactant, associated with BPD, 400-800 UI PO (2 RCT, [5,6]) NR (low)
immune system asthma, RTL o Decreased wheezing
R (moderate)
Early lung development, Low levels Postnatal supplementation No effect on BPD
Vitamin E ar\ﬁ(})lxidwit F ' associated with BPD 20-150 mg/kg IM/IV/PO NR (low)
‘ (Cochrane [7]-26 studies)
DHA/AA deficit Postnatal w-3 LCPUFA No effect on BPD
increases BPD [$] supplementation (META 26 NR (high)
b 14 RCT [9])
] Organogenesis . . Equivoc.al: BPD
é LCPUFA Modulation of LCPUFA-rich SMQF vs. Clinoleic-RCT-2 prevention [11] vs. no
= inflammation emulsions increase studies effect [12]
DHA and EPA but Unknown (low)
i:(l;cerles a[s IQU?A SMOF vs. Intralipid gzz?lgrft(zoipD
(Cochrane-15 studies [13]) R (ow)
@
] Improves earl; Supplementation (80
] P! y PP’
g Inositol Surfactant synthesis mortality and mg/kg/day) (Cochrane-6 E?{e(gfc;l())n BPD
5 death/BPD [14] studies [15]) 8
@
v Vo
3 . Bactericidal, innate Prevents NEC and Supplementation 150 mg/kg ~ No effect on BPD
B Lactoferrin . A LOS; unclear on .
) immunity 24-33 weeks (RCT [17] NR (high)
2 BPD [16]
=
E MBM vs. formula Combined exclusive vs. Trend to BPD
= Various Various decreased BPD; DBM  partial; MBM vs. DBM prevention (OR
g lou tous vs. formula: trend to  META 22 studies including 5 0.73-1.03)
;: decreased BPD [18] RCT [19] R (moderate)
HMO formula
- . . supplementation
o HMO Beneficial m.lcroljnota/ decreases bronchiolitis No data on premature lung
g bioti gut maturation, immune | Jimited  di n/a
g (prebiotics) in term [20]; limites iseases
= system X
8 effects on immature
.g organs [21]
E .
Pubiotics  permenbitiy bactuial | Probotcsdecrease CEPPEREOEER 0T NECS o ffct on BPD
p 4 NEC [22] P Y NR (moderate)

metabolites

META 15 studies [23]

Abbreviations: LCPUFA: long chain polyinsaturatyed fatty acid; HMO: human milk oligosaccharide; BPD:
bronchopulmonary dysplasia; RTI: respiratory tract infection; DHA: docosahexenoic acid; AA: arachidonic acid;
NEC: necrotizing enterocolitis; LOS: late-onset sepsis; META: meta-analysis; MBM: maternal breast milk; DBM:
donor breast milk; RCT: randomized controlled trial; RDS: respiratory distress syndrome; R: recommended; NR not
recommended; high, moderate, low: level of recommendation.

The concept of the gut-lung axis has emerged as a cross talk between the two systems, mediated by
the microbiome, with bilateral influences on health and disease. Initial studies have highlighted the
role of the intestinal microbiome on the metabolic functions of various organs as well as immune
responses. Only recently, the development of genomics and metagenomic approaches (including
16S ribosomal RNA profiling and shotgun-sequencing technology) has allowed a more detailed and
extensive definition of organ-specific microbiomes. These technologies have permitted the discovery
and exploration of a distinct microbiome of the airway and the lung, but its origin and timeframe around
birth are still incompletely understood. The paradigm of a sterile fetal environment preserved by the
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amnion is now challenged by the emergence of intrauterine microbiota influencing fetal programming
and development [24] and its relation to premature birth and neonatal respiratory diseases [25,26].

Premature birth causes an interruption of lung development and maturation, and at the same
time exposes the neonate to profound alterations of these systems. Abrupt interruption of placental
nutrition, lung exposure to a highly oxidant environment, disruption of the nascent microbiome by
invasive procedures, hospital microbiota, broad-spectrum antibiotics and many other factors lead
to acute and chronic lung disease. Bronchopulmonary dysplasia (BPD), a major cause of chronic
lung disease and mortality in preterm infants, is characterized by impaired alveolar and vascular
development determined by a combination of genetic factors [1], antenatal exposures and postnatal
insults, with a central role played by inflammation. The goal of this review is to summarize the
current concepts on nutrition, microbiomes and lung disease in the premature infant, and to delineate
strategies and potential opportunities for prevention and treatment by acting on the nutritional and
microbiotic balance.

2. Role of Antenatal and Postnatal Nutrition

2.1. Global Substrate Deficiency and Growth Failure

Global nutritional intake, both antenatal and postnatal, has a critical importance on lung
development and the pathogenesis of respiratory disorders in the preterm infant. Intrauterine growth
restriction (IUGR), a consequence of placental insufficiency and suboptimal transfer of oxygen and
nutrients to the fetus, is associated with chronic lung disease of prematurity and altered lung function
during infancy, which may last throughout adulthood [27]. In the infant born prematurely with an
immature lung at risk of developmental disruption and highly vulnerable to exposures, IUGR is an
additional contributor to acute/chronic lung disease. In a prospective cohort of preterm infants <30
weeks monitored during pregnancy, those with abnormal fetal doppler velocimetry and fetal growth
failure had a 33% incidence of BPD compared to 7% in controls [28]. Postnatal growth failure is also
a critical factor that contributes to chronic lung disease. Early alteration of body composition can
be found starting in the first weeks of life for infants who will develop BPD compared to matched
controls [29], which suggests ante- or perinatal metabolic reprogramming. In a large cohort study of
600 preterm infants 500-1000 g, a twofold higher incidence of BPD was observed between the first
and fourth postnatal weight gain quartile, among other adverse outcomes [30]. Recommendations
regarding global energy supply and amounts of specific macro- and micronutrients in healthy and sick
preterm infants are multiple, sometimes controversial or contradictory, and abundantly discussed in
the literature (e.g., [31,32]).

2.2. Carbohydrates

Glucose supply through the placenta directly influences lung maturation processes. High fetal
glucose exposure due to maternal insulin-dependent diabetes mellitus (DM) increases the risk for
respiratory distress syndrome (RDS) in late preterm and term infants [33]. This may be explained by
altered glucocorticoid-mediated fetal lung development and delayed surfactant maturation due to
insulin resistance in late gestation [34]. Conversely, suboptimal postnatal carbohydrate intake and
delayed enteral nutrition predisposes to BPD in preterm infants [35].

2.3. Lipids

The effect of undernutrition on respiratory outcome is well established. In animals, 72 h fasting
results in RDS, and induces a decrease of dipalmitoylsulfatidylcholine (DPPC) content in lung lavage
fluid and an increase in minimal surface tension, indicating surfactant dysfunction [36]. Using the
elegant methodology of simultaneous stable isotope tracers using plasma glucose, free palmitate
and body water to quantify surfactant disaturated-phosphatidylcholine (DSPC) kinetics in-vivo,
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P. Cogo etal. showed the importance of dietary and endogenous fatty acids (FA) in surfactant
homeostasis, and the role of kinetics alteration in the pathogenesis of BPD [37].

Whether excess FA intake in a high-fat diet and obesity in pregnancy (a condition increasingly
prevalent in developed and developing countries) has any effect on neonatal respiratory function is
still poorly established. In a large study on women with preterm premature rupture of membranes,
maternal obesity was not associated with adverse neonatal outcome after adjustment for gestational
age at birth [38]. Some animal data suggest that a maternal high-fat diet affects fetal lung development
through an inflammation-induced placental insufficiency mechanism [39].

Specific fatty acid deficiencies, both antenatal and postnatal, may lead to respiratory disorders.
Long-chain polyunsaturated fatty acids (LCPUFAs), in particular docosahexaenoic acid (DHA) and
arachidonic acid (AA), are critical for organogenesis during fetal life and for retina and brain
development, and are major regulators of inflammation prior to and following birth [10]. In an
endotoxin animal model of acute respiratory distress syndrome (ARDS), a high-LCPUFA diet had
detrimental effect on lung function, potentially by disrupting surfactant homeostasis [40]. In an
animal hyperoxia-induced BPD model, both ante- and postnatal DHA supplementation decreased
inflammation and improved alveolarization [41].

LCPUFAs are acquired during fetal life mostly through passive and carrier-mediated placental
transfer, a process peaking during the third trimester of pregnancy. Premature birth disrupts this
process and results in lower DHA and AA systemic levels and adipose tissue storage, rendering the
preterm infant even more dependent on postnatal nutritional strategies. This congenital deficit can
further deepen after birth in parenterally and enterally fed preterm infants. Parenteral lipid solutions
are not tailored for the preterm infant’s needs and, since human milk LCPUFAs are highly variable,
enteral feedings rarely reach full volume prior to the second or third weeks after delivery, with limited
bioavailability due to impaired intestinal absorption and lipolysis [42]. In a retrospective human
cohort study of <30 weeks premature infants, every 1% decline in DHA was associated with a 2.5-fold
increased risk of BPD [8]. However, in the largest randomized controlled trial (RCT) to date including
1237 infants <29 weeks, postnatal DHA supplementation failed to prevent BPD, illustrating the
complexity of the mechanisms involved [43]. A recent meta-analysis of 15 RCTs involving various
LCPUFAs and mixtures lead to the same conclusion [9].

Intravenous lipid emulsions are composed of three elements: triglycerides, glycerol and
phospholipids. Both saturated and monounsaturated fatty acids are synthesized from acetyl CoA
derived from the metabolism of fat, carbohydrate or protein. Linoleic acid (C 18:2w-6) and «-linolenic
acid (C 18:3w-3) are considered essential fatty acids from which most other LCPUFAs are metabolized.
Total parenteral nutrition based on soybean lipid emulsion, which provides essential linoleic acid
(LA) and gamma-linolenic acid, may not be adequate for preterm infants due to deficient downstream
metabolic enzymes, and does not allow levels comparable to third trimester fetuses and term-born
infants to be sustained [10]. However, 100% fish oil-based emulsions (Omegaven, Fresenius-Kabi,
Bad Homburg, Germany) result in elevated DHA and EPA plasma levels, but negatively affect the level
of AA, which is essential for brain and retina development as well as growth [13,44]. Newer-generation
fish oil-based compound (SMOFLipid, Fresenius-Kabi) showed a benefit in decreasing BPD severity
compared to an olive oil-based compound (ClinOleic, Baxter Healthcare SA, Wallisellen, Switzerland)
in one small RCT [11], although another RCT failed to show any difference in BPD incidence [12].
A retrospective cohort study comparing SMOFLipid with an older, soybean oil-based product
(Intralipid, Baxter Healthcare SA) showed no difference in BPD prevalence [44]. LCPUFAs also
influence lung pathology through their effects on surfactant and inflammation (see the “inflammation
and BPD” section). In conclusion, human data are too scarce to provide conclusive evidence favoring
one specific intravenous lipid compound versus another one in regards to preterm lung disease at
this stage.
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2.4. Micronutrients

Vitamin A. Vitamin A (VitA) and, more specifically, its principal bioactive metabolite retinoic acid,
is important in regulating early lung development and alveolar formation, contributing to branching
morphogenesis, adequate formation and maintenance of the alveoli type II pneumocyte proliferation
and synthesis of surfactant-associated proteins B and C through complex pathways modulating
extracellular matrix proteins, most importantly elastin [27]. Recent animal data suggest that [IUGR
exerts its deleterious effects on lung development and alveolarization in part through disruption of the
retinol pathway [45]. In extremely low-birth-weight humans (ELBW), postnatal intramuscular VitA
supplementation reduces the incidence of BPD or death significantly, albeit slightly [2,46]. In a recent
meta-analysis of four trials, VitA supplementation for ELBW showed significant benefits in oxygen
dependency at the postmenstrual age of 36 weeks in survivors (841 infants, pooled risk ratio, 0.88) and
length of hospital stay [4]. In a large RCT, antenatal oral VitA supplementation in vitamin-deficient
mothers resulted in improved lung functional tests in offspring with 9-13 years follow-up compared
to controls, indicating the longstanding beneficial potential of VitA for the fetus and newborn [3].
High pharmacy costs of intramuscular VitA preparations and the high number needed to treat have
led certain neonatal intensive care units not to adopt this regimen; however, VitA prophylaxis may
prevent BPD-related morbidity throughout infancy and childhood, and thus lead to numerous other
long-term potential health benefits [47]. Disruption of the retinol pathway by genetic variants is a
major contributor of congenital diaphragmatic hernia (CDH) [48]. Single-gene mutations or large
genomic alterations may be involved in the non-isolated forms or subtle primary or secondary gene
alterations in the isolated forms [49]. In a Japanese observational cohort, maternal dietary intake of VitA
during pregnancy was inversely associated with congenital diaphragmatic hernia [50], suggesting that
prenatal VitA supplementation may contribute to preventing this severe pulmonary disease.

Vitamin D. The role of vitamin D (VitD) in non-skeletal health is increasingly recognized. Vitamin D
plays relevant roles in placental development, in lung maturation processes and in the development
of the innate and adaptive immune systems, and thus has the potential to influence neonatal lung
pathophysiology through these various fundamental mechanisms. VitD receptor expression in the
lung peaks in late gestation in animals, highlighting the role of vitamin D in alveolar maturation.
VitD promotes AECII differentiation, enhances surfactant phospholipid and SP-B biosynthesis and
stimulates surfactant release; in addition, VitD may be involved in postnatal lung growth and
alveolarization, but evidence is limited (for review, see [51]). Preterm babies have lower levels of
25-OH-vitD at birth and are at a higher risk than term infants for postnatal deficiency due to intestinal
immaturity and co-morbidities, which theoretically puts them at risk of acute and ch ronic lung
disease [52]. However, the clinical impact of VitD on prematurity-related lung disease is not clear so far,
with only a few studies linking RDS with VitD insufficiency (125-OH VitD 2-20 ng/mL) or deficiency
(<12 ng/mL) [53,54]. Some epidemiological studies have associated neonatal hypovitaminosis D
with risk of wheezing, asthma and respiratory tract infections later in infancy [55]. A prospective
observational study correlating cord blood and 36-weeks corrected age 250H-vitD levels in extremely
preterm infants with odds of BPD failed to show any association, although most enrolled subjects
did not reach vitamin D insufficiency levels (30/33 ng/mL at birth in the BPD and no-BPD groups,
respectively) [56]. Interestingly, a similar study conducted in another environment with low/insufficient
maternal and neonatal levels yielded opposite results (i.e., a significant correlation between maternal
and neonatal levels between BPD/noBPD groups (19/28 and 15/7 ng/mL, respectively) [57]). One small
RCT showed no difference in RDS or BPD in extremely preterm infants receiving low- or high-dose
VitD supplementation [5]. Regarding the role of VitD on immunity, in one large RCT, 28-36 week
preterm infants receiving high-dose VitD for six months had less wheezing than low-dose controls (OR
0.66) [6]. Altogether, these studies suggest that vitamin D insufficiency plays a role in BPD, but no
clear evidence has emerged so far regarding the benefits and modalities of VitD supplementation for
the purpose of neonatal lung disease prevention.
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Vitamin E. Vitamin E (VitE) influences fetal growth and early lung development [58] and is a
potent antioxidant, but its relevance in preterm lung disease and the effects of supplementation are
unclear to date. In a murine model of CDH and lung hypoplasia, maternal supplementation of «-
and y-tocopherol have led to increased lung complexity, accelerated alveolar growth and increased
air surface [59]. In premature infants with respiratory distress syndrome, lower levels of VitE were
associated with increased risk of developing BPD [60]. Unfortunately, trials of regular- and high-dose
VitE supplementation in very low birth-weight infants showed variable results for BPD prevention
and, potentially, an increased risk of sepsis and necrotizing enterocolitis. A Cochrane meta-analysis of
these same studies reported no association between VitE and BPD, although wide confidence intervals
suggest that these studies, even combined, are underpowered for drawing definitive conclusions [7].
However, none of these trials were conducted after 1991, and the nature and epidemiology of BPD has
since profoundly evolved. No human trial has investigated antenatal supplementation and neonatal
outcomes so far (for review, see [61]).

3. Lung Disease Mechanisms and Nutrients

3.1. Fetal Growth and Lung Development

In a large prospective cohort of very premature, very low-birth-weight neonates,
intrauterine growth restriction increased the risk of death and BPD up to fourfold [62] through
various mechanisms including impaired vascular and alveolar development [63] independently from
RDS and acute lung disease severity [62]. These findings were confirmed, among others, in another
large epidemiological study on extremely low gestational age neonates (the Extremely Low Gestational
Age Newborn ELGAN study) in which the incidence of BPD was 74% vs. 49% in infants with z scores
< -1 and >-1 respectively, with an odd ratio of 3.2, showing the primordial importance of [IUGR
on BPD pathogenesis [64]. The relative contribution of impaired substrate and oxygen delivery in
IUGR is unclear, as well as their specific contribution in BPD pathogenesis. [UGR-related placental
dysfunction translates into significantly decreased expression and activity of the amino-acid system A
and system L transporters, of lipoprotein lipase and of lipoprotein receptors, but not of the glucose
transporters GLUT1-4, which is either unaltered or increased [65]. In a mouse ITUGR model combining
altered diet and stress, alveolar simplification similar to BPD and decreased expression of the vascular
endothelial growth factor (VEGF) pathway were observed, reflecting disrupted airway and vascular
development [66].

3.2. Respiratory Distress Syndrome (RDS) and Surfactant Dysfunction

Surfactant is a complex mixture of lipids (90%) and four specific proteins (10%), surfactant proteins-A
(SP-A), -B, -C and -D (10%). Of the surfactant lipids, 80-90% are phospholipids, the most abundant of
which is the phosphatidylcholine (PC) class, the di-saturated dipalmitoylhosphatidylcholine (DPPC) and
other phospholipids with saturated fatty acids in the one and two position of the glycerol moiety being the
most critical for surfactant tension-active properties [67]. Glycerol is the main substrate for PC synthesis in
the early neonatal period, when its concentration in circulation increases markedly, whereas later in life,
glucose is the major source [68]. The fatty acids of surfactant phospholipids are synthesized in type II cells,
taken up from the blood or derived from recycling.

Primary surfactant deficiency due to alveolar epithelium immaturity is the cause of respiratory
distress syndrome of prematurity (RDS). In adults and children, qualitative or quantitative surfactant
dysfunction plays a major role in acute respiratory distress syndrome (ARDS), affecting phospholipids
and surfactant-specific proteins associated with extensive lung tissue inflammation. The same
secondary surfactant inactivation also exists in several post-natal conditions both in term and preterm
infants, such as meconium aspiration syndrome, sepsis, pulmonary hemorrhage and others [69].
A delayed-onset surfactant dysfunction associated with transient SP-B deficiency has been observed
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in preterm infants with severe RDS protracted beyond the first week of life [70], highlighting the
importance of postnatal surfactant disruption in the pathogenesis of BPD.

TUGR also leads to surfactant dysfunction at birth. In an experimental placental reduction model
(global oxygen/substrate depletion), the expression of SP-A, -B, and -C protein and mRNA was reduced
in growth-restricted fetal animals compared to controls at ages corresponding to severe and late
prematurity in humans [71]. Interestingly, IUGR induction by maternal hypoxia yielded divergent
effects, increasing the levels of many hypoxia-inducible genes in the fetus including SP-B and -D as
well as ABCAS3, a lamellar body phospholipid carrier, and aquaporin-4, which is in part responsible for
the airway absorption of fetal lung fluid at birth [34]. Maternal undernutrition during late gestation
directly affects surfactant lipid levels in the immediate postnatal period and alters lung structural
development [72] as well as decreasing the surfactant pool size [73]. Together, these results illustrate a
specific role of fetal nutritional deficiency in [UGR-related respiratory complications in humans.

Maternal diabetes mellitus and excessive fetal carbohydrate exposure alters surfactant synthesis in
term and near-term infants. Animals born from induced-DM mothers show impaired lung development
and maturation, with decreased expression of surfactant proteins B and C and their regulatory factor
FOXA2 associated with inducible nitric oxide synthase induction and generation of reactive oxygen
species [74], a possible mechanism explaining respiratory failure in infants of diabetic mothers.

The composition of dietary fats plays a role in RDS and ARDS. In a model of endotoxin-triggered
ARDS, adult animals fed with an unsaturated fatty acid diet (either LA or fish-oil) showed more severe
vascular congestion, intra-alveolar edema and alveolar septa thickening than those fed with a saturated
fatty acid diet (palmitate), suggesting that different substrates may influence lung pathophysiology
through different mechanisms [40]. In animal models of premature lung disease, maternal DHA
supplementation improved lung growth and enhanced fetal surfactant composition and synthesis [75].

The specific protein fraction of surfactant is also dependent on dietary substrates. Maternal protein
intake may directly affect surfactant protein synthesis. Surfactant protein-A (SP-A) levels in the fetal
lungs and amniotic fluid from protein-malnourished pregnant rats are lower than in those with normal
protein intake [76]. Prenatal and postnatal serum SP-D concentrations are higher in [IUGR newborns
than in controls, inversely correlating with birthweight percentiles [77] and potentially reflecting the
well-established intrauterine hypercortisolemia characterizing the IUGR state rather than specific
protein intake deficiency.

Inositol, a key component of membrane phospholipids originating from diet or endogenous
synthesis, is contained in high concentration in colostrum and breast milk. In a 1992 RCT,
parenteral administration of inositol to premature infants 26-32 weeks with RDS significantly
increased the odds of survival without BPD (71% vs. 55%) [14]. However, these results were not
confirmed in subsequent studies, and a recent Cochrane meta-analysis encompassing 1177 infants
concluded in not recommending its use [15].

3.3. Pulmonary Vascular Disease

Pulmonary arterial hypertension is a major factor contributing to morbidity and mortality in
BPD [78] and other forms of neonatal chronic lung disease such as CDH [79]. Recent animal studies show
that postnatal malnutrition associated with hyperoxia induces right ventricle and pulmonary arterial
remodeling in growth-restricted pups [80]. Interestingly, the same authors showed that intestinal
dysbiosis is associated with postnatal malnutrition in this model, and that probiotic supplementation
prevents the onset of pulmonary hypertension in the growth-restricted group [81]. In a mouse model
of hyperoxia-induced BPD, maternal DHA supplementation resulted in reduced inflammation and
decreased pulmonary vascular disease [82] in the offspring. In a retrospective cohort of 138 infants
born <28 weeks, the birth-weight-for-gestational age ration was a strong independent predictor of
pulmonary hypertension in those with moderate-to-severe BPD, with an odd ratio of 4.2 in the <25th
percentile group [83], highlighting the importance of antenatal substrate supply in the fetal onset of
pulmonary vascular disease.
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3.4. Inflammation and BPD

Bronchopulmonary dysplasia (BPD), the main cause of chronic lung disease and respiratory
morbidity and morbidity in preterm infants, is characterized by impaired alveolar and vascular
development determined by a combination of genetic factors [1], antenatal exposures and postnatal
insults to the developing lung, with a central role played by inflammation (Figure 1). BPD most strongly
correlates with lower gestational age [84], and low maternal DHA levels are associated with premature
birth [85]. In a simplified view, w-6 FA are pro-inflammatory whereas w-3 FA are anti-inflammatory.
w-3 FA, found in fish oil, in particular DHA, are capable of partly inhibiting many aspects of
inflammation including leucocyte chemotaxis, adhesion molecule expression and leucocyte-endothelial
adhesive interactions, production of eicosanoids like prostaglandins and leukotrienes from the w-6 FA
arachidonic acid and production of pro-inflammatory cytokines. Enriching diets with DHA can change
the inflammatory balance, modulating cell function and suppressing inflammatory responses [86].
In a retrospective observational study in preterm infants <30 weeks of gestation, decreased DHA
levels in the first weeks of life were associated with an increased risk of BPD [8]. In a multicenter
prospective randomized control trial (RCT) aimed at comparing neurological outcomes in maternal
breast milk-fed preterm infants <33 weeks of gestation whose mothers had received either a high-
or standard-DHA diet (the DHA for the Improvement of Neurodevelopmental Outcome in preterm
infants DINO trial [87]), a lower incidence of BPD was observed in the high-DHA diet group for
some subsets of cases (males and for <1250 g infants) [88]. These preliminary human data led to
an adequately targeted and powered RCT involving over 1200 infants <29 weeks (the N3RO trial),
which, surprisingly, showed no benefit of postnatal DHA supplementation for BPD prevention [43].
These contrasting data illustrate the complexity of the interactions between lipid nutrients and the
developing lung, supporting the need for further translational research and clinical trials.

- Dysrupted development
- Machanical and oxidative strass

- Genetics
+ Inflammaticn

Figure 1. The placenta-gut-lung triangle. The figure illustrates the potential sources of the lung
microbiome and the role of substrate supplies and specific nutrients in alveolar homeostasis, and their
role in the pathway towards chronic lung disease.
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Lactoferrin, an iron-binding glycoprotein secreted by many epithelial cells and contained at high
concentration in breastmilk (~1 mg/mL) with various antimicrobial properties, is a key component
of innate immunity together with defensins, IgA and other peptides [89]. Supplementation with
bovine lactoferrin, which is 70% analogue to human, significantly decreased late-onset sepsis and
necrotizing enterocolitis but not BPD in preterm infants [90]. Six subsequent trials, meta-analyzed in a
2017 Cochrane review, confirmed these findings acknowledging low-quality results and the need for
better data [16]. Subsequently, a recent multicenter, adequately powered RCT including 2203 infants
<34 weeks (the Enteral Lactoferrin supplementation For very preterm INfants ELFIN trial) showed no
difference in any of the measured morbidities, including necrotizing enterocolitis (NEC), late onset
sepsis and BPD [17], dismissing lactoferrin for BPD prevention.

4. Microbiomics of the Lungs—The Gut-Lung Axis in BPD

All the microorganisms inhabiting the body (both symbiotic and pathogenic) are defined as
microbiota, whereas the whole genome of all the microbial communities that colonize the body
are referred to as the microbiome. The number of microbial cells is 10 times more the number of
human cells. Furthermore, the number of bacterial genes is more than 100 times that of human
genes. Microbiota have a pivotal role in the development of the immune system and the metabolic
homeostasis of their host.

Most of the microorganisms that inhabit the human body do not grow in vitro, and therefore the
whole microbiome could be thoroughly explored only when high-throughput genomic sequencing
technologies became available. The Human Microbiome Project [91] was launched in 2008 by the
National Institute of Health with the goal of characterizing the entire bacterial community colonizing
the human body. This would allow the determination of whether there was an association between
microbiome alterations and the onset of specific diseases.

In neonatology, most microbiome studies have focused on the relation of necrotizing enterocolitis
with a particular microbiome [92,93]. It is now clear that there is a strict association between the type
of microbial community of the gut and the risk of developing NEC. Indeed, in order to prevent the
development of NEC it is now recommended to provide probiotics as soon as possible, so to restore
a beneficial commensal flora [22]. Contrarily, the lower respiratory tract of healthy individuals was
considered sterile in the past. Nevertheless, the presence of a resident microbial community in healthy
lungs recently emerged, and research currently focuses on correlating particular lung microbiome
profiles with disease.

Studies exploring the neonatal lung microbiome have mostly used bronchoalveolar lavage fluid
samples or lung biopsies acquired via surgical sterile explants. In older children and adults, the lung
microbiota has been defined in various pulmonary diseases, such as cystic fibrosis, asthma or chronic
obstructive pulmonary disease [94]. In the preterm infant, a specific lung microbiome is present from
the first days of life, and is dominated by staphylococcus and ureaplasma species [26]. At first clinicians
considered fetal lungs to be sterile, and the acquisition of a microbial community in the lungs was
attributed to a colonization occurring in the immediate post-delivery period, depending on the mode
of delivery. Intuitively, vaginally delivered infants would acquire bacterial communities resembling
the microbial vaginal environment (Lactobacillus, Prevotella), whereas C-section infants would acquire
mostly skin microbiota (Staphylococcus, Corynebacterium, Propionibacterium) [95]. Actually, the immature
lung’s microbiome origin is controversial. Several studies have shown that airway bacterial colonization
is already detectable at birth, suggesting an antenatal origin [25]. When bacterial DNA sequencing
techniques became widely available, the detection of microbiota in the placenta, amniotic fluid and
fetus became possible both in mice and human [96-98], challenging the concept of the sterile womb.
One human study reported the presence of DNA from the common intestinal bacteria Lactobacillus and
Bifidobacterium in placental biopsies collected at term after an elective C-section without rupture of
membranes or chorioamnionitis [99]. Very recently, combining metagenomic shotgun sequencing and
targeted 16S techniques, Al Alam et al. demonstrated the presence of diverse and overlapping taxa in
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placenta, lung and intestine from 31 human fetuses harvested from 10 to 18 weeks of gestation [100].
However, a recent study based on placenta samples from two large cohorts of complicated and
uncomplicated pregnancies showed that most bacterial signatures were acquired during labor and
delivery or resulted from technical contamination, with the exception of the pathogen Streptococcus
agalactiae, which was observed in 5% of pre-labor placentas [101,102], as echoed by others [103].

After birth, maternal breastfeeding influences the colonization and maturation of an infant’s
intestinal microbiome, depending on early or late lactation stage, gestational age, maternal health and
mode of delivery (Figure 1). The same Bifidobacterium and Lactobacillus strains identified in an infant’s
gut microbiome are also found in mother’s milk, indicating that breastfeeding is a postnatal route of
mother—child microbial exchange. However, the origin of these microbes, the complex dynamics of
their transmission and their site specificities remain to be determined [104].

Can lung microbiota influence lung diseases? Inflammation can predispose to BPD, and lower
respiratory tractinfections are a recognized inflammatory trigger [105]. Thus, itis foreseeable that certain
bacterial infections can predispose to BPD. For example, Ureaplasma urealyticum infections have been
associated with the development of BPD [26,106]. Indeed, several small RCTs of postnatal prophylactic
macrolide therapy in preterm infants for BPD prevention have been conducted, showing some efficacy
in a meta-analysis [107].

Is the susceptibility to developing BPD only associated with pathogenic bacteria, or also with
dysbiosis? In fact, it is been demonstrated that neonates with a reduced diversity of the lung
microbiome have an increased risk of developing BPD [108]. In their systematic review, Pammi et al.
evaluated six studies relating the lung microbiome with BPD development [26]. Infants who would
later develop BPD had a different concentration of Proteobacteria and Firmicutes, a reduced number of
Lactobacilli and an increased microbial turnover in the first weeks of life compared to those with no
BPD. Since lactobacilli have established anti-inflammatory properties [109], such BPD predisposition
could result in part from a shift to predominantly pro-inflammatory taxa. Lal et al. studied the airway
microbiome at birth in 23 preterm infants (10 evolving to BPD and 13 not) and found that Lactobacilli
were less abundant at birth in preterm neonates predisposed to BPD [110]. They then compared the
microbiome examined at birth with the microbiome examined after diagnosis of BPD and found a
subsequent increase in Proteobacteria phylum (with a predominance of enterobacteriaceae) and a decrease
in the Firmicutes and Fusobacteria phyla. Lactobacilli were also less abundant in neonates born from
mothers with chorioamnionitis. The composition of the fecal microbiota in a recent cohort of infants
born at <29 weeks and diagnosed with BPD had significant differences in the relative abundance of
Klebsiella, Salmonella, Escherichia/Shigella and Bifidobacterium species associated with down-regulation of
immune-related genes by transcriptome sequencing analysis [111]. Lal et al. described an alternative
mechanism by investigating pulmonary metabolome and correlating it with the microbiome [112].
The authors compared bronchoalveolar fluid samples of 30 preterm neonates at birth with and without
BPD, showing an increase in Profeobacteria and a reduction in Lactobacilli associated with a decrease in
the ratio acetyl-CoA/propionyl-CoA carboxylase, indicating a reduced fatty acid 3-oxidation pathway
and an increase in airway inflammation in the BPD group. Targeting specific microbiomes that lead to
the metabolomic changes contributing to BPD with specific antimicrobial therapies could represent
a novel preventive or therapeutic approach. Nevertheless, attempts made to decrease Ureaplasma
urealyticum colonization by antibiotic prophylaxis did not result in the reduction of BPD rates [113].

5. Host and Microbiome Genetic Factors

Early small fingerprinting-based twin studies showed a greater similarity of microbiota in
monozygotic vs heterozygotic twins [114], suggesting an influence of the host’s genetic background,
but these results were not confirmed in 16S rRNA sequencing studies. Animal studies comparing
microbiome diversity in different mouse strains showed that environmental factors were stronger
determinants than the genetic background. Quantitative trait locus (QTL) analysis identified
immunity-related genes influencing relative abundance of certain microbiota species, such as IRAK3
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(regulating the toll-like receptor pathway), LYZ1/2, IFNy and IL22. Single-gene approaches have
identified the role of immune genes (MEFV, MYD88, NOD2, defensin-encoding genes, RELMB,
HLA genes, the IgA locus), and metabolic genes (APOAl-encoding apolipoprotein, LEP and
LEPR-encoding leptin and its receptor) (for review, see [115]). Subsequent host and microbiota
genome-wide association studies (GWAS) confirmed the importance of immune gene variants
(HLA-DRA, TLR1) but yielded divergent results, supporting the need for more omics research
in this field [116].

6. Mechanisms Involved in the Placenta-Gut-Lung Cross-Talk

6.1. Antenatal Reciprocal Lung-Placenta Signaling

There is a subtle balance between maternal tolerance of the fetal immune system and resistance
towards pathogens susceptible to infect the amnion and lead to premature labor and various neonatal
morbidities, in which the genital tract microbiome plays a key role [117]. The transplacental
mechanisms through which maternal taxonomy translates into the offspring is still poorly understood.
Microbial metabolites may play a role in this exchange (see below).

Exosomes have emerged as mediators of cell-to-cell, organ-to-organ and system-to-system cross
talk. Arterial cord blood obtained from neonates born at term after spontaneous labor compared to term
and preterm cesarean-section-born infants, was shown to contain high levels of exosome-embedded
complement component 4B-binding protein alpha chain (C4BPA). C'BPA originating from the fetal
lung turns on several pro-labor placental genes such as corticotropin-releasing hormone (CRH),
cyclo-oxygenase 2 (COX-2) and pro-inflammatory cytokines (TNF«, IL1, IL6, IL8) through CD40
interaction and NFkB activation [118]. A similar fetal-maternal interaction was demonstrated in mice
by the induction of parturition through lung-derived steroid receptor coactivators 1 and 2 (SRC-1, -2)
endogenous steroid pathway activation [119]. Preterm infant’s early dysbiosis, characterized by the
predominance of gram-negative, potentially pathogenic gammaproteobacteria, is strongly associated with
antenatal exogenous steroids exposure as well as inflammation [120]. Taken together, these studies
suggest that the fetal/neonatal lung has the capacity of influencing the establishment and development
of local and remote microbiomes, a process in which exosomes may play a key role.

6.2. Postnatal Immunity and Microbiomes

Respiratory and digestive mucosal surfaces are part of an integrated network of tissues, cells and
effectors that constitute a global immunological organ in which stimulation of one compartment
can lead to changes in distal areas. Oral, intestinal, airway and genital mucosae are interconnected
through circulating lymphocytes [121]. The exposure to specific antigens, sensed by local dendritic
cells, shape future immune response such as Th1 vs. Th2, with a longstanding impact on the health and
diseases of the subject [122], a process in which the nature and composition of local microbiomes play
a central role. As microbiota in each compartment have an influence on immune system development,
the immune system plays a role in shaping and maintaining microbial communities, as demonstrated
in germ-free zebrafish and mice [123]. A bilateral, immune-mediated gut-lung interaction shaping the
respective microbiomes and influencing the health/disease balance in each organ is therefore plausible,
but remains to be demonstrated in human neonates [124].

Bacterial metabolites and lung immune homeostasis: Gut microbiota generate metabolites
during food assimilation that have direct effects on lung immune homeostasis (for review, see [125]).
Among these, short chain fatty acids (SCFAs), in particular acetate, propionate and butyrate, reach the
systemic circulation from the intestinal lymphatic system and modulate the lung immune balance.
SCFAs promote regulatory T-cell generation and function through free fatty acid receptor 2 and 3
(FFAR 2/3) binding and histone deacetylase (HDAc) inhibition [126]. Mice with vancomycin-induced
intestinal dysbiosis showing exacerbated Th-2 responses leading to allergic lung inflammation have
been rescued by dietary SCFAs through attenuation of dendritic cell activation via programmed
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death ligand 1 (PD-L1) and decreased Immunoglobulin E (IgE) and interleukin 4 production [127].
Tryptophan metabolites generated by the intestinal microbiome, especially the lactobacillus genus,
are natural ligands for the aryl hydrocarbon receptor (AhR), which in turn promotes regulatory
T-cell development via interleukin 22 production [86]. In a human RCT of adults with emphysema,
azithromycin treatment decreased intestinal microbiome diversity leading to increased bacterial
metabolites such as glycolic acid, indol-3-acetate and linoleic acid, and reduced chemokine (C-X-C)
ligand 1 (CXCL1), TNF)«, interleukin 13 and IL-12p40 in bronchoalveolar lavage fluid [128]. The role of
these recently identified bioactive bacterial metabolites in neonatal lung disease are still to be unveiled.

6.3. Impact of Antibiotic Exposure

The wide exposure of infants to broad-spectrum antibiotics in the perinatal and neonatal periods
has profound effects on microbiota. In a mouse BPD model, perinatal maternal antibiotic exposure
increased pulmonary fibrosis, vascular remodeling, alveolar inflammation and mortality in offspring
through disruption of commensal intestinal colonization, demonstrating a key role of the gut-lung
axis [129]. Antenatal exposure to antibiotics can also influence a mother’s gut microbiota [130]. In a
similar way, maternal chorioamnionitis can negatively influence neonatal gut microbiota and outcome.
Puri at al. studied the fecal microbiome of 106 preterm infants <28 weeks [131]. Neonates born
to mothers with chorioamnionitis had a higher abundance of Bacterioides and Fusobacteria in fecal
samples, and were at higher risk of sepsis or death. Recently, a large meta-analysis showed that BPD,
not RDS, is strongly associated with maternal chorioamnionitis [132]. Considering that women with
chorioamnionitis almost invariably receive broad-spectrum antibiotics, the majority of their fetuses are
exposed. Therefore, we can speculate that not only inflammation but also dysbiosis contributes to
the higher risk of BPD associated with chorioamnionitis. The Canadian Healthy Infant Longitudinal
Development CHILD study, a prospective cohort study of Canadian infants followed up over a period
of two years, found that that an infant’s gut microbiota is persistently altered after intrapartum antibiotic
prophylaxis exposure [133]. Does the dysbiosis induced postnatally by broad-spectrum antibiotics
have an impact on the course of late-onset infectious disease? A retrospective paired cohort study
comparing clinical courses in preterm infants with NEC suggests it’s not the case, showing no difference
between those receiving probiotics vs those not [19]. Antibiotic-induced alterations of physiological
gut microflora have been shown to last into adulthood [134]. A recent RCT on peripartum maternal
antibiotics prophylaxis, demonstrating that azithromycin in addition to the standard cephalosporin
regimen for women undergoing non-elective cesarean section decreased the risk of post-operative
wound infections and other infectious complications, led to a broader fetal exposure to macrolides in
the USA, but failed to address short-term pulmonary effects and long-term respiratory outcomes in
newborns [135]. Some studies suggest that macrolides have beneficial short-term effects on lung disease
of prematurity. Given the prevalence of ureaplasma species in chorioamnionitis and its suspected role
in BPD, adding azithromycin to the standard antibiotic regimen in women with PPROM <28 weeks of
gestation improves perinatal respiratory outcomes and the BPD risk [136]. However, the lasting impact
of the microbiome is still poorly understood, and potentially significant. In a large Finnish cohort study,
penicillin in early life had only a transient effect on intestinal microbiota, whereas macrolides correlated
with substantial, long-standing shifts from normally dominant Gram-positive phyla to Gram-negative
species [137]. This alteration was associated with asthma and obesity in children aged two to seven
years. Therefore, the benefits and risks of perinatal broad-spectrum antibiotics, including macrolides,
should be carefully investigated and weighed in future strategies.

The use of postnatal antibiotics reportedly modifies the existing flora, and reduced microbiome
diversity is associated to BPD predisposition. In fact, antibiotic exposure in the first two weeks of life is
associated with increased BPD rate and severity [138]. Broad-spectrum antibiotics increase the risk of
multi-resistant bacterial infection, which in turn is associated with a twofold increase in BPD [139].
Furthermore, preterm infants with negative cultures exposed to more than five days of antibiotics have
shown an increased BPD rate [140,141]. The Surveillance and Correction Of Unnecessary antibiotic
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Therapy SCOUT study, a multicenter observational study on antibiotic use in NICUs, showed that the
majority of antibiotics are administered empirically and without clear evidence of infection [142].

Beyond antibiotics, other medications such as postnatal steroids influence the taxonomy and
longitudinal development of microbiomes after birth. Grier et al. showed that steroids used for BPD
prevention or treatment significantly altered the abundance of bifidobacterium, a beneficial intestinal
genus, in a cohort of preterm infants followed longitudinally over the neonatal period [143]. The same
authors showed that the lung and gut microbioma have distinct compositions, but develop in a tightly
interdependent manner [144].

6.4. Acting on the Airway Microbiome

Conversely, would restoring a beneficial airway microbiome be a valid strategy for BPD prevention
and treatment? Since the major source of microorganisms is the intestine, it is intuitive that the
intestinal microbiome should translate into the lung microbiome, a hypothesis supported by some
animal data [145]. Probiotics are live micro-organisms that, when administered in adequate amounts,
confer a health benefit to the host. They exert a beneficial effect mostly by decreasing colonization and
invasion by pathogenic organisms and by modifying the host immunity. Probiotic supplementation has
proven to be effective for NEC prevention [22]. Animal studies have shown that enteral administration
of probiotics impacts the respiratory microbiome [146], but no human studies have examined the effect
of probiotic supplementation on the development of BPD as a primary outcome. Villamor-Martinez et
al. conducted a systematic meta-analysis of 15 randomized trials on probiotics for NEC prevention
and analyzed whether BPD incidence was affected in these studies [23]. While the meta-analysis
confirmed a significant reduction of NEC (risk ratio (RR) 0.52, 95% confidence interval (CI) 0.33
to 0.81, p = 0.004), no significant effect on BPD could be demonstrated. In fact, every organ has a
particular microbiome, and a probiotic beneficial for one system may not be for another. It is now
accepted that differential bacterial strains of the same genus and species can have different effects on
the host depending on the site of action. Therefore, every probiotic must be studied in order to actin a
particular milieu [147]. The question whether intratracheal probiotic administration would improve
respiratory outcomes in adults hospitalized in intensive care units is currently the object of a large RCT
in Canada, the Prevention Of Severe Pneumonia and Endotracheal Colonization PROSPECT Trial [148].
If positive, this could represent an innovative approach for BPD prevention. In brief, modeling the
lung microbiome is a potential alley for preventing BPD, but the modalities still have to be determined
and properly tested.

7. Human Milk

Human milk plays a protective role towards the immature lung through various mechanisms
including specific nutrients and factors, and through its influence on microbiota. A recent meta-analysis
including 22 studies (17 cohort plus 5 RCTs) and 8661 infants [149] showed a trend towards a protective
effect of human milk against BPD, calling for larger RCTs the determine a definite answer, which would
undoubtedly raise ethical questions given its proven benefits in other diseases of prematurity such
as necrotizing enterocolitis. In addition, differences exist between fresh maternal breast milk (MBM)
and pasteurized human donor milk (DBM). In the largest meta-analysis to date based on 4984 infants,
with 1416 BPD cases [150], there was a significant reduction of BPD incidence in exclusively MBM-fed
infants compared with exclusive formula-fed (RR 0.74; 95% CI 0.57-0.96). Conversely, the same authors
showed a trend but failed to formally demonstrate the same benefit comparing exclusive DBM and
formula for BPD prevention (RR 0.89; CI 0.60-1.32), but suggested a protective effect of MBM vs. DBM
(RR 0.77; 95% CI 0.62-0.96), even though the quality of evidence is low [18].

Many factors contribute to direct protective effects of MBM against prematurity co-morbidities,
including specific macronutrients such as whey proteins, milk fat globules (MFG) and their specific
lipids and membranes (MGEM), phosphoproteins and glycosylated proteins, oligosaccharides and
many others [151]. In addition, antimicrobial factors such as lactoferrin, leucocytes, secretory IgA,
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complement factors, cytokines, lactoferrin and lysozyme play a fundamental immunomodulating
role [152]. As recently discovered, human milk exosomes containing microRNA and other epigenetic
factors interact with gene transcription and exert longstanding effects on gut homeostasis [153].
Pasteurization, which is considered a standard for DBM out of concerns for the transmission of
infectious agents such as cytomegalovirus, Human Immunodeficiency Virus and Herpes Simplex
Virus, inactivates many microcomponents and compromises its bactericidal and immunomodulating
properties [152]. Alternative methods are currently under development, but have not reached prime
time in the NICUs and DBM banks so far [154].

After birth, MBM promotes the colonization of the infant digestive tract and the development of
the early microbiome [104] through various mechanisms. Bacteria are specific to the mother-infant
dyad and the term of the pregnancy. In a 165 rRNA sequencing prospective study in healthy neonates,
stable airway microbiomes characterized by predominant moraxella and corynebacterium species were
associated with early breastfeeding and lower rates of infections in infancy [155]. Specific human
milk oligosaccharides (HMOs), non-digestible prebiotics, act by promoting the development of
bifidobacteria and bacteroidetes, which may have a beneficial effect on respiration and immunity.
Indeed, HMO addition in formula provides protection against bronchiolitis in term infants [20].
However, HMO composition and concentration are significantly different in preterm compared to term
breastmilk [156], and the effects of HMO on gut maturation and prevention of necrotizing enterocolitis
appear to be age-dependent and uncertain in premature infants [21]. Up to now, evidence has been
lacking indicating that early HMO supplementation has any beneficial effects in the preterm infant
lung [21]. The influence of human milk nutrition on the airway microbiome in preterm infants and its
potential effects in BPD prevention is still an open question.

8. Conclusions

Macro- and micronutrients have a profound influence on premature lung health and disease,
raising the question of whether nutrition experts should be involved more systematically in neonatal
intensive care teams. As bronchopulmonary dysplasia is a heterogeneous and multifactorial disease,
single-bullet approaches have mostly failed to achieve significant progress. From this perspective, it is
not surprising that a “simple” nutritional approach such as exclusive human milk feeding has shown an
efficacy comparable to single-target drugs. The evidence of a neonatal lung microbiome playing a key
role in RDS and BPD establishes new directions for prevention and therapeutic interventions, yet its
origin, the dynamics of its establishment, its evolution and its interactions with the environment and its
relationship with health maintenance and disease are still under intense investigation. The emerging
concept of a placenta-gut-lung triangle should govern future research efforts, with the goal of
preventing and potentially reversing the course of chronic lung disease of prematurity and preventing
its lifelong consequences.
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Abbreviations

LCPUFA long chain polyinsaturatyed fatty acid
HMO human milk oligosaccharide

BPD bronchopulmonary dysplasia

RTI respiratory tract infection

DHA docosahexenoic acid

AA arachidonic acid

NEC necrotizing enterocolitis

LOS late-onset sepsis

META meta-analysis

MBM maternal breast milk

DBM donor breast milk

RCT randomized controlled trial

RDS respiratory distress syndrome

R recommended

NR not recommended
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Abstract: Pulmonary arterial hypertension (PAH) is characterized by sustained vasoconstriction,
vascular remodeling, inflammation, and in situ thrombosis. Although there have been important
advances in the knowledge of the pathophysiology of PAH, it remains a debilitating, limiting,
and rapidly progressive disease. Vitamin D and iron deficiency are worldwide health problems
of pandemic proportions. Notably, these nutritional alterations are largely more prevalent in PAH
patients than in the general population and there are several pieces of evidence suggesting that
they may trigger or aggravate disease progression. There are also several case reports associating
scurvy, due to severe vitamin C deficiency, with PAH. Flavonoids such as quercetin, isoflavonoids
such as genistein, and other dietary polyphenols including resveratrol slow the progression of the
disease in animal models of PAH. Finally, the role of the gut microbiota and its interplay with the
diet, host immune system, and energy metabolism is emerging in multiple cardiovascular diseases.
The alteration of the gut microbiota has also been reported in animal models of PAH. It is thus possible
that in the near future interventions targeting the nutritional status and the gut dysbiosis will improve
the outcome of these patients.

Keywords: pulmonary hypertension; microbiota; vitamin C; vitamin D; iron; diet

1. Pulmonary Hypertension

The pulmonary circulation in healthy individuals is a high flow, low resistance circuit. It accommodates
a similar cardiac output as the systemic circulation but with one sixth of its pressure. Normal mean
pulmonary arterial pressure (mPAP) at rest is 14.0 + 3.3 mmHg, with an upper limit of normal of
20 mmHg [1]. Pulmonary hypertension (PH) is due to a rise in pulmonary vascular resistance and
mPAP. It is a chronic vascular disorder resulting in progressive right heart failure and eventually
death [2,3]. A clinical classification categorizes PH into five groups according to their pathophysiological
mechanisms, clinical presentation, hemodynamic characteristics, and treatment strategy [1,3]. Group 1,
Pulmonary Arterial Hypertension (PAH) is also subclassified into idiopathic, familial, associated with
other disorders or infections, or resulting from drug or toxin exposure [3,4]. The definition of PAH
has been revised in the 6th World Symposium on Pulmonary Hypertension. PAH is now defined as a
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mPAP > 20 mmHg at right heart catheterization, normal left atrial pressure, and pulmonary vascular
resistance > 3 Wood units [1]. In Europe, PAH prevalence is in the range of 15-60 subjects per million
population and an incidence of 5-10 cases per million per year [5,6]. In addition to poor prognosis,
with one- and three-year survival rates around 87% and 67%, respectively, limitations in functional
status affect the patient’s quality of life, daily life activities, and employment [7,8].

1.1. Etiology

Several genetic and environmental factors for the development and progression of PAH have been
identified [3,4,9]. In the West, idiopathic PAH, i.e., without any familial history or known triggering
factor, is the most common subtype (30-50% of all cases of PAH), followed by connective tissue
disease-associated PAH, congenital heart disease-associated PAH, and heritable PAH [5]. Mutations in
BMPR?2 (bone morphogenetic protein receptors type II) can be detected in approximately 70% of cases of
heritable PAH and they are also identified in 10-20% of IPAH [10]. In addition, mutations in other genes
related to BMPR2 signaling axis have been discovered [9]: ACVRLI/ALK1 (Activin receptor-like kinase 1),
ENG (endoglin), and SMAD9 (decapentaplegic homolog 9) [9,11]. Mutations in the KCNK3 gene, which
encodes the potassium channel TASK-1 [12], and in KCNA5, which encodes the voltage-dependent
potassium channel Kv1.5, have also been identified in PAH patients [13]. Numerous drugs and
substances have been involved in the development of PAH, including anorexigens, selective serotonin
reuptake inhibitors, interferons, antiviral therapies, chemotherapeutic agents, and tyrosine kinase
inhibitors such as dasatinib [3,14]. Finally, PAH is also associated with other systemic disorders, such as
connective tissue diseases and portal hypertension, and infections, such as HIV and schistosomiasis [3].
In summary, with the exception of idiopathic PAH, in all forms of the disease, there is a factor known
to be involved in its etiopathogeny, including mutations, systemic diseases, congenital heart defects,
infections, drugs, and toxins. However, none of them by itself can trigger the disease and the need for
a second hit has been proposed. For instance, BMPR2 mutations present low penetrance: only 42% of
the women and 14% of the men carrying the mutation develop the disease [11,15]. Similarly, about
30% of patients with scleroderma and 0.5% of HIV patients develop it [16,17].

1.2. Pathophysiology

The main pathophysiological mechanisms of PAH are sustained vasoconstriction, endothelial
dysfunction, pulmonary vascular remodeling, in situ thrombosis, and inflammation [2,18,19]. Sustained
vasoconstriction and endothelial dysfunction are due to an altered production of endothelial vasoactive
mediators. These include decreased vasodilator and antiplatelet factors such as nitric oxide (NO) and
prostacyclin (PGI), and increased vasoconstrictors and/or prothrombotic factors such as endothelin-1
(ET-1), serotonin (5-HT), thromboxane (TXA;), angiotensin II (Ang II), and diverse growth factors,
which also contribute to a hyperproliferative and procoagulant state. Ionic remodeling is also a
key feature of PAH. The downregulation of voltage potassium channels, notably Kv1.5 [20,21] and
TASK-1 [22,23], results in a more depolarized membrane potential in pulmonary arterial smooth
muscle cells (PASMC) in PAH patients, leading to increased intracellular calcium and consequently
PASMC vasoconstriction and also PASMC proliferation. Excessive smooth muscle proliferation and
resistance to apoptosis due to paracrine growth factors, dysregulation of BMPR2 signaling pathway,
dysfunctional potassium channels, and rise of anti-apoptotic proteins, among other factors, lead to
smooth muscle hyperplasia. These deranged processes culminate in the obliteration of the pulmonary
artery by enlarged intima and media layers [18,24] and the formation of proliferating vascular structures
called plexiform lesions [24,25]. Thrombotic events in situ are frequent in PAH and contribute to the
narrowing of pulmonary arteries too [19]. Altered immune mechanisms also play a significant role in
the pathogenesis of PAH. Pulmonary vascular lesions in PAH patients and animal models reveal a
recruitment of inflammatory cells as T- and B-lymphocytes, macrophages, dendritic cells, and mast
cells [2,18]. In addition, there is an abnormal circulating level of certain cytokines, such as IL-1f3, IL-6,
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IL-17, TNF-«, and CCL5. Notably, some of these cytokines correlate with a worse prognosis in PAH
patients [26].

1.3. Current Pharmacological Therapies

Over the last decades, intensive research on the cellular and molecular mechanisms and signaling
pathways has provided a better understanding of the pathophysiology of PAH and consequently the
identification of different pharmacological treatments. Unfortunately, a definitive cure does not exist for
PAH. Currently, the five classes of therapies approved for PAH target the Ca®* entry and the three main
dysfunctional endothelial pathways: NO, prostacyclin, and endothelin-1 pathways [27,28]. Inhibitors
of cyclic nucleotide phosphodiesterase type 5 (PDE-5), sildenafil and tadalafil, potentiate the action of
endogenous NO and promote vasodilation [5,27,28]. Soluble guanylate cyclase (sGC) also acts in the
NO signaling pathway catalyzing the transformation of GTP to cGMP. The sGC stimulator riociguat
promotes the synthesis of cGMP favoring vasodilation and inhibiting cell proliferation. The action
of riociguat is independent of the NO availability. Available prostacyclin-related therapies include
synthetic (epoprostenol), prostacyclin analogs (treprostinil and iloprost) and the prostacyclin receptor
agonist selexipag [27,28]. Endothelin-1 receptor antagonists (ERAs) include bosentan, macitentan,
and ambrisentan [5,27,28].

Despite the current approved drugs as monotherapy have shown a favorable impact on clinical,
functional, and hemodynamic outcomes, disease progression is frequently observed. At the 5th World
Symposium of PH and based on the high level of evidence gathered from numerous randomized,
controlled trials, the use of sequential combination therapy was proposed, at least in PAH patients with
inadequate response to monotherapy, and possible first-line therapy in patients with advanced disease
(New York Heart Association Functional Class III/IV). In addition, to achieve greater therapeutic
response, currently, initial combination therapy at the time of diagnosis is recommended. Moreover,
triple combination regimens are also considered in severe PAH, when double therapy fails [27,29].

1.4. Non-Pharmacological Therapies

In randomized controlled trials, exercise therapy improves exercise tolerance, functional capacity,
and quality of life, with a positive impact on social, emotional, and psychological aspects [3,30]. Therefore,
supervised exercise rehabilitation programs are recommended [3]. In addition, it is recommended that
patients should avoid excessive physical activity that leads to distressing symptoms such as due to
poor gas exchange or improper ventilation. Moreover, exercise programs are not well-stablished
and present several limitations based on the gaps in the knowledge of the optimal method, intensity,
and duration of the training [31].

Dietary modification is one of the first steps in the treatment of cardiovascular diseases. The routine
treatment of systemic arterial hypertension involves dietary interventions for all patients including
salt and alcohol restriction; increased consumption of vegetables, fresh fruits, whole grains, soluble
fiber, fish, nuts, and olive oil; low consumption of red meat; and consumption of low-fat dairy
products [32]. However, the European Society of Cardiology (ESC) and the European Respiratory
Society (ERS) Guidelines [3] have not established specific recommendations for dietary habits or
nutrient supplementation for PAH.

Interestingly, associations between nutritional factors and PAH have recently been reported in both
human epidemiological studies and animal models. Recently, it has been reported that multiple-target
nutritional intervention with extra protein, leucine, fish oil, and oligosaccharides can be a new strategy
to prevent the pathophysiological alterations such as cardiac and skeletal muscle hypertrophy in
PAH [33].

Herein, we focus on the scientific evidence on how the deficit in iron and vitamins C and D
as well as other dietary components such as flavonoids may affect the progression of PAH. Finally,
the role of the gut microbiota and its interplay with the diet and the host immune system is emerging
in multiple cardiovascular and respiratory diseases including PAH. Other dietary factors such as n-3
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polyunsaturated fatty acids (PUFAs), vitamin E, melatonin, and coenzyme Q10 may theoretically
have an effect in PAH but there is no experimental or clinical evidence to support it and they are not
discussed herein.

2. Dietary Components with an Impact on PAH

2.1. Vitamin C

Vitamin C, also known as ascorbic acid, is a water-soluble vitamin found in several fruits and
vegetables. It is required for the activity of several enzymes, involved in tissue repair, important for
the immune system function, and functions as an antioxidant. Severe deficit of vitamin C leads to
scurvy, causing general weakness, anemia, skin hemorrhages, gum disease, and teeth loss [34,35].

Many studies have shown that oxidative stress is involved in cardiovascular disease [36]. Nitric
oxide inactivation by reactive oxygen species is a key event in endothelial dysfunction associated to
hypertension and atherosclerosis and other vascular pathologies [37]. On the other hand, oxidation of
LDL in the endothelial wall makes these particles more atherogenic and allows them to accumulate
in the artery walls [36]. This has led to the wide use of antioxidants including vitamin C to slow the
progression of atherosclerosis. However, the meta-analysis of pooled data from randomized controlled
trials have concluded that antioxidant vitamin supplementation has no effect on the incidence of major
cardiovascular events, myocardial infarction, stroke, total death, and cardiac death [38].

Several case reports have shown that pulmonary hypertension is a complication of scurvy [39-42].
Elevated mPAP was reversible after the administration of ascorbate. Two possible mechanisms for
the involvement of vitamin C deficiency in PAH have been proposed [41]. First, vitamin C increases
the availability of endothelial NO that has vasodilatory and antiproliferative capacity [43]. Second,
a deficiency of vitamin C can inactivate prolyl hydroxylases, the cellular oxygen sensors, uncoupling
hypoxia-inducible factor (HIF) from oxygen control [44]. Uncontrolled HIF activity may lead to
activation of pulmonary hypertensive mechanisms [45].

Whether moderate vitamin C deficiency rather than clinical scurvy, which is rare in Western
societies, plays a role in PAH is unknown. Moreover, the effect of vitamin C supplements on PAH
patients has not been well-addressed yet and there is only preliminary experimental evidence of its
effectiveness. For example, a study in broiler chickens has shown that vitamin C reduced the incidence
of PAH and the associated muscularization of pulmonary arterioles [46].

2.2. Vitamin D

Vitamin D is a fat-soluble vitamin that acts as a steroid hormone. It was discovered as an essential
nutrient for the prevention of rickets. Although vitamin D may be obtained from diet, the main source
is derived from endogenous synthesis in the skin under the influence of solar ultraviolet B radiation [47].
The inactive precursor synthetized in the skin or diet undergoes a two-step activation process to
become biologically active. The first step is the 25-hydroxylation in the liver by CYP2R1 resulting
in 25-hydroxyvitamin D3 (25(OH)D3), also named calcidiol, which has partial activity. The second
hydroxylated metabolite is the active 1«, 25-dihydroxyvitamin D3 (1,25(OH),D3), also called calcitriol,
by the 1x-hydroxylase enzyme or CYP27B1 mainly in the kidney [47,48]. Although calcitriol is the
active metabolite of vitamin D, calcidiol is the best circulating biomarker of vitamin D status because
the calcitriol half-life is shorter than that of calcidiol [47,48]. Calcitriol exerts its functions through the
vitamin D receptor (VDR). Similar to other steroid receptor family members, VDR acts as a transcription
factor [49]. VDR binds calcitriol with high affinity and specificity and then heterodimerizes with the
retinoid-X receptor (RXR). After that, the VDR-RXR complex interacts with the vitamin D response
elements on the promoter DNA region of target genes, resulting in changes in gene expression [48,50].
VDR regulates the expression of mRNAs as well as several miRNAs, indirectly regulating the expression
of other genes [51].
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There is no clear consensus on the definition of vitamin D deficiency; the optimum levels and the
dietary requirements are uncertain [52,53]. However, even using conservative thresholds, nowadays,
there is a pandemic of vitamin D deficiency [54]. The principal causes of low 25(OH)Djs levels are
inadequate sun exposure and/or reduced dietary intake [54].

Classically, vitamin D deficiency was related to bone diseases. Currently, because of VDR is found
is many tissues, such as immune and cardiovascular cells, vitamin D deficiency has also been related to
infection, cancer, and respiratory and cardiovascular diseases [53,55,56]. In fact, vitamin D deficiency
has been associated with increased all-cause and cardiovascular mortality [57,58]. The discovery
of VDR in many tissues that do not participate in calcium and phosphorous homeostasis led to
identify a great variety of functions mediated by VDR, such as cell proliferation and differentiation,
immunomodulation, and intracellular metabolism, among others [48].

In the context of PAH, there is some basic and clinical evidence suggesting a role for vitamin D in
the pathophysiology of the disease. VDR was identified in vascular cells, including endothelial and
smooth muscle cells. It is involved in numerous processes of potential relevance in cardiovascular
diseases, such as cell proliferation, differentiation, and apoptosis; cell adhesion; oxidative stress;
angiogenesis; and immunomodulatory and anti-inflammatory activity [53]. Therefore, it is assumed
that vitamin D levels may affect the development of PAH.

To clarify whether vitamin D levels could be involved in PAH progression, Tanaka et al. treated
PAH rats with a diet containing 10;000 Ul/kg of cholecalciferol [59]. Notably, in this study, they found
that vitamin D supplementation in PAH rats improved survival and attenuated some typical features
in PAH such as right ventricle remodeling, assessed by Fulton index (ratio of right ventricle weight
to left ventricle plus septum weight), and medial thickness of muscular pulmonary arteries. Despite
these benefits of vitamin D, cholecalciferol treatment did not decrease pulmonary artery pressure [59].
Moreover, in an in vitro setup, calcitriol treatment inhibited the hypoxia-induced proliferation and
migration in rat pulmonary artery endothelial cells (PAEC) via miR-204/TGF3/Smad signaling pathway.
Specifically, calcitriol suppressed the expression of Tgfbr2, a-SMA, and Smad?7 and induced miR-204,
p21, and Smad2 expression [60]. In the same study, similar results were found in an in vivo rat model.
Remarkably, intraperitoneal calcitriol administration (20 mg/kg) partly reversed the rise in mPAP and
Fulton index induced by three weeks of hypoxia [60].

In the clinical arena, Ulrich et al. showed that secondary hyperparathyroidism is highly prevalent
in PAH patients [61]. Physiologically, decreased serum 25(OH)Dj3 results in increased parathyroid
hormone (PTH) levels in order to maintain adequate serum calcium concentrations. Therefore, low
vitamin D status in PAH patients could be the reason for the elevated PTH. Later, epidemiological
studies demonstrated that vitamin D deficiency is quite prevalent in PAH patients [59,62,63]. In the
prospective study carried out by Demir et al., PAH patients presented much lower vitamin D levels
(median of 6.79 ng/mL), considered as severe deficit of vitamin D (<10 ng/mL of serum 25(OH)Ds),
than controls (18.76 ng/mL) [62]. In line with this result, Tanaka et al. found that, in a cohort of PAH
patients, 39 out of 41 (95.1%) presented vitamin D insufficient and 25 patients (61%) showed deficient
levels [59].

The relationship between vitamin D deficiency and PAH prognosis was evaluated. Serum 25(OH)D3
levels were negatively correlated with mPAP assessed by right heart catheterization, and a significant
positive correlation with cardiac output was found [59]. The potential benefits of vitamin D replacement
on clinical outcomes has been also studied [63]. Twenty-two PAH patients were enrolled in a prospective
uncontrolled longitudinal study. All PAH patients received cholecalciferol at a dose of 50,000 IU weekly
for three months. In addition to the rise of serum 25(OH)Dj3 levels from 14 + 9 to 69 + 31 ng/mL,
remarkably, vitamin D supplements improved the 6-min-walk-distance (6MWD) test by around 80 m
and right ventricle size. Mean PAP estimated by echocardiography was reduced from 79 + 25 to
69 + 23 mmHg but this effect did not reach statistical significance. Pro-BNP (pro-Brain Natriuretic
Peptide) and functional class were also unchanged after vitamin D therapy [63].
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All these data point to beneficial effects of vitamin D in PAH. However, the therapeutic use of
vitamin D in this context has not been validated in randomized clinical trials. Nevertheless, given the
high prevalence of vitamin D deficiency associated to PAH, it seems reasonable that serum vitamin
D levels should be regularly assessed in these patients. Vitamin D supplements should be used to
prevent bone diseases in any subject showing moderate or severe deficiency. Whether the symptoms,
quality of life, and prognosis of patients with PAH improve after restoring vitamin D levels is unclear.
Vitamin D supplementation has been used in other conditions. For instance, vitamin D supplements
succeeded in respiratory diseases, decreasing the incidence of asthma [64] and chronic obstructive
pulmonary disease (COPD) [65] exacerbations in patients with baseline 25(OH)Dj levels lower than
25 nmol/L [65]. On the contrary, vitamin D supplementation has failed in other pathologies. In several
of these latter studies, baseline vitamin D levels have not been taken into account [66-68].

In view of these results, it is plausible that vitamin D deficiency in combination with others risk
factors could aggravate PAH. Vitamin D deficiency per se does not cause PAH. This is consistent with
the fact that vitamin D deficiency is very prevalent in the population [54] while PAH is a rare disease.
Therefore, further research is necessary to investigate the harmful effects of vitamin D deficiency in the
pathogenesis of PAH and the efficacy and safety of vitamin D treatments.

2.3. Iron

Iron is essential in several physiological processes, including oxygen delivery and energy
metabolism. In fact, about 70% of iron is bound to hemoglobin and around 5-10% is found in
myoglobin. Serum ferritin is the most specific indicator used in laboratories for evaluating iron
stores. Ferritin levels below 30 ng/mL are considered iron deficiency with or without anemia [69,70].
Circulating soluble transferrin receptor levels is another biomarker of iron deficiency. Iron deficiency
is the most common cause of anemia worldwide and it is particularly common in specific chronic
diseases such as heart failure or chronic renal diseases [71].

Recent data indicate that iron deficiency is also prevalent in patients with idiopathic PAH
(IPAH) and it correlates with disease severity [72-74]. In fact, anemia is also an indicative of poor
prognosis [75,76]. For the first time, Ruiter et al. [73] reported that around of 40% IPAH patients
present iron deficiency and it is associated with decreased exercise capacity, assessed by the 6 MWD
test without anemia. Similar results were found by Yu in patients with PAH associated with congenital
heart disease [77]. The significantly decreased 6MWD suggests that iron is essential in maintaining
exercise performance. The authors speculated that iron deficiency might impair oxygen transport and
delivery and finally disturb muscle oxygen homeostasis. Consequently, the clinical manifestation is
shorter 6oMWD. Interestingly, restoring iron levels in patients with chronic left heart failure significantly
improves 6 MWD and New York Heart Association (NYHA)-Functional Class [78,79].

Although epidemiological data show iron deficiency in PAH, the physiological contribution of
iron in PAH is unknown. Few studies have been carried out in this context [80-83]. Variation in iron
availability without anemia can affect pulmonary vascular tone. Intravenous infusion of iron attenuated
the increased in mPAP in response to sustained hypoxia in 16 healthy volunteers with normal iron
levels [83]. Likewise, acute iron depletion exacerbates PAP and pulmonary vasoconstrictive response
to hypoxia condition [83]. In line with these results, in individuals exposed to high altitude, PAH may
be attenuated by iron supplementation [84].

After four weeks of iron deficient diet, rats present vascular remodeling in resistance
pulmonary arteries and PAH. These vascular changes were accompanied by activation of HIF,
STAT3, and mitochondrial dysfunction. In addition, in this study, mPAP and pulmonary vascular
muscularization was reversed by intravenous iron therapy [80]. Transferrin-1 receptor (TfR1) knock-out
mice show protection against the development of hypoxia-induced PAH. Similarly, downregulation
of TfR1 in vitro also inhibits human PASMC proliferation [85]. Moreover, recently, Lakhal-Littleton
et al. demonstrated that intracellular iron deficient in PASMC induces PAH in mice via increasing
expression of ET-1 [86].
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The cause of the increased prevalence of iron deficiency in PAH is not completely clear. Iron
deficiency can be related to reduced intake, impaired uptake, or increased loss of iron. Some authors
postulated that the predominance of PAH in women vs. men could be due to a higher prevalence of
iron deficiency in premenopausal women compared to postmenopausal women and men [77,87,88].
However, ferritin levels and circulating soluble transferrin receptor levels did not differ with gender or
age in a large cohort of IPAH patients [72,73]. On the other hand, it is interesting that only a small
proportion of IPAH responded to oral iron therapy, suggesting that, at least in these group of patients,
a disturbance in iron absorption could be responsible for iron deficiency [73,89]. In line with this theory,
elevated hepcidin levels were found in IPAH patients [72]. Hepcidin is a hormonal inhibitor of the
intestinal absorption of dietary iron synthesized by the liver, which is elevated in inflammation [90].
However, plasma hepcidin concentration did not correlate with IL-6 levels, suggesting that, at least in
these cohorts of IPAH patients, raised hepcidin levels were not due to inflammation. Of particular
interest is BMP signaling. In vitro, BMPR2 downregulation by a short interfering RNA increased
hepcidin production. Rhodes et al. speculated that BMPR2-heritable PAH might be associated with
more severe iron deficiency due to increased hepcidin levels [72].

All this evidence suggests that intravenous iron replacement could be a potential treatment in
PAH patients [91,92], improving hemodynamic and clinical outcomes.

2.4. Flavonoids and Other Polyphenols

Polyphenols are a large group of plants metabolites commonly present in the human diet,
specifically in vegetables, fruits, and beverages. Flavonoids comprise the major group of polyphenolic
compounds. They are chemically characterized, sensu stricto, by the presence of a skeleton of
2-phenyl-4H-1-benzopyrane [93]. Isoflavonoids, neoflavonoids, chalcones, and aurones are related
compounds often considered flavonoids as well. Other important polyphenols include stilbenoids.

Many studies have analyzed the influence of polyphenols in human heath [94], and more
especially its positive role against cardiovascular diseases [95,96]. In addition to their antioxidant
action, they also present vasodilator, antithrombotic, antiapoptotic, anti-inflammatory, hypolipidemic,
and antiatherogenic effects, associated with decreased cardiovascular risk [96]. The flavonoids present
in fresh fruits, vegetables, and wine are considered major contributors to the antihypertensive effects of
these foodstuffs. In particular, the effects of the flavonoid quercetin, the isoflavonoid genistein, and the
stilbenoid resveratrol have been studied in animal models of PAH and are reviewed herein.

Resveratrol is found in red wine, grapes, and berries. This polyphenol has been shown to attenuate
right ventricular systolic pressure and pulmonary artery remodeling in monocrotaline-induced PAH in
rats [97]. Moreover, this study demonstrated that resveratrol treatment (25 mg/kg per day) improved
pulmonary endothelial function, assessed by increased eNOS expression, and decreased oxidative
stress due to decreased of NADPH oxidase activity. Resveratrol also reduced the inflammatory
cytokines IL-1f3, IL-6, and TNFe, and inhibited PASMC proliferation [97]. Therefore, resveratrol
exerted anti-oxidant, anti-inflammatory, and anti-proliferative effects, reducing the main hallmarks of
PAH. It was speculated that ROS scavenging mediated by resveratrol may be the central process of
these pleiotropic actions [98]. Several experiments have been performed to elucidate the underlying
mechanisms. Chen et al. found that in vitro resveratrol treatment attenuated the hypoxia-induced
proliferation in human PASMC by the inhibition of arginase II. The inhibitory effect of resveratrol
on arginase II was PI3K-Akt signaling pathway-dependent [99]. Similar results were found in rat
PASMC [100], in hypoxic pulmonary hypertension rats [101], and in monocrotaline-induced PAH [102].

Quercetin is probably the most widely distributed in foods and best studied flavonoid. Multiple
studies have highlighted its biological activity to reduce arterial blood pressure in both human
and experimental systemic hypertension [103,104]. Several animal models have also been used to
examine the protective effect of quercetin in PAH. The first report analyzed the effects of quercetin as a
preventive strategy for PAH (100 mg/kg from the day after monocrotaline infusion) [105]. Consecutively,
our group investigated the therapeutic role of quercetin in PAH induced by monocrotaline in rats

121



Nutrients 2020, 12, 169

(10 mg/kg once daily from Day 21 after PAH was established) [106]. In both studies, the authors
found that quercetin administration significantly alleviated mPAP, right ventricular hypertrophy,
and pulmonary artery remodeling. Furthermore, quercetin treatment significantly increased survival in
monocrotaline rats. However, classic biomarkers of PAH, such as endothelial dysfunction, pulmonary
artery hyperresponsiveness to 5-HT, and downregulation of BMPR2 and Kv1.5, were unaffected by
quercetin [106]. These were unexpected results because quercetin has been widely reported to improve
endothelial function in systemic arteries in in vivo and in vitro experiments [104,107]. Our group also
demonstrated that quercetin exerted vasodilator effect in isolated pulmonary arteries, induced apoptosis
and inhibited cell proliferation in PASMC [106]. The mechanism involved in the antiproliferative
effects in both PASMC and endothelial cells seem to involve AKT [106,108,109], FOXO1-mTOR [110],
and altered Bax/Bcl-2 ratio [108,111].

Genistein is an isoflavone abundant in soybeans. It has been widely used as a phytoestrogen
substitute for hormone replacement therapy in postmenopausal women [112]. Genistein consumption is
thought to reduce the incidence or severity of cardiovascular disease and of some forms of cancers [113].
It is a wide spectrum tyrosine kinase inhibitor (TKI) and it is well-known that tyrosine kinase inhibitors
play an important role in the control of pulmonary vascular tone. Genistein can behave as an
antioxidant and improves endothelial function in systemic and pulmonary arteries from several models
of cardiovascular disease, through increasing endothelial NO synthase levels, restoring NO-mediated
PA relaxation, reducing vascular superoxide production or decreasing angiotensin Il receptor [114-116].
The vasodilator effect of genistein has also been studied in isolated pulmonary arteries precontracted
by 5-HT [21] and ET-1 [117]. The activation of 5-HT,4 receptors inhibits Ky currents, and genistein
treatment prevented this effect in rat PASMC [21]. In PA from chronic hypoxia rats, the contraction
induced by ET-1 appeared to be mediated by the activation of tyrosine kinase, and genistein reduced
the ET-1-induced response [117]. All these effects make genistein a potential therapy for PAH. In the rat
model of PAH induced by monocrotaline, genistein both prevents [118] and reverses [116] the increased
PAP. Moreover, genistein significantly improved pulmonary vascular remodeling, right ventricular
function, and survival. It also inhibited human PASMC proliferation in vitro [116]. In addition,
genistein also ameliorated pulmonary hemodynamics and vascular remodeling in a rat model of
hypobaric hypoxia [119]. Some authors suggested that the mechanism underlying genistein-improved
main characteristics of PAH is mediated through the improvement of PI3K/Akt/eNOS signaling
pathway [119,120]. In addition, genistein also potently attenuates hypoxia-induced hypertrophy of
PASMC through estrogen receptor and (3-adrenoreceptor signaling [121].

2.5. Microbiota

The human gut is a bacterial ecosystem that harbors >100 trillion microbial cells and presents a
symbiotic relationship with the host. Gut microbes provide help with digestion, promote gut immunity,
and prevent the colonization of pathogens, while the host supplies them with a favorable environment
for survival. A healthy gut microbiome is characterized in terms of diversity and richness as well
as its stability and resistance to any perturbation. In contrast, gut dysbiosis is any disruption of
the normal balance between the gut microbial community and the host, which can result in several
diseases [122]. Gut dysbiosis is typically characterized by a lower diversity and richness of the microbial
communities, an increase in Firmicutes to Bacteroidetes ratio (F/B), and altered short chain fatty acids
(SCFA) producing bacteria, with an increase in lactate-producing bacteria and a decrease in acetate-
and butyrate-producing bacteria [123,124]. In recent years, a growing body of evidence points to a
relationship between gut dysbiosis and many diseases, including essential hypertension [124,125],
obesity [126,127], inflammation [128] neurologic disorders [129], and pulmonary hypertension [130].

The diet is a critical regulator of the composition and function of the microbiota [131]. Multiple
studies have focused on the effects of macronutrients (fat, carbohydrate, and protein) on the gut microbiome.
Other dietary components such as soluble or insoluble fibers may be important as well [132,133]. Moreover,
several food components are substrates for bacterial enzymes. These enzymatic processes lead to the
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production of other byproducts which can be absorbed in the gut. Importantly, SCFAs, particularly
butyric and acetic acid, which derive mainly from the bacterial fermentation of fiber, are considered to
promote cardiovascular health. In contrast, trimethylamine-N-oxide (TMAO), a metabolite produced
by the gut microbiota from choline, betaine, and carnitine, which are abundant in meat, eggs, and fish,
is associated with excess risk of heart disease [134].

In addition, it has been reported that some dietary components such as sweeteners, minerals,
and vitamins can modify the microbiota. Remarkably, some of the nutrients with an impact on
PAH progression, as described above, such as iron and vitamin D deficiency as well as quercetin and
resveratrol significantly affect the intestinal microbiota [135-137]. Therefore, besides the aforementioned
mechanisms of action of these dietary components, the changes in the gut microbiota may also be
responsible of the actions of iron, vitamin D, or polyphenols. On the contrary, the composition of
microbiota may affect the absorption of calcium, phosphate, iron, and zinc. Moreover, in addition
to dietary sources of water-soluble vitamins, the microbiota can also synthetize some of these
vitamins [132].

The role of the diet on the microbiome in the context of PAH is not known. However, it could
be speculated that part of the effects of the dietary factors mentioned above in PAH might be due
to changes in the microbiota. We demonstrated for the first time that there are several changes in
the gut microbiota in PAH [130]. In a rat model of PAH induced by a single dose of Sugen5416 plus
chronic hypoxia for two weeks, we found two main hallmarks of gut dysbiosis: a three-fold increase
in F/B ratio, driven by a decrease in all Bacteroidetes families in PAH animals (2-10-fold decrease)
and no changes in Firmicutes abundance. Furthermore, feces from PAH rats present a decreased in
acetate-producing bacteria, accompanied by a reduced serum acetate, without changes in butyrate
and lactate producing bacteria [130]. In contrast, we did not find global differences in microbial
diversity and richness, as happened in other diseases [124]. Although this study is preliminary,
it indicates that the abnormalities in the gut microbiota observed might play a pathophysiological
role in the development and/or progression of PAH, rather than being a consequence. Likewise,
Wedgwood et al. also suggested that intestinal dysbiosis may impact on distal organs including the
lung, contributing to the development of PH [138]. In this study, rat pups with PH induced by postnatal
growth restriction (PNGR) present gut dysbiosis and the probiotic treatment attenuates PNGR-induced
PH. Considering these results, the authors suggested that PH is in part driven by the alteration of the
gut microbiome [138].

It is tempting to speculate that changes in intestinal microbiota and circulating microbial products
can contribute to PAH. Thenappan et al. suggested that gut dysbiosis might be involved in perivascular
inflammation in the early development of PAH [139]. Gut dysbiosis can result in increased gut
permeability, allowing bacteria and/or bacterial products translocation, with an increase in plasma
bacterial lipopolysaccharide (LPS), the main ligand for toll-like receptor 4 (TLR4). TLR4 activation
has been implicated in the pathogenesis of PAH [140]. Ranchoux et al. demonstrated that bacterial
translocation occurs in PAH, suggesting a gut-lung cross-talk, in which TLR4 antagonists are plausible
to be effective at disrupting this circle [141]. Gut dysbiosis also produces a pro-inflammatory
environment, increasing IL-17 secretion and a downregulation of Treg cells [142]. Likewise, an increase
in Th17 cells and a deficiency in normal Treg cells are observed in PAH patients, promoting vascular
remodeling [26,143]. In addition to platelets, serotonin (5-HT) is also stored and produced in
enterochromaffin cells. Thus, gut microbiota plays a key role in regulating 5-HT levels at colon and
serum. Notably, clinical and experimental PAH showed elevated serum 5-HT levels. It is well-known
that 5-HT promotes pulmonary artery remodeling, PASMC proliferation, and constriction of pulmonary
arteries through the 5-HTp receptor [21,144].

3. Conclusions

Although there have been important advances in the knowledge of the pathophysiology of PAH,
it remains a debilitating, limiting, and rapidly progressive disease. Targeted nutritional and lifestyle
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interventions could have a great clinical importance (Figure 1). Vitamin D and iron deficiency are
worldwide health problems of pandemic proportions. Notably, these nutritional alterations are largely
more prevalent in PAH patients than in the general population and there are several pieces of evidence
suggesting that they may trigger or aggravate the disease progression. However, to date, most of this
evidence is based on observational studies, animal models, and small series of uncontrolled trials.
Therefore, robust randomized clinical trials are required to establish cause—effect relationships. In the
meantime, it seems reasonable to study the nutritional status of all PAH patients with particular
emphasis on vitamins C and D and iron. Severe nutritional deficiencies leading to scurvy, osteoporosis,
or ferropenic anemia must be corrected using the appropriate supplements. Based on the above
discussed evidence, the correction of these nutritional defects may be expected to have additional
positive impact on the severity of the disease, the quality of life, and the prognosis of the patients.
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Figure 1. Impact of nutrition in PAH. Dietary components such as Fe?*, vitamins C and D, flavonoids
and other related polyphenols, and fiber as well as vitamin D obtained from the exposure to sunlight
may have a positive impact the quality of life and prognosis of PAH patients. Each dietary factor may
have its own mechanism of action. However, part of the effects of these nutrients may be related to
their effect on the immune system with restoration of T cells and cytokines, changes in the microbiota
and their bacterial products, and bacterial translocation.

The possible positive effects of the polyphenols quercetin, resveratrol, and genistein in PAH
remain to be determined in clinical trials. The use of supplements containing these polyphenols cannot
be recommended at this stage. However, given the encouraging effects of fruits and vegetables on
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cardiovascular health with particular impact on systemic hypertension, it seems reasonable to stimulate
PAH patients to adhere to diets rich in these foods.

The role of gut dysbiosis in the pathogenesis of PAH has not been firmly established. At present,
no recommendations directed to modify the gut or the lung microbiota can be established. However,
if the role of dysbiosis is confirmed, several interventions may be implemented to correct or compensate
the altered microbial ecosystem including the use of specific bacterial strains (probiotics), fiber and
dietary polyphenols (i.e., prebiotics), fecal transplantation, antibiotics, and beta-adrenergic antagonists
or replacing the deficit in specific SCFAs (e.g., acetate).
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Abstract: Maternal and perinatal undernutrition affects the lung development of litters and it may
produce long-lasting alterations in respiratory health. This can be demonstrated using animal models
and epidemiological studies. During pregnancy, maternal diet controls lung development by direct
and indirect mechanisms. For sure, food intake and caloric restriction directly influence the whole
body maturation and the lung. In addition, the maternal food intake during pregnancy controls
mother, placenta, and fetal endocrine systems that regulate nutrient uptake and distribution to
the fetus and pulmonary tissue development. There are several hormones involved in metabolic
regulations, which may play an essential role in lung development during pregnancy. This review
focuses on the effect of metabolic hormones in lung development and in how undernutrition alters
the hormonal environment during pregnancy to disrupt normal lung maturation. We explore the role
of GLP-1, ghrelin, and leptin, and also retinoids and cholecalciferol as hormones synthetized from
diet precursors. Finally, we also address how metabolic hormones altered during pregnancy may
affect lung pathophysiology in the adulthood.

Keywords: lung development; undernutrition; lung diseases; ghrelin; leptin; GLP-1; retinoids;
cholecalciferol; fetal growth restriction; respiratory distress syndrome

1. Introduction

Maternal diet is an essential factor that controls fetal growth, both directly by providing nutrients
to the embryo and indirectly by regulating the expression of endocrine mechanisms that control the
uptake and use of nutrients by the fetus; it also contributes indirectly by changing epigenetic profile
and so modulating the expression of genes. The reduction in caloric supply during pregnancy that
usually comes accompanied by deficiency of macro and several oligonutrients is called maternal
undernutrition. It is demonstrated that maternal undernutrition reduces fetal and placental growth in
animals and humans [1]. The reduction in fetal growth is explained by the reduction in cell division [2],
which is the result of the adaptation of the cells to the lack of nutrients and the alteration of growth
factor and hormone supplies, especially insulin and growth hormone [3]. Fetal growth restriction
(FGR) is defined as the fetal growth in lower rate than the normal growth potential, and is an important
cause of fetal and neonatal morbidity and mortality [4].

Lung development is a complex process that initiates in utero and continues until early adulthood.
In humans, lung development starts as soon as week 3 of gestation [5]. Lung organogenesis comprises
five differentiated stages in humans [6]. In the embryonic stage (4 to 6 weeks of gestation, WG), the two
lung buds and primary bronchi emerge from the primitive foregut. In the pseudoglandular stage (5 to
17 WG), there is an expansion of the conducting airways. Following this, in the canalicular stage (16 to
27 WG), the epithelia differentiates to separate conducting and respiratory airways and the pulmonary
surfactant starts to be synthetized by alveolar type II cells (ATII). In the saccular stage (28 to 31 WG),
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there is a transition from branching morphogenesis to alveologenesis. In the final alveolar stage (32
WG until early postnatal life), alveoli form and grow.

Other mammal species used for the study of lung development show similar stages, but at different
timing during gestation. Rodents have an immature lung at birth—they are in the saccular stage and
the alveoli develop postnatally [7]. The deficit of nutrients may alter normal lung development, and
promotes a long-lasting impact in the lung structure and function [8].

2. Effect of Metabolic Hormones in Lung Development

Hormones and growth factors lead lung morphogenesis. Some key hormones for metabolic
control such as insulin, glucocorticoids, and thyroid hormones are at the core of regulatory management
of organ development. However, there is extensive literature about their role in lung development
and organogenesis that the interested reader might easily find, and thus they are not included in our
review, despite their undoubted relevance.

Instead, new hormones modulating metabolism have been recently shown to have a key role in
the maturation of several organs, including the lung. In the next paragraphs, we summarize the actions
of some of the most relevant metabolic hormones, such as ghrelin, leptin, GLP-1, and gene-regulating
hormones such as retinoids and cholecalciferols.

2.1. Ghrelin

Ghrelin is a 28 amino acid acylated peptide derived from preproghrelin, a 117 AA precursor.
It was firstly identified in rat and human stomachs [9], but later, ghrelin expression was found in
other adult organs such as the pituitary, hypothalamus, kidneys, heart, and placenta [10]. Ghrelin
acts trough a G protein-coupled receptor known as growth hormone secretagogue receptor subtype
la (GHS-R1a) [9], because it potently stimulates growth hormone (GH) release from the pituitary.
In addition, ghrelin stimulates food intake, acting at hypothalamus, and it is involved in the regulation
of metabolism, having an overall anabolic effect [11].

Ghrelin hormone is detected in cord blood in human fetuses from 20 weeks of gestation [12].
Interestingly, ghrelin is expressed in neuroendocrine cells of the bronchial wall in the pseudoglandular
stage of fetal lung development (7-18 WG), but its levels decrease from 19 WG to the second year of
postnatal life, and remains afterwards [13]. GHS-R1a is also widely expressed in fetal lung tissue [14,15].
It has been postulated that ghrelin acts as a regulator of fetal lung development in an autocrine/paracrine
way, and when exogenously administered, it contributes to fetal lung branching in in vivo and in vitro
studies [15,16].

It has been observed that in congenital diaphragmatic hernia (CDH), the ghrelin gene is
overexpressed in humans and in an animal model of CDH induced by nitrofen administration.
These data suggest a potential role of ghrelin in the mechanisms involved in attenuation of lung
hypoplasia [16]. In addition, and very relevant, ghrelin administration sensitizes lung fetal tissue to
the action of retinoic acid (RA) by upregulating RA receptors, what may be part of the underlying
mechanism to explain the effect of ghrelin in lung growth and development [17]. Moreover, ghrelin
administration improved pulmonary hypertension and attenuated pulmonary vascular remodeling in
newborn pups from an animal model of persistent pulmonary hypertension [18].

2.2. Leptin

Leptin is a 164 AA peptide product of the ob gene [19]. Leptin is produced and secreted by the
white adipose tissue, and so it is considered an adipokine. The circulating leptin levels seem to be
related to the whole amount of fat stored in adipose tissues [20]. Interestingly, leptin has shown to
have pleiotropic effects and it can modulate food intake and energy expenditure, immune response,
reproduction, and blood pressure homeostasis [21].

Leptin acts through the leptin receptor (Ob-R), encoded by the db gene [22]. Ob-R is a member of
the class I cytokine receptor family and it is composed for six different isoforms, all of them products
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of the alternative splicing of the Ob-R mRNA [23]. Leptin and Ob-R are expressed in many other
tissues, like the placenta and lungs [24,25]. In lung adult tissue, leptin expression was identified in
bronchial epithelial cells, ATII cells, which produce the surfactant, and in alveolar and interstitial
macrophages [26]. Leptin receptor expression is detected in the distal lung both in the alveolar and
bronchial epithelia [27].

In the fetal lung, leptin gene is expressed in lipofibroblasts, and its levels increases during alveolar
differentiation, when pulmonary surfactant phospholipid synthesis is induced [28]. The lung is one
of the few tissues that expresses the Ob-R leptin receptor during fetal development [29,30]. Ob-R is
expressed specifically by fetal ATII cells [30] and it is enhanced in late gestation, which suggests a
key role of leptin in lung maturity [31]. In FGR, the expression of leptin and Ob-R diminishes during
the canalicular stage of lung development, being a relevant pathogenic event to explain the lung
immaturity in that condition [32]. Moreover, leptin increases surfactant-associated protein (SFTP)
expression in in vitro culture of fetal lung explants and in fetal ATII cells [32,33]. The stimulation
of SFTP production by leptin is been postulated to be the result of a regulatory paracrine feedback
loop between the lipofibroblasts inside the lung and the type II alveolar epithelial cells [28]. On the
other hand, the administration of leptin to control animals in vivo produces contradictory findings.
While leptin did not modify surfactant synthesis in sheep and mice fetal lungs [34], in more recent
studies, it was able to increase the mRNA expression of surfactant-associated protein B (SFTPB) in fetal
ewes [35]. In addition, leptin administration to pregnant rats between GD19 and GD20 prevented the
alterations in fetal lung architecture and normalized the expression of surfactant-associated protein A
(SFTPA) in a model of FGR [32].

Furthermore, the role of leptin in lung maturation may be clarified in ob/ob mice, which lack leptin
expression [36]. These mice, which show a clear obese phenotype, also present an altered alveolar
formation that may be observed from the second week of postnatal life onwards, with a clear decrease
in lung volumes and reduced alveolar number and total alveolar surface area. The postnatal leptin
replacement in ob/ob mice stimulates alveolar enlargement and increases lung volume and alveolar
surface area [37].

On the other hand, the excessive leptin levels may also have deleterious effects. In rats, a maternal
high fat diet increases offspring serum leptin levels, and increases inflammatory cell infiltration and
interstitial remodeling, although in this case, it is not clear whether these effects might alternatively
be secondary to obese phenotype and dysregulation of metabolism [38]. In fact, there is a negative
correlation between leptin levels and forced expiratory volume in first second (FEV1), in obese children
and adolescents [39].

Again, all of the little experimental data reported to date clearly indicate that leptin may play a
relevant role in lung development, and in some way, this hormone might contribute to explain the
functional and pathophysiological connections already observed between adipose tissue and lungs.

2.3. GLP-1

Glucagon-like peptide 1 (GLP-1) is an insulinotropic hormone produced by enteroendocrine L-cells
of the ileum in response to food intake [40]. GLP-1 is the product of post-translational processing of
proglucagon gene. GLP-1 acts by binding to GLP-1 receptor (GLP-1R), a G protein-coupled receptor that
is widely expressed in many tissues, including a very high expression in fetal and adult lungs [41,42].

During fetal development, GLP-1 receptor is expressed in lung tissue, and its expression is
greatly increased just immediately before birth, in coincidence with a period of high surfactant
demand before alveolar expansion at first breath after birth [42]. GLP-1R activation increases in vitro
phosphatidylcholine secretion in rodent and human ATII cell primary cultures [43,44]. GLP-1 analogue,
exendin-4 also, increases perinatal SFTP expression and secretion in rats [42]. In the animal model
of lung hypoplasia induced by nitrofen in pregnant rats, exendin-4 administration promotes the
expression of SFTPA and SFTIPB in similar amounts as dexamethasone, but it also improves the
structural development of alveoli and the interstitial tissue, thus allowing the survival of a significant
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number of newborn rats [42], which never found in untreated animals. In addition, transplacental
administration of the GLP-1R agonist liraglutide improved the morphology of the pulmonary vascular
vessel in an animal model of congenital diaphragmatic hernia in rabbits [45]. Moreover, GLP-1R
activation promoted a marked induction of the ACE2 expression, which enhanced the activity of
the ACE2/Ang(1-7)/MasR branch of the renin—angiotensin system, with vasodilatory instead of
vasoconstrictor properties, in an animal model of FGR by perinatal food restriction of the mothers [46].
This was also observed in diabetic rats, showing right ventricle hypertrophy, which is prevented by
just one-week administration of liraglutide [47].

In summary, our group and others have shown that GLP-1 receptor agonists have very important
effects in different aspects of lung physiology. These molecules stimulate the production of both
components of surfactant, phospholipids, and SFTPs; they regulate the vascular tone of the pulmonary
vessel, promoting vasorelaxation instead of vasoconstriction, thus preventing pulmonary hypertension
by the modulation of the components of the renin-angiotensin system; and they improve the alveolar
and interstitial histological structure of the lung tissue (Figure 1). GLP-1 receptor expression is also
regulated in relation to key events in the lung physiology, and it is overexpressed immediately before
birth. Altogether, GLP-1 receptor agonists show protective effects that improve lung function in
different physiological and pathophysiological conditions, suggesting a very relevant role in this organ.

1 Phosphatidylcholine
synthesis and secretion

1 Surfactant-associated
proteins synthesis and
secretion

t Lung growth, structure and
maturity

ATII cell

0 \ 1 Activity angiotensin ACE2/Ang(1-7)/MAS1
\ axis

/ 1 Vasodilation of pulmonar vascular bed.
Prevent Righ Ventricle hypertrophy

Pulmonary capillary

Figure 1. Schematic representation of the main effects of GLP-1R activation in fetal lung tissue.
Abbreviations: ATI cell, alveolar type I cell; ATII cell, alveolar type II cell; Glp-1, glucagon-like peptide-1;
ACE2, angiotensin-converting enzyme 2; Ang (1-7), angiotensin 1-7; MAS1, Mas proto-oncogene, G
protein-coupled receptor.

2.4. Retinoids

Retinoic acid (RA) is a metabolite derived from diet that acts properly like a hormone regulating
gene expression [48]. This hormone is obtained as a micronutrient, either as retinyl-esters, present in
animal origin food, or as carotenoids, present in vegetables. The hepatocytes are the main reservoir of
retinoids, where they accumulate up to 70% in the form of retinyl-esters [49]. When an extrahepatic
tissue requires RA, retinyl-esters are cleaved to retinol, which is transported to target tissue bound to
retinol-binding protein (RBP) [50]. In target tissues, retinol undergoes two successive oxidations to
produce all-trans retinoic acid (ATRA), the biologically active hormone [49].

Retinoids exert their actions through two different families of nuclear receptors that are
ligand-dependent transcription factors: Retinoid acid receptors (RARs) and retinoid X receptors
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(RXRs) [51]. ATRA binds to an RAR, which then forms a heterodimer with an RXR molecule.
This complex binds to specific retinoic acid response elements (RAREs) present in the genomic DNA
upstream of the sequence of the gene promotor region. The RA receptors work as hormone-dependent
transcription regulators of several genes, interacting with other hormonal families such as estrogens
and thyroid hormones [51].

ATRA plays an essential role in fetal development and in tissue homeostasis by regulating cellular
differentiation, tissue maturation, remodeling and apoptosis, and tissue repair [52]. It was shown that
reduced levels of RA might promote fetal malformations of several organs [53], whereas very high
levels may trigger teratogenesis [54]. Therefore, circulating RA levels must remain within normal
ranges during pregnancy.

During fetal lung development, and since early embryonic stages, there is synthesis of RA and
expression of RA receptors in the primordial lung buds [55,56]. In fact, RA regulates the formation of the
bronchial tubules during the pseudoglandular phase [57]. This may be why the maternal deficiency of
retinoid results in lung hypoplasia—and even lung agenesis in the most severe cases [53,58]. This effect
was shown in fetuses of the RARx/RARB2 double knockout mice, which had blunted the capacity to
respond to RA [59].

In murine animal models, lung maturation is finished after birth. In that case, it can be observed
that RA also plays a key role during perinatal lung maturation, when there is a relative depletion of
retinyl-ester levels in lung tissue [60], but RAR expression is upregulated in alveoli with respect to
mature lung, which suggests RA is involved in the genesis of alveoli [61]. Moreover, RA induces the
proliferation and differentiation of fetal type II to type I alveolar epithelial cells in vitro [62], and it
increases the expression of mRNA for surfactant-associated protein D [63].

Congenital diaphragmatic hernia (CDH) is a major life threatening disease, characterized by a
failure in both alveolar and vascular pulmonary development [64]. There is evidence that a defective
mechanism in the retinoid signaling pathway is involved in the etiology of CDH [65]. In classical
studies, an incidence of 25-70% of CDH in the offspring of pregnant rats with a deficient intake of RA
precursors was reported [66]. Whereas in humans, CDH-affected newborns present a 50% reduction of
plasma levels of retinol and retinol binding protein with respect to healthy newborns [67].

ATRA has been shown to also be very effective in other animal models of lung diseases.
For example, in bronchopulmonary dysplasia (BPD), the pups are exposed to hypoxia conditions from
postnatal day 1, disrupting normal septation and lung alveolarization [68]. In this model, postnatal
treatment with RA improves alveolar structure, reduces septal fibrosis, and increases survival [69-71].

In addition, RA contributes to ameliorate the status of the pups in experimental models of lung
hypoplasia. In one of these models, the perinatal caloric restriction decreases the RAR« expression, and
the intraperitoneal administration of RA to the pups improves alveolar formation, likely overcoming
the partial deficit of receptors but also stimulating the expression of RARwx [72].

There are different strategies for modeling lung hypoplasia in laboratory animals. Nitrofen (2,
4-dichlorophenyl-p-nitro phenyl ether) is a molecule developed as a herbicide, without toxicological
effects in adult rats. However, administration of nitrofen to pregnant rats on day 9 of gestation induces
deep alterations in lung development, to the end that pups show lung hypoplasia, making them not
viable for extra uterine life [73]. Nitrofen-induced lung hypoplasia might involve abnormalities in the
synthesis, uptake, and signaling pathway of the retinoid system [74-76], since retinoid administration
to lung explants of nitrofen-treated animals greatly improves the indicators of lung growth [77].
In addition, in vivo, the administration of retinoid precursors to the mothers during gestation reduces
the incidence of CDH, and increases survival and lung maturity of the litters [78,79]. It was also shown
that RA administration to mothers treated with nitrofen increases postnatal alveologenesis in the
progenies [80], likely by promoting the proliferation of type I alveolar epithelial cells [81]. All these
data suggest that an increase in the substrate supply for RA synthesis could counteract the decreased
activity of the retinal dehydrogenase 2 (RALDH?2), a key enzyme in retinol synthesis, as observed in
nitrofen-treated fetal lungs [74].
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2.5. Cholecalciferol

Cholecalciferol or vitamin D3 is a secosteroid that is obtained directly from food of animal
origin, or indirectly by synthesis in the skin from 7-dehydrocholesterol after ultraviolet B exposure.
This prohormone is inactive, and it experiences two sequential hydroxylation steps to produce
1,25-Hydroxyvitamin D (1,25(OH),D), the hormone active form [82]. 1,2(OH),D, also called calcitriol,
interacts with this specific receptor, called vitamin D receptor (VDR), that is a ligand-dependent
transcription factor [83]. After ligand binding, it requires the formation of a heterodimer with a retinoid
X receptor (RXR) to interact with vitamin D response elements (VDRE) present in the DNA and to
regulate gene expression [84].

As the action mechanism of calcitriol requires forming heterodimers with the promiscuous receptor
for retinoids (RXR), it is not surprising that it may be involved in lung development, maturation,
and functional regulation. In fact, the lung is likely one of the main target tissues for calcitriol
during fetal development [85]. VDR receptor is expressed in fetal ATII cells, where its activation
induces proliferation and the synthesis and secretion of surfactant of both the fractions proteins and
phospholipids [86-89]. The incubation of human fetal and adult ATII cells with 1,25(0OH),D in vitro
culture increases VDR and the expression of SFTPB [90].

The maternal calcitriol deficiency during lung development in animal models modifies the
expression of genes involved in organ development, branching morphogenesis, and regulation of
inflammation process [91]. Therefore, several respiratory parameters may be affected, including the
reduction in lung volume, vital capacity and oxygen saturation, and increases in airway smooth
muscle mass and airway contractility [92-94]. All of these changes alter normal lung physiology and
might compromise the survival of the litters. In this condition, the supplementation of mothers with
calcitriol precursors completely prevents the negative effects of the deficiency. In addition, calcitriol
supplementation during lactation in rodents with previous deficiency during gestation improves
alveolar septation and lung function [95]. Even in pups from normal pregnant rats, the aerosol
administration of calcitriol precursors contributes to lung maturity by increasing the expression of
markers of epithelial, mesenchymal, and vascular differentiation that is followed by an increase in
the synthesis of surfactant phospholipids [96]. In human studies, there is an association between
a reduction of calcitriol levels in 18 WG and a reduced lung function in childhood [97]. It is also
demonstrated that severe deficiency of 25(OH)D in preterm infants is related to the development of
respiratory distress syndrome [98]. Thus, preterm supplementation with calcitriol precursors reduces
the time of assisted ventilation and oxygen supplementation [99], which confirms the essential role
of this hormone in lung maturation. In addition, it has been proposed that supplementation with
calcitriol precursors during pregnancy may be an effective mean of preventing childhood asthma [100].

3. Effect of Undernutrition on Lung Development and Adult Lung Function

There are several different animal models for the study of FGR, including genetic manipulation
models, but also mother food restriction during pregnancy [101]. The most frequently used animal
species for modeling FGR are mice, rats, and lambs.

In a model of lamb FGR by the removal of endometrial caruncles, there is a reduction in fetal
lung weight, lung liquid volume, and phospholipid concentration in liquid of alveolar lavage [102].
In this model, the lung weight is reduced by a similar rate to fetal body weight reduction, but carrying
structural alterations that reveal a retarded maturation [103]. FGR reduces alveolar number and
vascular density, but increases septal thickness [104,105]. These alterations become more pronounced
during postnatal lung development [104], which leads to a smaller number of large alveoli, alveolar
fenestrations, and increased number of mast cells in the lungs of adult animals, anticipating a premature
lung aging [106]. At least part of these changes in lung architecture could be explained by a marked
reduction in elastin synthesis and deposition [107]. FGR also promotes the reduction of the mRNA
and protein expression of the SFTPs [108]. SFTP expression is higher after the delivery in FGR ewes
due to the activation of the hypoxia-signaling pathway by increasing HIF-2oc mRNA expression [109].
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FGR alters normal structure of the lamellar bodies of ATII cells involved in surfactant synthesis
and secretion, in the saccular stage before birth in rodents [110]. This alteration also reduces mRNA
expression of SFTPs [111]. However, after birth, there is a reduction in lung surfactant lipid levels, just
in the early postnatal period, without modifying the expression of surfactant-associated proteins in the
remaining postnatal period [112]. As described in lambs, FGR also disrupts normal lung architecture
in rodents, and it decreases alveolar number and increases septal thickness [113] from postnatal day 1
through adulthood. Moreover, this is accompanied by a decline in synthesis and secretion of elastin,
and an increase in static lung compliance [114].

In humans, fetal undernutrition can be caused by at least five situations:

(1) Severe nausea and vomiting period that persists more than the first trimester [115];

(2) The “Maternal Depletion Syndrome,” a product of a short inter-pregnancy interval, not allowing
sufficient time to replenish energy reserves and recovery of mothers, which promotes a depletion
of both macro- and micronutrients [116];

(3) Teenager pregnancy, where the mother, who may still be growing, competes with the fetus for
resources [117];

(4) Use and abuse of tobacco [118]; and

(5)  Alcohol/drugs [119], which may promote placenta under-function and reduced nutrient supply
to fetus and/or maternal undernutrition.

There are few studies linking FGR, fetal lung development, and neonatal lung pathology in humans.
In fact, there are some conflicting results about the effect of FGR over respiratory distress syndrome
(RDS). Several studies have concluded that FGR reduces the incidence of RDS and increases the ratio
of lecithin/sphingomyelin in amniotic fluid, a marker of lung maturation [120,121]. They explain
this accelerated lung maturation as a consequence of the chronic intrauterine stress that increases
fetal glucocorticoid levels. Nevertheless, other studies have concluded that FGR increases the risk of
developing RDS and the risk of respiratory failure and death [122], and yet others did not find this
relation [123]. On the other hand, there is an association between perinatal growth restriction and an
increased risk of developing bronchopulmonary dysplasia in preterm infants [124]. Moreover, low
birth weight, but not prematurity, decreases lung size and bronchial airflow, and conversely increases
bronchial hyperreactivity in children [125].

In the mature lung, there is a clear relationship between the early fetal nutritional environment
and adult pulmonary diseases—despite the mechanistic basis of this relationship being unknown [126].
In the adult lung, there is a suggestive, not fully consistent, association between FGR and pulmonary
function in adulthood [127]. There are some evidences that FGR can decrease adult lung function [128],
whereas other studies did not find any effect over lung function [129]. Another study shows that
prenatal exposure to famine did not modify the lung function, but increased the prevalence of
COPD [130]. This risk is greater when severe famine exposure occurs during infancy [131]. Asthma is
another lung pathology that is related with FGR. There are some studies that link FGR with an increased
risk of developing adult asthma [132], whereas other studies conclude that environmental factors
during childhood rather than fetal undernutrition are responsible for the increased risk of developing
asthma in adult life [133].

4. Undernutrition and Hormones in Lung Development

Undernutrition in pregnancy promotes several changes in metabolic control and hormone levels,
which are needed to adapt the energy demands to reduced supplies. It is easy to link a caloric deficit
with reduced availability of precursor for hormones that are obtained in diet, such as retinoids and
carotenoids [134,135]. However, these precursors may be stored in some amounts in the liver and fat
depots. In such a way, nutritional deficits of these hormones must be set up likely before pregnancy,
for reducing the reserves enough to affect fetus development during gestation. In developed countries,
the follow-up of every pregnant women and nutritional advice should be enough to prevent this
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kind of deficit. A large part of the population is in the lower range or outside the normal range for
cholecalciferols (VitD), which may be especially critical in some susceptible populations: Low sun
exposure, low intake of fish and dairy products, obesity, or undernutrition.

The effect in the modulation on gene transcription by the activation of the retinoid hormone
system is so important that it might be a source of teratogeny when in elevated levels during pregnancy.
In addition, on the other hand, a deficit of retinoids promotes alterations in reproduction, placentation,
and organ development. However, there is not a recommendation to supplement nutrition with retinoid
precursors in pregnancy apart from in known deficient populations. In some African countries, this
deficit may be present in the 21-48% of all pregnant women [135]. On the other hand, some hormones
are involved in the short-term availability of energy resources, and may eventually be relevant in the
case of reduced food intake during pregnancy. In this context, and as described above, leptin seems
to be a relevant hormone in lung development. This hormone is mainly secreted by adipose tissue
in proportion to total fat storage. During starving, even partial, fat depots and, consequently, leptin
circulating levels are reduced [136]. Leptin is also produced by the placenta, where it plays a local
role in protein synthesis and proliferation of placental cells. It has been also postulated that leptin is
very important for maternal-fetal exchanges, regulating the growth and development of many organs,
including the lung. In fact, dysregulation of leptin mechanisms is link to several disorders occurring in
pregnancy, such as gestational diabetes and intrauterine growth restriction [137]. In FGR neonates,
there is a reduction in circulating leptin levels, due to a reduction in fetal fat mass and placental
production [138,139] The fetal reduction in leptin levels may compromise correct lung development.
The reduction in fetal circulating leptin levels is usually compensated by a postnatal increase when
enough energy supply is set up, which explains the catch-up lung growth in FGR offspring [140];
however, it may also be related to the augmented incidence of childhood asthma in FGR offspring [141].

Another hormone that has a relevant role in metabolic and food intake control is ghrelin. Ghrelin
is a peptide with orexigenic, adipogenic, and GH-releasing properties [142]. Regarding all described
effects for ghrelin, it is important in the regulation of metabolism and it has been suggested that
it contributes to energy resource distribution, linking nutrients to growth and development of the
organs. Ghrelin levels vary during pregnancy, reaching the highest peak at mid-gestation, and then
declining up to term [143]. Ghrelin is present in the cord blood and inversely correlates with fetal
growth. Moreover, intrauterine ghrelin levels have been linked to programming body weight in the
postnatal period [144]. FGR fetuses present high ghrelin levels in response to intrauterine malnutrition,
which might contribute to increase neonate appetite, which suggests a role of ghrelin in catch-up
growth [145,146]. Nevertheless, more recently, others have shown that ghrelin levels are reduced in
“small for gestational age” fetuses [146], and this is in accordance with increased levels of cortisol in
FGR fetuses due to the stress in the intrauterine environment. It has been shown that there is a negative
correlation between cortisol and ghrelin levels [147]. Despite there being few studies about ghrelin’s
involvement in lung function and development, the reported results suggest it has a relevant role.
The action mechanisms underlying the effects of ghrelin in the lungs will need some more studies to
be revealed.

GLP-1 is the least studied metabolic hormone, here presented in relation with pregnancy. GLP-1
could compensate pregnancy-related alterations in metabolism, such as an increase in glycaemia and
the development of insulin resistance, based on the increase of fasted active GLP-1 levels in the third
trimester of gestation [148]. This increase in GLP-1 secretion is a product of gastrointestinal tissue
expansion, rather than satiety [149]. GLP-1 circulating levels are reduced in pregnant mothers with
gestational diabetes [150,151]. However, we have no data about changes in GLP-1 levels during normal
pregnancy. It is important to emphasize that GLP-1 half-life is very short, lower than 2 min. Therefore,
GLP-1 levels may change very fast after meals, and so to study GLP-1 variations will demand to do
repeated short-interval blood sampling in every individual. In a recent study, it has been reported that
GLP-1 and GIP circulating levels in mothers and cord blood negatively correlate with 250HD, and,
surprisingly, GLP-1, GIP, and ghrelin positively correlate with glycated albumin maternal/cord ratio,
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highlighting the relevance of these hormones and their interplay in the complex control of metabolism,
especially in pregnancy.

Ghrelin and GLP-1 are secreted in relation to meals and, since they may serve as a link between
maternal food intake and metabolism, may possibly modulate the exchange of nutrients through
the placenta. However, and as described above, both hormones have direct and important effects
in lung development. It must be highlighted that GLP-1 modulates many different functions of the
lung, including key processes such as the production of surfactant components, or the modulation
of vascular tone of pulmonary vessels by controlling the renin—angiotensin system local activation.
In addition, it should of the greatest interest to study whether the placenta, as the maternal/fetal
interchange organ, is a target for GLP-1 modulatory actions, as we have no data in this respect.

Finally, clinicians dedicated to pregnancy must be conscious of the delay in lung maturity in all of
the five clinical situations mentioned above, which include: Persistent severe vomiting beyond first
trimester; “Maternal Depletion Syndrome”, especially in susceptible populations; teenager pregnancy;
use of tobacco and abuse of alcohol and drugs [119]; but also in obese and diabetic mothers. In all of
these cases, a complete, well balanced, and eventually supplemented diet of mothers will guarantee
normal lung development of fetuses and newborns, contributing to prevent lung pathology in infancy
and adult life. This diet should provide enough, but not an excessive amount of, calories and calcitriol
and retinoid sources, in addition to other known nutrients needed for organogenesis, such as good
quality protein, iodine, and iron. Although, correct attention to the diet of pregnant women is included
in current gestational protocols in occidental medicine, it appears that this is not so general in many
countries, and thus should be regarded as a priority objective of preventive health policies.

In conclusion, the reduction of food intake during pregnancy may not just directly affect tissue
development because insufficient resources, but also undernutrition modifies the hormonal milieu,
which is critical for many organs, including lung. Retinol and cholecalciferol are hormones synthetized
from precursors obtained from diet; therefore, reductions in food intake limit the availability of these
hormones. In fact, the deficit in cholecalciferol is one of the most frequent in pregnancy, especially
in susceptible populations. Gestational undernutrition also reduces fat storage, as well as leptin
circulating levels in the medium-term; and daily-reduced caloric intake may affect the levels of
hormones regulated in the short-term, linked to meals such as ghrelin and GLP-1. The mentioned
hormones have key roles in lung development and maturity, including morphogenesis and structure
development, cell proliferation and apoptosis, and many functional processes such as production of
surfactant components, activity of the local renin-angiotensin system, and vascular tone of pulmonary
vessels (see Table 1). Moreover, undernutrition in pregnancy affects all of these hormonal systems at
once, in addition to others also relevant such as insulin and IGFs, thyroid hormones, and glucocorticoids.
Therefore, the correction of known specific deficits with diet supplementation during gestation is
mandatory and should be included in clinical protocols. The disruption of the hormonal environment
during pregnancy becomes especially important when the mothers present metabolic diseases such as
diabetes and obesity, despite that caloric intake may be preserved. The dysregulation in hormonal
control in altered metabolism in mothers may affect lung development and maturity of the fetus to
different degrees, also conditioning higher risk to lung pathology in adult life. In this case, the correction
during pregnancy of diet and food intake, in proper amounts and composition, is so important to lung
development, like it might be in caloric restriction and undernutrition.
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Table 1. Summary of the effects of the different hormones over lung development.

Hormone Action in Lung Development References
Chrelin Fetal lung branching [15,16]
Upregulating RA receptors/ sensitizing RA action [17]
Enhance lung maturity [28,31-34]
Leptin X X . R
In vitro phosphatidylcholine secretion [28]
In vitro SFTPs expression [28,32-34]
In vitro phosphatidylcholine secretion [43,44]
GLP-1 In vivo SFTPs expression [42,46,47]
Increase ACE2/Ang (1-7)/MasR branch of the [46,47]
renin-angiotensin system !
Formation of bronchial tubules during
(571
pseudoglandular phase
Retinoic acid Lung maturation [62,69,70,72,77-79]
In vitro Proliferation of ATII cells and differentiation [62,81]
to ATI cells !
In vitro and in vivo SFTPs expression [62,63]
Branching morphogenesis [91]
Cholecalciferol In vitro proliferation of ATII cells [96]
In vitro surfactant phospholipids secretion [96]
In vitro SFTPs expression [96]
Lung maturation [95,96]

Abbreviations: RA, retinoic acid; SFTPs, surfactant-associated proteins; ACE2, angiotensin-converting enzyme 2;
Ang (1-7), angiotensin 1-7; MAS1, Mas proto-oncogene, G protein-coupled receptor; ATII cells, alveolar type II cells;
ATI cells, alveolar type I cells.
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Abstract: Chronic obstructive pulmonary disease is one of the leading causes of morbidity and
mortality worldwide and a growing healthcare problem. Identification of modifiable risk factors
for prevention and treatment of COPD is urgent, and the scientific community has begun to pay
close attention to diet as an integral part of COPD management, from prevention to treatment. This
review summarizes the evidence from observational and clinical studies regarding the impact of
nutrients and dietary patterns on lung function and COPD development, progression, and outcomes,
with highlights on potential mechanisms of action. Several dietary options can be considered in
terms of COPD prevention and/or progression. Although definitive data are lacking, the available
scientific evidence indicates that some foods and nutrients, especially those nutraceuticals endowed
with antioxidant and anti-inflammatory properties and when consumed in combinations in the
form of balanced dietary patterns, are associated with better pulmonary function, less lung function
decline, and reduced risk of COPD. Knowledge of dietary influences on COPD may provide health
professionals with an evidence-based lifestyle approach to better counsel patients toward improved
pulmonary health.

Keywords: antioxidant; chronic obstructive pulmonary disease; dietary pattern; inflammation; lung
function; Mediterranean diet; nutrition; oxidative stress; polyphenol; polyunsaturated fatty acid

1. Introduction

Chronic obstructive pulmonary disease (COPD) is a major cause of morbidity and mortality
and healthcare burden worldwide, affecting around 10% of the adult populations aged 40 years and
older [1]. According to WHO estimates mainly from high-income countries, 65 million people have
moderate to severe COPD, but a great proportion of COPD worldwide may be underdiagnosed,
mostly in low- and middle-income countries. COPD burden is projected to dramatically increase
due to chronic exposure to risk factors and the changing age structure of the world population and
is expected to be the third leading cause of death worldwide by 2030 (WHO 2019. Burden of COPD
https://www.who.int/respiratory/copd/burden/en). Therefore, prevention and management of COPD
is currently considered a major health problem, with important social and economic issues.

COPD encompasses a group of disorders, including small airway obstruction, emphysema, and
chronic bronchitis, and is characterized by chronic inflammation of the airways and lung parenchyma
with progressive and irreversible airflow limitation [2]. Symptoms of COPD include dyspnea (distress
with breathing), cough, and sputum production. The natural history of COPD is punctuated by
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recurrent episodes of acute exacerbations, which often require hospitalization and negatively affect
patients’ quality of life, accelerate the rate of decline in lung function, and are associated with mortality.

Diagnosis, assessment, and management of COPD are mostly guided by the degree of airflow
limitation as assessed by the forced expiratory volume in one second (FEV1), forced vital capacity (FVC),
and FEV1/FVC ratio, although other physiological measurements such as the inspiratory capacity to
total lung capacity (TLC) ratio, arterial blood gases, and exercise capacity provide complementary
information on the severity of the disease [3]. To account for the complexity of the disease and aiding
in disease severity assessment, multidimensional indices mainly based on clinical and functional
parameters have been developed. However, significant heterogeneity in terms of clinical presentation,
physiology, imaging, response to therapy, lung function decline, and survival exists in COPD,
challenging the oversimplification regarding definition and assessment of COPD and leading to effort
in identifying subgroups of patients called phenotypes, resulting from different endotypes (biologic
mechanisms) and displaying distinct prognostic and therapeutic value. Accordingly, several COPD
phenotypes have been recently described, which exhibit significant differences in age, symptoms,
co-morbidities, and predicted mortality [4-7]. Most studies described COPD heterogeneity using
a limited range of variables, and in some cases the clinical relevance of identified phenotypes needs to
be determined [8]. Despite these current limitations, the phenotypic characterization of COPD patients
with insight into the underlying biological processes and related biomarkers may ultimately allow for
a better risk stratification and personalization of therapies [9].

The predominant risk factor for COPD development is former or current tobacco smoking.
However, not all smokers develop COPD, suggesting that other environmental factors are also
involved, including outdoor and indoor air pollution (e.g., biomass fuel exposure), occupational
hazards, infections, and second-hand smoke during pregnancy or early childhood. Furthermore,
genetic susceptibility (e.g., deficiency in «l-antitrypsin) and epigenetic influences have also been
implicated in the pathogenesis of COPD [10]. Recent new insights suggest that these different factors
may impinge on lung function and reciprocally interact starting early in life (i.e., in utero and during
early childhood), thus determining many potential trajectories of the natural course of the disease,
which ultimately predispose to the development of COPD and its different clinical appearances as well
as of other coexisting chronic diseases in later life [10,11].

With regard to COPD management, the most important public health message remains smoking
cessation, but the multifactorial nature of COPD requires attention to other modifiable risk factors.
Compared with other chronic diseases with similar burdens on quality of life and healthcare costs, such
as cancer and cardiovascular disease (CVD), less is known about how lifestyle factors other than—and
independent of—smoking influence pulmonary function and the development of COPD. Diet has
been recognized as a modifiable risk factor for chronic diseases development and progression [12],
and recent evidence has also increasingly pointed to a role in obstructive lung diseases, including
COPD [13-15]. Importantly, changes in diet over the past few decades, with decreased consumption of
fruits, vegetables, wholegrains, and fish, and increased consumption of processed and refined foods,
have been invocated to contribute to the increased prevalence of chronic diseases, including COPD,
mainly in developing countries.

Dietary factors may modulate the impact of adverse environmental exposures or genetic
predisposition on the lung [16] but can also have direct (protective or harmful) effects on the biological
processes involved in lung function, disease development, and outcomes [17,18]. The impact exerted
by early-life and cumulative dietary choices on later-life health has been increasingly recognized
for respiratory diseases, thus offering a greater window of opportunity for disease prevention [19].
Furthermore, the abnormal nutritional status observed in advanced COPD patients, with unintended
weight loss, muscle loss, low fat, and fat-free mass associated with the presence of emphysema
is a recognized independent determinant of COPD outcomes and provides targets for nutritional
interventions [20]. On the other hand, although the phenomenon of the obesity paradox, i.e., the
prognostic advantage of increased body mass index (BMI) in COPD (due to the reduction in static
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volume), has been reported, the role of abdominal visceral adiposity compared with subcutaneous fat
in exacerbating the pro-inflammatory state and the CV risk in patients with COPD deserves clinical
attention and treatment [21], mostly because a fat redistribution toward more visceral fat and an
associated increased systemic inflammatory status have been shown in mild-to-moderate nonobese
patients with COPD compared to control subjects [21].

Therefore, improved understanding of dietary impact on prevention and/or outcomes of COPD
may increase scientific and clinical awareness about the importance of nutritional approaches as well
as provide directions for future research and strategies to promote lung health and prevent disease
onset and progression.

There is an expanding literature on the topic regarding diet-COPD relation. A literature search
performed with the PubMed database to identify papers with the following terms “diet” and “chronic
obstructive pulmonary disease risk” retrieved 233 manuscripts (from 1989 to 2019). The resulted
manuscripts were analyzed using the bio-informatic data analysis tool VOSviewer [22], which extracts
and analyzes the words in the titles and abstracts of the publications, relates them to citation counts,
and visualizes the results as a bubble or term map, based on the strength of the co-occurrence links
within the terms. The terms with greatest total link strength were selected and highlighted as bubbles.
The analysis returned 750 words, of which 127 met the threshold levels (minimum number of occurrence
of a term = 5). As shown in Figure 1, diet has been the focus of relevant scientific attention, and several
of the words retrieved from the analysis were connected to diet, feeding behaviors, and specific foods
and nutrients (fruits and vegetables, antioxidants, unsaturated fatty acids, meat products), suggesting
some of the main key research categories that have been the attention focus in the topic diet and
COPD risk.
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Figure 1. The bubble map visualizes 127 keywords extracted from published papers retrieved in
PubMed under the search terms “diet” and “chronic obstructive pulmonary disease risk” between
1989 and 2019. Bubble size indicates the frequency of occurrence of the words, while bubble color
represents the cluster of belonging. Words are clustered based on direct citation relations; thus, each
cluster corresponds to a set of closely related words. Two bubbles are in closer proximity if the two
words had more frequent co-occurrence.
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The present narrative review aimed at assessing the available evidence from observational and
intervention studies to summarize current understanding of the associations between dietary pattern,
individual foods, nutrients and lung function, and prevention and improvements of COPD. The benefit
of nutritional supplementation (e.g., high protein/high energy) in undernourished COPD subjects
is beyond the scope of the present review, and the readers are directed to other papers on the topic
(see [20,23] and references therein).

2. Pathophysiological Aspects in COPD

Several pathogenic processes are thought to be involved in COPD development and progression,
includinglocal and systemic oxidative stress (i.e., oxidants in excess compared with antioxidant capacity)
and inflammation (neutrophils, macrophages, eosinophils, cytokines, chemokines, eicosanoids, Toll-like
receptors, acute phase proteins), procatabolic status, protease/antiprotease imbalance, alteration of
immune responses and cell proliferation, apoptosis, and cellular senescence, and remodeling of the
small-airway compartment and loss of elastic recoil by emphysematous destruction of parenchyma [2].
Oxidative stress may directly cause lung damage through modification of DNA, lipids or proteins,
as well as initiate cellular responses that can drive the inflammatory response within the lung, leading
to lung tissue degradation (emphysema). Molecular switches triggering inflammatory responses in
COPD involve the activation of redox-sensitive transcription factors (e.g., nuclear factor (NF)-«B),
induction of autophagy, and unfolded protein response [24]. In particular, NF-«B plays a crucial
role in the chronic inflammatory responses found in COPD, regulating the expression of genes for
pro-inflammatory mediators (e.g., IL-1, IL-6, IL-8, MCP-1, TNF-«) and chemotactic factors (e.g., IL-17A
and MIP-1a) involved in triggering lung infiltration by inflammatory cells, thus amplifying oxidative
stress and inflammation, as well as causing emphysema, fibrosis of small airways and remodeling of
airway walls, ultimately impairing lung function. Indeed, the number of NF-«kB-positive epithelial
cells and macrophages increased in smokers and COPD patients and correlated with the degree of
airflow limitation [25].

Although primarily affecting the lungs, COPD is associated with extra-pulmonary (systemic)
manifestations such as weight loss, malnutrition, and skeletal muscle dysfunction, which contribute
to the morbidity, reduced quality of life, and, possibly, mortality of this disease. Furthermore, other
chronic diseases (also called co-morbidities), including CVD and especially coronary artery disease
(CAD), osteoporosis, metabolic syndrome, depression, and lung cancer, among others, are highly
prevalent in patients with COPD, can be considered part of the nonpulmonary sequelae of the disease,
with the low-grade systemic inflammation playing a decisive role in their pathogenesis, and importantly
contribute to worsening health status and vital prognosis of COPD patients. In particular, CV-related
co-morbidities are the leading cause of morbidity and mortality in patients with COPD, sharing
various risk factors and pathophysiological aspects (inflammation-associated oxidative stress) [26].
Reduced lung function is a marker for all-cause, respiratory- and CV-related mortality [27], thus
representing a clinically relevant therapeutic target for preventing the development of COPD and its
life-threatening complications.

3. Literature Search Strategy

An electronic literature search of MEDLINE/Pubmed, ISI Web of Knowledge, Scopus, EMBASE,
and Google Scholar was conducted by two separate investigators to retrieve relevant studies written in
English and published between January 1990 and January 2019, using the following keywords: diet,
dietary factor, food, nutrition, nutrient, antioxidant, fatty acid, dietary pattern, food pattern, eating
habit, lung function, FEV1, chronic obstructive pulmonary disease, COPD. In addition, the references
of selected original studies and reviews were scrutinized for further relevant evidence.
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4. Epidemiological Studies on Diet and Pulmonary Function: Some Methodological Issues

The methodological approaches used and the specific challenges of nutrition research should
be taken into consideration when evaluating single study findings and, most importantly, their
potential contribution to evidence-based recommendations. Apart from a few randomized intervention
trials, most of the available evidence on the impact of diet on outcomes, such as lung function
(FEV1, FVC, FEV1/FVC), symptoms, incidence, prevalence or severity of COPD, and its progression
over time, largely comes from observational studies, either cross-sectional or, to a lesser extent,
longitudinally in both the general population and at-risk or diseased subjects. The strength of some
studies is the use of objective measures of lung function that limit the bias arising from self-reported or
physician-diagnosed disease: Post-bronchodilator spirometry is the gold standard for the diagnosis of
COPD, minimizing misclassification.

Assessment of dietary intake usually included a 24 h recall and food-frequency questionnaire,
both with inherent limitations, including the poor measurement of usual intake due to daily variation
in food intake (mostly for 24 h recall), the semiquantitative nature of the assessment, the measurement
error, the variation in diet definitions, and the lack of generalizability of study findings among different
populations [12]. To estimate the independent association of diet with lung function and COPD, in most
studies, the confounding bias is tackled by performing the adjustment for multiple confounding factors
known to influence pulmonary function or dietary behavior, including age, gender, BMI, physical
activity, intake of other foods or nutrients, energy intake, educational level, and most importantly,
tobacco exposure. Sex differences in susceptibility to COPD have been increasingly recognized, with
evidence that women are at a greater risk of smoking-induced lung function impairment [28] and
poorer health status for the same level of tobacco exposure compared to men [29], and that gender
differences may also extend to different food choices [30]. Furthermore, the increased tobacco use
recently registered in women likely contributes to the epidemic of COPD in women and influences
interpretation of study results. Notably, smokers tend to follow an unhealthy diet compared to
ex-smokers [31] and have a higher level of oxidative stress, which is targetable by diet. Moreover,
a healthy diet may be associated with other beneficial lifestyles (e.g., higher level of physical activity,
higher education, lower BMI, less smoking). Even after adjustment, residual confounding of dietary
associations still remains possible and contributes to some inconsistencies across studies.

Many studies have focused on the effects of individual foods or nutrients in relation to respiratory
outcomes. However, this information may not completely capture the overall effect of diet on respiratory
health nor reflect real life conditions where foods or nutrients are eaten in multiple combinations [32].
Moreover, nutrient and food intakes are closely correlated in the diet, so it can be difficult to disentangle
their independent effects. As an example, the lack of benefit of vitamin supplementation on lung
function and hospitalization for COPD [33] may be explained, at least in part, by the fact that antioxidant
regimens could be effective when adopted in the form of dietary patterns rather than individual
nutrients. Dietary pattern analysis captures the quantities, proportions, variety, or combination of
different foods and beverages in the diets and provides a framework to evaluate the health effects of
the whole diet. This may increase the ability to highlight a stronger impact due to the cumulative
effects of many features of the diet and to assess the interaction among synergistic components. This
comprehensive approach is emphasized by prevailing dietary guidelines and has been used in several
clinical settings, including CVD, cancer, and type 2 diabetes [12].

It should be acknowledged, however, that the evaluation of overall dietary patterns could mask the
effects of individual foods or nutrients and disregard potential effects of foods or nutrients not included
as components of the pattern. Therefore, the best option could be to complement and integrate data on
eating patterns with those of individual components as much as possible in the same study population.

Numerous different combinations of foods and nutrients may be potentially investigated as
patterns of food intake, and approaches to rank and quantify adherence of study participants to these
patterns have been developed to evaluate their association with disease risk. These approaches [12]
include: (1) a priori-defined (hypothesis-driven) indices or scores designed to capture specific dietary
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patterns defined a priori on the basis of scientific evidence on the relation between food and nutrient
intakes and health outcomes; these scores also allow measuring conformity to nutritional requirements
and dietary guidelines, with the drawback of considerable variation in the composition of patterns across
studies; and (2) data-driven (exploratory) statistical methods (cluster analysis, principal component
and factor analysis, and reduced rank regression) to derive existing major patterns of food intake, with
the limitation of being specific to the population investigated.

5. Oxidant-Antioxidant Imbalance and Diet Quality in COPD

Oxidative stress and associated inflammation in the lung and in the circulation in response to
exposure to air pollution, tobacco smoke, infection, or potentially obesity are leading pathogenic
processes in COPD. Compared to healthy controls, patients with COPD tend to have increased systemic
and airway oxidative damage markers (relative to DNA, lipid, and proteins) [34], coupled to altered
antioxidant defense, as evidenced by marked reduction in both plasma antioxidant capacity and soluble
and enzymatic antioxidants levels [34-36]. Moreover, oxidative stress persists long after smoking
cessation as a result of continuous production of pro-oxidants [37]. Low serum antioxidant vitamin
levels appeared to increase the risk of obstructive airways diseases associated to smoking exposure [38].
In accordance, higher levels of oxidative markers in COPD were correlated with decreased lung
function [39-41], while higher serum levels of antioxidant enzymes (catalase, superoxide dismutase,
glutathione peroxidase) [40,41], as well as of soluble antioxidants (vitamins, carotenoids, etc.) [35,42,43],
were positively associated with lung function. Therefore, it can be hypothesized that targeting oxidative
stress with antioxidants or boosting endogenous levels of antioxidants might be beneficial in COPD.

Diet may contribute to antioxidant/oxidant and inflammatory status in COPD. Compared to
healthy controls, COPD subjects have diets with lower fruit and vegetable intake [44] and with
poorer antioxidant content, which was correlated with impaired lung function and risk of having
COPD [35,36]. Moreover, lower energy intake (accompanied by elevated resting energy expenditure),
unbalanced intake of macronutrients (e.g., low proteins), and defective intake of several micronutrients
(minerals and vitamins, e.g., iron, calcium, potassium, zinc, folate, vitamin B6, retinol, niacin) have
been documented in COPD patients compared to healthy controls [45], mostly in the presence of
obesity [46], suggesting an increased risk of malnutrition and related adverse consequences in COPD.

The poor diet quality and the nutrient deficiencies in COPD, which are related to disease-specific
factors such as symptoms (e.g., dyspnea, fatigue, anxiety, depression, anorexia, periodontal disease,
loss of taste, poor dentition, dysphagia, poor chewing and swallowing ability) or social problems
(e.g., living or eating alone, or poverty) [47], require improvement through dietary intervention to
satisfy nutritional requirements and even to supplement further protective factors able to counteract
disease pathogenesis. The inflammatory/oxidative status in COPD and the associated procatabolic
state contributing to weight loss and muscle wasting in severe COPD represent further possible targets
for nutritional intervention.

6. Individual Foods and Nutrients, Lung Function, and COPD

6.1. Role of Antioxidant and Anti-Inflammatory Foods: Fruits and Vegetables

The dietary quality and the nutritional status of COPD patients as well as the oxidative—
inflammatory pathogenic basis of COPD provided the rationale to verify the respiratory effects
of antioxidant and anti-inflammatory dietary components. Consistent epidemiologic evidence
from cross-sectional [36,38,48-51] and longitudinal studies [42,52-55] reported potential beneficial
effects of a high intake of antioxidant nutrients (vitamins and nonvitamins) and of foods rich in
antioxidants, mostly fresh, hard fruits and, to a lesser extent, vegetables, on lung function and
COPD symptoms [35,36,49-51], decline in lung function [42,49,56], incidence of COPD [52,54,55], and
mortality [53].
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Two recent large population-based prospective studies in Swedish men [54] and women [55]
confirmed the inverse and independent association between high long-term consumption of fruits
(in both men and women) and vegetables (only in men) and incidence of COPD (35% lower risk in
men, p for trend <0.0001 [54]; 37% lower risk in women, p for trend <0.0001 [55]). These beneficial
dietary associations were particularly evident among smokers. Specifically, in the cohort of men (with
higher smoking intensity than women), the protective effect was restricted to current and ex-smokers
(40% lower risk, p for trend <0.0001, and 34% lower risk, p for trend = 0.001, respectively), mostly
benefiting from dietary antioxidants, probably as a result of increased oxidative stress level due to
smoking compared with never smoking, and the continued oxidative burden even after smoking
cessation [54]. Regarding individual food items, intakes of apples, pears, peppers, and green leafy
vegetables were negatively associated with the risk of COPD [54].

Few randomized dietary intervention trials have been conducted. In a small 12-week randomized
trial including moderate-to-severe COPD patients complying with an intervention to increase fruit
intake, no improvement in airways or systemic inflammation and oxidative stress markers was
observed, although the follow-up might have been too short to observe any significant effect [57].
In COPD patients, 1-week supplementation with beetroot juice, a dietary source of nitrates that
improves mitochondrial respiration and energy production via nitric oxide formation, increased
plasma nitrate levels and decreased diastolic blood pressure (mean difference 4.6 mmHg, 95% CI: 0.1,
9.1, p < 0.05) without any effect on walking capacity, physical activity level, or oxygen consumption of
submaximal exercise [58]. However, another randomized trial reported that COPD patients following
a diet rich in fruits and vegetables (>1 portion/day) showed an annual increase in FEV1 compared with
the control group following a free diet over 3 years (p = 0.03), after adjustment for physical activity,
alcohol intake, co-morbidities, and exacerbation frequency [59].

Collectively, these observations suggest fruit and vegetable consumption as an important
determinant of pulmonary function and COPD risk. It should be noted that fresh fruit intake
may be one component of an overall healthier lifestyle, including less smoking, more physical activity,
low consumption of Western foods (e.g., meat), and increased consumption of vegetables [54,55,59],
and other not checked nutrients may mediate the observed beneficial effects. Furthermore, assessment
of blood, urine or exhaled breath condensate biomarkers of endogenous oxidative stress is generally
lacking in most longitudinal studies, thus limiting the possibility to more accurately select subjects
more susceptible to antioxidant dietary regimens and to appraise the antioxidant efficacy of tested
foods over time.

6.2. Vitamin and Nonvitamin Antioxidants

Plausible mechanisms underlying fruit and vegetable protective effects include their antioxidant
and anti-inflammatory activities, as suggested by the epidemiologic association observed between fruit
and vegetable consumption and lower markers of oxidative stress and inflammation, and higher levels
of antioxidant markers [60,61]. Fruits” and vegetables’ beneficial effects on respiratory function may
be partially contributed by their high content in vitamin and nonvitamin antioxidants. Accordingly,
higher dietary intakes of vitamin C, a hydrophilic antioxidant, were associated with higher levels of
FEV1 [35,62] and with a lower rate of decline in FEV1 after a 9-year follow-up period [62]. Other studies
did not confirm a significant effect of vitamin C dietary intake on lung function (FEV1), its longitudinal
decline [49], COPD incidence [52] or mortality [53]. Although not consistently [62], a protective role has
also been credited to other vitamins such as vitamin E or tocopherol, a lipid soluble antioxidant acting in
synergy with vitamin C and able of breaking lipid peroxidation chain reaction and protecting the lung
against oxidative damage [36,53]. Lower serum vitamin E levels have been observed in COPD during
exacerbation compared to stable condition [63]. Randomized trials of vitamin E supplementation in
clinical populations have, however, reported mixed results, including both protective [64] and no
effects [33] on the risk of developing COPD.
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Butland et al. [49] found a positive cross-sectional association between higher consumption of hard
fruits, such as apples (5 or more apples per week) and lung function (FEV1) (138 mL higher FEV1 for
those eating 5 or more apples per week compared with nonconsumers, 95% CI: 58.1, 218.1, p for trend
<0.001), more strongly than soft or citrus fruits and independent of vitamin E and vitamin C intakes.
Similarly, Miedema et al. [52] found a stronger inverse association with 25-year incidence of COPD
for solid fruits (apples, pears) than for other types of fruits. Other nonvitamin dietary components
may therefore exert protective effects. These include the fat-soluble antioxidant carotenoids (lycopene,
lutein, zeaxanthin, and the provitamin A carotenoids x-carotene, 3-carotene, and 3-cryptoxanthin),
whose serum and dietary levels have been positively correlated to lung function indicators (FEV1,
FVCQ) [35,42,65]. However, long-term supplementation with 3-carotene or «-tocopherol failed to reduce
COPD symptoms in a large cohort of male smokers randomized into the x-tocopherol and (3-carotene
Cancer Prevention (ATBC) Study [66]. Notably, strong evidence from randomized controlled trials
conducted in heavy smokers and asbestos-exposed workers, i.e., the 3-carotene and retinol efficacy
trial (CARET) [67] and the abovementioned ATBC study [68], showed that high-dose -carotene
supplements may increase the risk of lung cancer and of death from lung cancer, CVD, and any
cause. Contrarily, this harmful effect was not observed among healthy male physicians in the
Physicians” Health Study in the USA [69]. An interaction of carotenoids with cigarette smoking
has been proposed to explain the shifting of carotenoid antioxidant potential into a pro-oxidant
detrimental effect on the lung: B-carotene can easily form oxidation products with pro-oxidant effects,
especially at high concentrations in the oxidative environment of the smoker’s lung characterized
by increased cell oxidative stress and decreased antioxidant defense [70]. Against this background,
according to the 2018 report of the World Cancer Research Fund/American Institute for Cancer
Research (https://www.wcrf.org/dietandcancer), 3-carotene supplements (and dietary supplements in
general) are not recommended for cancer prevention (especially in smokers), while intake of natural
micronutrients through diet is advisable. Therefore, caution should be taken, especially in smokers,
when considering dietary supplementation with (3-carotene.

Other potentially protective dietary factors include polyphenols, the most abundant antioxidants
in human diets naturally present in plant foods, and exhibiting potent anti-inflammatory properties.
Polyphenols, including phenolic acids, flavonoids (flavonols, flavones, isoflavones, flavanones,
flavanols, and anthocyanidins), stilbenes (resveratrol, etc.), lignans, and secoiridoids, have been
reportedly associated with prevention of chronic diseases, including CV and neurodegenerative
diseases and cancer, and with the promotion of healthy aging [71]. Beneficial effects on respiratory
function have been reported for the flavonoid class of polyphenols: In an earlier Dutch study, the
intake of catechins was positively associated with FEV1 (mean difference in FEV1 comparing high
vs. low intake of catechins = 130 mL, 95% CI: 101-159, p < 0.05) and negatively associated with all
three COPD symptoms (odds ratio (OR) of phlegm, breathlessness and cough, comparing high vs.
low intake of catechins = 0.60-0.72, p < 0.001) [50]; concordantly, slower longitudinal decline in lung
function was observed with higher intake of anthocyanidins in US elderly men [72], and a beneficial
association of dietary intakes of isoflavones as well as of soy, which is a rich food source of isoflavones,
with lung function and COPD prevalence was also observed in Japanese adults [73,74]. In a recent
randomized trial in COPD patients, supplementation with flavonoids in the form of oligomeric
pro-anthocyanidins extracted from grape seeds was effective in improving oxidative stress and lipid
profile, but not lung function parameters after 8 weeks [75]. More recent observational findings in
a Mediterranean population confirmed protective effects of the intake of various polyphenol classes
on pulmonary function parameters [76]. In a cross-sectional study in 267 Spanish COPD patients,
dietary intakes of vitamin E as well as vegetables and olive oil, rich in vitamin E and polyphenols, have
been shown to be inversely correlated with serum markers of oxidative stress, especially in current
smokers [77]. In an Asian population-based cross sectional study, a diet rich in the potent antioxidant
and anti-inflammatory turmeric-derived polyphenol curcumin was significantly and independently
associated with improved lung function measures, and smokers with the highest curcumins intake
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had levels of lung function greater than smokers not consuming curcumins and similar to those of
nonsmokers, supporting the antioxidant and anti-inflammatory dietary hypothesis [78].

6.3. Minerals

Among micronutrients, cross-sectional studies have found deficient intake of some minerals in
COPD patients. Indeed, dietary intakes and serum levels of calcium, magnesium, and selenium were
found to be below the recommended values in older, underweight patients with severe COPD [79].
Lower intakes of calcium and zinc were observed in elderly COPD patients compared with non-COPD
subjects [45]. Some minerals have been studied in relation to lung function and COPD risk and
symptoms. A case-control study in Japanese adults found a positive association between intake of
calcium, phosphorus, iron, potassium, and selenium and lung function measures (e.g., FEV1), and
an inverse association between dietary calcium intake and COPD risk (35% reduction) [80]. FEV1
was independently and positively associated with serum levels of selenium, normalized calcium,
chloride, and iron, and was inversely related to potassium and sodium in the general population [43].
Other cross-sectional studies confirmed the association between serum levels of selenium as well as
copper and higher lung function [81]. A randomized placebo-controlled trial reported that selenium
supplementation (200 pg/d L-selenomethionine), either alone or in combination with vitamin E
(400 IU/d all rac-a-tocopheryl acetate), did not affect decline in FEV1 or FEF25-75, a marker of airflow,
but attenuated decline in FEF25-75 (by 59 mL/second/year) in current smokers, who may benefit most
from selenium supplementation due to its potent antioxidant properties linked to the glutathione
peroxidase activity [82].

Early population-based studies reported a strong association between magnesium intake and
lung function, airway hyper-responsiveness, and wheeze [83], although this result was not consistently
found [49]. More recently, in a general UK population cohort intake of magnesium was cross-sectionally
related to higher FEV1 (a 100 mg/day higher magnesium intake was associated with a 52.9 ml higher
FEV1 (95% CI, 9.6-96.2)), but no relationship between intake of magnesium and longitudinal decline
in FEV1 was seen [62]. Similar results were recently obtained by Leng et al. [84] in New Mexico
white smokers. Magnesium may play a beneficial role in respiratory function and COPD, through its
protective effects against inflammation and bronchoconstriction [85]. Although the limited evidence
suggests protective effects of some minerals on lung function and COPD, mostly for those endowed
with antioxidant and anti-inflammatory properties, further prospective studies are warranted.

6.4. Wholegrains and Fibers

Among dietary factors largely investigated, mostly in relation to CVD and cancer, research has
also focused on wholegrains. Observational studies reported an independent beneficial effect of a high
wholegrain intake on lung function [51,86], and against mortality from chronic respiratory disease [87].
Wholegrains are rich in phenolic acids, flavonoids, phytic acid, vitamin E, selenium, and essential fatty
acids, which may additively or synergistically contribute to wholegrain documented beneficial effect
on respiratory as well as nonrespiratory diseases.

Part of the protective action of wholegrains as well as of fruits and vegetables is attributable to the
antioxidant and anti-inflammatory properties of their fiber content [88]. Indeed, epidemiological data
indicated that fiber intake is associated with lower serum levels of C-reactive protein and cytokines (IL-6,
TNF-w) and higher level of adiponectin, an insulin-sensitizing adipocytokine with anti-inflammatory
properties [89]. In line with these beneficial properties, cross-sectional and longitudinal studies found
anegative and independent association between total fiber intake and lung function decline, and COPD
incidence and prevalence [90-92]. Indeed, higher dietary intake of total fiber reduced by about 40%
the risk of COPD in large prospective studies [91,92]. Considering fiber types (cereal, fruit, vegetable),
the beneficial association was observed mostly for cereal fiber intake mainly in current smokers and
ex-smokers, but evidence exists also for fruit and vegetable fiber intake [91,92].

159



Nutrients 2019, 11, 1357

6.5. Alcohol and Wine

Other significant associations with respiratory health have been documented in the general
population for intake of alcohol and wine. Previous epidemiologic studies found that subjects with low
alcohol consumption (1-30 g/day) had higher levels of FEV1, lower prevalence of COPD symptoms [51],
and a decreased risk of COPD compared to nonconsumers [52]. By contrast, heavy alcohol intake,
as assessed by both dietary and serum biomarker measurements, was shown to have negative effects
on lung function, additive to that of smoking [93]. Among the different alcohol sources, only wine
intake (>7.4 g/day) was found to be positively associated with FEV1 in the general population [94],
as well as with a lower risk of airway obstruction, defined as an abnormally low FEV1/FVC ratio,
predominantly in smokers [95]. Beyond direct protective effects of alcohol as previously reported [96],
putative candidates accounting for the observed beneficial effect of wine are flavonoids [50], as well as
the stilbene resveratrol [95], both associated with improved measures of lung function. Congruently,
resveratrol has been reported to exert anti-inflammatory properties in airway epithelial cells [97],
alveolar macrophages derived from COPD patients [98], and airways smooth muscle cells [99], and the
flavonol quercetin has been shown to attenuate rhinovirus-induced lung inflammation and emphysema
progression in a mice model of COPD [100].

Interestingly, the independent beneficial effects of a favorable intake of fruits (>180 g/day),
wholegrains (>45 g/day), and alcohol (1-30 g/day) on FEV1 and COPD symptoms were additive
(favorable vs. unfavorable intake, 139 mL higher FEV1 and COPD symptoms prevalence OR = 0.44,
p < 0.001) [51], suggesting important interaction among nutrients and food groups. Moreover, findings
from the ECLIPSE study in COPD subjects demonstrated that recent consumption of “healthy” foods,
such as fruits (grapefruit and bananas), fish, tea, dairy products, and alcohol, was associated with higher
lung function and less decline over time, less emphysema and emphysema progression, greater 6-minute
walk and St. George’s Respiratory Questionnaire (SGRQ) scores, and lower levels of inflammatory
markers (C-reactive protein, white blood cells, surfactant protein D, total neutrophils) [101]. These
data extend the role for dietary intakes to phenotypic features of COPD patients.

6.6. Vitamin D

Limited evidence also supports a direct correlation between vitamin D levels, which mainly
depend on sun exposure in addition to diet, and lung function, COPD incidence, symptoms, severity
and progression [102-104]. Genetic variants in the vitamin D-binding protein associated with lower
plasma vitamin D levels have also been linked to COPD risk [105]. Mechanistic studies support a role
for vitamin D other than calcemic effects and in particular in normal growth and development of the
lung as well as in immune responses and COPD progression. Vitamin D supplementation trials to
prevent COPD exacerbation reported conflicting results but, collectively, pointed to a benefit only
in patients with low baseline vitamin D levels (i.e., levels of active metabolite 25-hydroxyvitamin D
<25 nmol/L) [106]. Although further studies are needed, taking into account the highly prevalent
osteoporosis and risk of falls in COPD patients and also the supposed beneficial effects of vitamin D
beyond bone health, screening for vitamin D deficiency (25-hydroxyvitamin D <50 nmol/L) may be
important in COPD patients.

6.7. Coffee and Its Components

Given its widespread consumption, interest has been growing around the potential role of coffee
in respiratory health. Findings from literature reviews point to an association between regular (not
decaffeinated) coffee intake and improved lung function and reduced mortality from respiratory
disease, but not COPD [107], with contributory roles for its constituents, caffeine (bronchodilator,
anti-inflammatory) and polyphenols (antioxidant, anti-inflammatory). Smoking is a major confounder
in these studies because it may accelerate the hepatic metabolism and clearance of caffeine or may
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dilute or dampen the beneficial effects of coffee through its potent pro-oxidant and pro-inflammatory
action [107].

6.8. Role of Fish and n-3 Polyunsaturated Fatty Acids

a-Linolenic acid (ALA, C18:3) and its long-chain derivatives eicosapentaenoic acid (EPA, C20:5)
and docosahexaenoic acid (DHA, C22:6) are polyunsaturated fatty acids (PUFA) of the 1n-3 (omega-3)
family. Due to the low efficiency of endogenous synthesis from precursors, they are considered
nutritionally essential and depend on exogenous source, mainly seafood (fatty fish). 1n-3 PUFAs and
fish display potent anti-inflammatory properties with beneficial effects and, in most cases, clinical
applications in several chronic inflammatory diseases, including CVD, cancer, theumatoid arthritis, and
diabetes [108]. Opposite effects have been described for n-6 PUFAs, including linoleic acid (LA, C18:2)
and its long-chain derivative arachidonic acid (AA, C20:4), mainly found in vegetable oils (soybean,
corn, and sunflower oils), grain-fed animals, dairy, and eggs. Indeed, metabolism of long-chain 1-6
PUFA produces eicosanoids (such as thromboxane(TX) A2, prostaglandin(PG) E2 and leukotriene(LT)
B4) which are more potent mediators of inflammation, thrombosis, and vaso- and bronco-constriction
than similar products derived from 1n-3 PUFAs (PGs of the 3-series and LTs of the 5-series) [109]. Some
EPA and DHA metabolites via cytochrome P450 enzymes, which are highly expressed in the lungs, are
potent vasodilators and bronchodilators and show anti-inflammatory properties. Other metabolites of
long-chain n-3 PUFAs include the inflammation-resolving eicosanoids resolvins and protectins, which
act to remove inflammatory mediators and promote healing.

Increasing the content of #-3 PUFA in the diet causes a partial substitution of the 7-6 PUFA in the
cell membranes and competition for the metabolizing enzymes, thus favoring the synthesis of generally
less biologically active eicosanoids. In addition to lipid metabolites, #-3 PUFA anti-inflammatory
mechanisms also include the direct modulation of inflammatory gene expression (adhesion molecules,
cytokines, matrix degrading enzymes, cyclooxygenase-2) via the regulation of nuclear transcription
factors, mainly the oxidative stress-sensitive pro-inflammatory NF-«kB [109], which has also been
involved in the pathogenesis of lung inflammation [24].

The secular trend of dietary shift to a more Westernized pattern and the following increased
consumption of n-6 PUFAs and decreased consumption of #-3 PUFAs is thought to have contributed
to the rise in chronic inflammatory disease [108]. Given the role of inflammation in COPD and
the reported benefits of long-chain n-3 PUFAs in many inflammatory diseases, studies have been
conducted to verify the ability of dietary PUFAs to also modulate COPD (prevalence, severity, and
health outcomes). However, as underlined in a recent systematic review [110], data are conflicting.
Some earlier observational studies suggest benefits from increased consumption of #-3 PUFA-rich
foods, in particular fatty fish, on respiratory function and COPD symptoms, mainly among smokers,
but none of the studies adjusted for other dietary intakes [111-113]. Contrarily, in a 25-year prospective
study conducted in the Netherlands, the intake of 7-6 PUFA was positively related to the incidence
of chronic lung diseases (defined as chronic productive cough, chronic bronchitis, emphysema, and
asthma), but no relation between 1n-3 PUFA intake and the incidence of chronic nonspecific lung disease
was observed [52]. Concordantly, other studies did not find any independent beneficial association
between fish intake and FEV1, COPD symptoms [51] or mortality [53]. A large population-based
cross-sectional study found that higher intake of individual n-6 PUFAs was associated with lower FEV1
(reduction in FEV1 between the highest vs. lowest quintile of intake = 54.5 mL, 95% CI: -81.6, -27.4,
p <0.0001), particularly in smokers, and with increased risk of COPD, while no association between
individual n-3 PUFAs intake and FEV1 or COPD symptoms was seen [114].

More recently, in two large US cohorts, while an initial analysis showed that higher intake of
fish (>4 servings/week), but not PUFAs, was associated with lower risk of newly diagnosed COPD,
after adjustment for overall dietary pattern, this association lost significance, suggesting that potential
benefits of fish might be evident within the whole diet [115]. Interestingly, fish intake could reduce
the risk of COPD when intake of plant sources of n-3 PUFAs is high [115], suggesting that a healthy
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diet including fish as well as vegetable sources of 7-3 PUFAs may be more beneficial for COPD than
isolated food or nutrient.

Evidence exists that anti-inflammatory actions of #-3 PUFA may extend and be relevant to
COPD pathogenesis. In an in vitro study, shifting the PUFA supply from AA to DHA significantly
reduced the release of pro-inflammatory cytokines (TNF-«, IL-6, and IL-8) and increased the release of
anti-inflammatory cytokine (IL-10) from human alveolar cells after endotoxin challenge [116]. Resolvin
D1 (derived from DHA) has been reported to inhibit cigarette smoke-induced pro-inflammatory
response in human lung cells in vitro and in a mouse model of acute cigarette smoke-induced lung
inflammation by selectively activating specific anti-inflammatory pathways, including the inhibition
of neutrophilic inflammation and the activation of a subset of anti-inflammatory, pro-resolving
macrophages [117]. In stable COPD patients, higher circulating inflammatory markers (IL-6, C-reactive
protein) were associated with higher dietary intake of -6 PUFAs (for IL-6, OR = 1.96, p = 0.034; for
CRP, OR = 1.95, p = 0.039), while lower plasma levels of the cytokine TNF-« were related to #-3 PUFAs
intake (OR = 0.46, p = 0.049) [118]. Results from feeding trials assessed health outcomes in COPD
patients. An 8-week supplementation with n-3 PUFA (1200 mg ALA, 700 mg EPA, and 340 mg DHA)
in patients with moderate-to-severe COPD reversed muscle wasting and improved the functional
capacity compared with placebo, without any effect on FEV1 or systemic inflammatory markers (CRP,
IL-6, and TNF-«) [119]. Further studies, especially randomized controlled trials, are therefore needed
to appraise the relationships between intake of long-chain n-3 PUFA and/or fish and COPD.

6.9. Foods with Potential Deleterious Effects on Lung Function and COPD

Among potential deleterious foods, a statistically significant inverse association between frequent
consumption of cured (bacon, hot dogs, and processed meats) and red meats and pulmonary function
has been reported, in agreement with evidence of detrimental effects in other nonrespiratory diseases,
including CAD, diabetes, and cancer [120,121], and all-cause mortality [122]. Increased intake of cured
meats was independently associated with an obstructive pattern of spirometry in a cross-sectional
analysis in the third National Health and Nutrition Examination Survey [123] and with an increased
risk of newly diagnosed COPD in both men and women in US prospective cohorts, independent of
Western dietary pattern (highly loaded with red meat) or other associated dietary intakes (refined
grains, desserts, etc.) [124,125]. Importantly, more recent large Swedish population-based prospective
studies confirmed this detrimental effect for both baseline and long-term consumption of processed
(not unprocessed) red meat [126,127]. Another study found that cured meat intake increased the
risk of COPD readmission [128]. Collectively, as summarized in a recent meta-analysis, available
evidence indicated a 40% increased risk of COPD with higher consumption of processed red meat
(>75-785.5 g/week) [129].

These data suggest that health-promoting activities should include specific advice on lowering
red/processed meat consumption. It would be important to confirm these results in those populations
experiencing nutrition transition with an increased consumption of Westernized foods, including
processed meats.

In addition to the high content in cholesterol and saturated fatty acids, drawbacks of processed
red meat include the presence of nitrites, which are added to processed meat during the manufacturing
process as a preservative, antimicrobial, and color fixative. Nitrites generate reactive nitrogen species,
such as peroxynitrite, with the subsequent nitrosative stress that can contribute to, and amplify,
inflammatory processes in the airways and lung parenchyma, causing DNA damage, inhibition of
mitochondrial respiration, and cell dysfunction. Moreover, tyrosine nitration in connective tissue
proteins, including collagen and elastin, can alter their function. Higher levels of nitrotyrosine have been
observed in subjects with COPD and were correlated to disease severity [130]. Accordingly, in animal
models, chronic exposure to nitrite caused emphysema-like pathological changes in the lungs [131].
Nitrites are also byproducts of tobacco smoke; thus, nitrite generation may be one of the mechanisms
by which tobacco smoke causes COPD. Congruently, the combination of smoking and higher cured

162



Nutrients 2019, 11, 1357

meat consumption is indeed associated with the highest risk of newly diagnosed COPD [125]. Cured
meats also contain a high amount of sodium that may increase bronchial hyper-reactivity and may
elicit inflammation [132]. Sodium dietary intake has been reported to be higher in COPD patients
compared to healthy controls and to be associated with lower lung function [80].

Meat is also an important source of saturated fatty acids (SFAs), which can trigger inflammation,
also in the airways [133], and have been associated with both impaired lung function [134] and an
elevated risk of coronary heart disease and metabolic diseases [135]. This risk seems to be mainly
attributable to medium and long chain SFAs (C14:0-C18:0) highly present in meat compared to other
animal sources such as dairy products. By contrast, increased intake of low-fat dairy products [136] as
well as of short and medium chain SFAs, as assessed by 24 h recall [137], may exert protective effects
on lung function, possibly through their anti-inflammatory action.

An important feature of the Western lifestyle and diet is the consumption of foods with high
glycemic index, such as refined grains, desserts, sweets, and sweetened beverages. In addition
to increasing the risk of obesity, hyperglycemia may trigger oxidative stress-related inflammatory
responses [138], is associated with impaired lung function [139] and poor COPD outcomes [140], and
may promote pulmonary infection, at least in part, by an effect on airway glucose concentrations [141].
Part of the detrimental effects of hyperglycemia is mediated by the formation of advanced glycation
end-products (AGEs), which are elevated in lung tissues of COPD patients and are known to be
associated with lung inflammation and pathophysiology [142]. Compared to no consumption, high
levels of soft drink consumption (>0.5 L/day, sweetened or not), an important component of the
Western lifestyle and diet, were associated with a higher prevalence of COPD (OR = 1.79, 95% CI:
1.32,2.43, p < 0.001) and asthma (OR = 1.26, 95% CI: 1.01, 1.58, p = 0.014), in an additive manner
with smoking [143]. Moreover, consumption of excess fructose-sweetened soft drink (>5 times/week)
was significantly correlated to chronic bronchitis in US adults (OR = 1.80, 95% CI: 1.01, 3.20, p =
0.047) [144], as well as to pediatric asthma [145], possibly due to the formation of AGEs from the
interaction between unabsorbed free fructose and dietary proteins in the gastrointestinal tract. These
results clearly emphasize the public health implication of interventions targeting modern unhealthy
lifestyle habits.

7. Dietary Patterns, Lung Function, and COPD

Dietary patterns have been widely investigated in relation to cancer, CVD or diabetes [12], but
limited data are available on their association with respiratory outcomes with relevance to COPD.
As shown in a recent meta-analysis [14], most studies were performed in Europe and North America,
limiting the generalizability of study findings, and were observational in design. Overall, the evidence
concordantly indicated that the pattern of dietary intake is an important factor in the pathogenesis and
prevention of COPD and provided support for specific dietary modifications as a clinically relevant
tool to promote lung health. Moreover, examination of dietary patterns complements the evaluation of
the effects of individual food and nutrient intake on COPD. Table 1 summarizes findings from main
epidemiological studies addressing the relation between diet and lung function, COPD risk, symptoms,
and progression.
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7.1. Data-Driven Dietary Patterns and COPD

A cohort study in Chinese Singaporeans found that the meat-dim sum dietary pattern (red meat,
preserved foods, rice, noodles, deep-fried foods) was associated with an increased incident cough
with phlegm (odds ratio (OR) = 1.43 comparing fourth to first quartile, p for trend = 0.02) [146],
indicating a deleterious effect of a diet rich in meat, starchy foods, and high-fat dairy products on
respiratory symptoms. Two prospective studies in US health professionals identified two distinct
major dietary patterns, the “prudent pattern”, loaded by a high intake of fruits and vegetables, oily fish,
poultry, wholegrain products, and low-fat dairy products, and the “Western pattern”, characterized by
a high consumption of refined grains, cured and red meats, desserts, French fries, and high-fat dairy
products [147,148]. Both studies consistently found that the “prudent” pattern was negatively and
the Western pattern positively associated with the risk of self-reported newly diagnosed COPD in
women [148] and men [147] after adjustment for several potential confounders, including measures of
tobacco exposures. In contrast with findings for COPD, the dietary patterns were not associated with
the risk of adult-onset asthma. Notably, the effect of each dietary pattern was stronger in men than in
women [147,148]. For the prudent pattern, the relative risk (RR) for highest vs. lowest quintile was
0.50 (p for trend = 0.02) in the men cohort [147], and 0.75 (p for trend = 0.02) in the women cohort [148].
For the Western pattern, the RR for highest vs. lowest quintile was 4.56 (p for trend <0.001) in the men
cohort [147], and 1.31 (p for trend = 0.02) in the women cohort [148]. As several individual foods of the
“prudent” or the “Western” diet might be related to COPD, as discussed in previous paragraphs, the
“prudent” and the “Western” diet patterns reflect the possible combinatory effects of these diverse but
highly correlated foods.

Cross-sectional studies confirmed the associations between dietary patterns and respiratory
symptoms, lung function, and COPD. A study in the UK population observed that a similar “prudent”
dietary pattern was positively associated with lung function (FEV1) in males and females (difference in
mean FEV1 between highest vs. lowest quintiles of pattern score = 180 mL in men, p for trend <0.001,
and 80 mL in females, p for trend = 0.008), and negatively associated with COPD prevalence in males
(54% reduction, p for trend = 0.012) [149]. Associations in males were stronger among smokers than
nonsmokers [149]. In this study, the second dietary pattern identified in the study subjects, i.e., the
“traditional” pattern, was similar to the unhealthy Western dietary pattern of other studies [147,148],
but here, it was not associated with any negative outcome, probably because of its relatively high
fish and vegetables content. A “prudent” diet was confirmed to be associated positively with FEV1
and negatively with COPD prevalence, not significantly in a large sample (1 = 2,178) of Swiss adults
(changes in FEV1 per unit increment in the dietary pattern score = 23 mL, p = 0.08; COPD prevalence
OR =0.90, p = 0.21) [150], as well as in a significant manner in a US population-based study (COPD
prevalence OR = 0.82, p for trend = 0.007) where protective effects by the prudent pattern were
also observed on respiratory symptoms (cough), whereas a Western diet was associated with higher
prevalence of COPD (OR = 1.62, p for trend <0.001), worse respiratory symptoms, and lower lung
function [151].

In a population of around 12,000 adults from the Netherlands, McKeever et al. [152] identified
three major dietary patterns, the “cosmopolitan pattern” (higher intakes of vegetables, fish, chicken,
wine, and lower intakes of high-fat dairy products, added fat, added sugar, and potato), the “traditional
pattern” (higher intakes of red meat, processed meat, potato, boiled vegetables, added fat, coffee,
and beer and lower intakes of soy products, low-fat dairy products, tea, breakfast cereal, brown rice,
pizza, juice, and fruit), and the “refined food dietary pattern” (higher intakes of mayonnaise, salty
snacks, candy, high-sugar beverages, French fries, white bread, and pizza and lower intake of boiled
vegetables, wholegrains, fruit, and cheese). These dietary patterns were analyzed for their relation to
lung function (FEV1) and symptoms of COPD as well as to longitudinal change in FEV1. When nutrient
intake associated with the diets was analyzed, the “cosmopolitan” diet was positively correlated with
intake of alcohol, vitamin C, and beta-carotene, the “traditional” diet was positively associated with
alcohol and total fat intake, and negatively with carbohydrate intake, and the “refined food” diet
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was negatively associated with magnesium, fiber, and vitamin C intake [152]. In the cross-sectional
analysis, the “traditional” diet was associated with a lower lung function (—94.4 mL, p for trend <0.001)
and an higher prevalence of COPD (OR = 1.6, p for trend = 0.001), while the “cosmopolitan” diet was
associated with a small increased prevalence of asthma and wheeze. None of the dietary patterns were
associated with a decline in lung function over 5 years, although a higher intake of refined foods was
associated with a greater decline in lung function (—48.5 mL, p for trend = 0.11) [152].

Accordingly, in a Spanish population of adult smokers without respiratory diseases, three major
dietary patterns were derived: alcohol-consumption pattern (loaded by intake of wine, beer, and/or
distilled drinks), Westernized pattern (loaded by high consumption of cured and red meats, dairy
products, and sugary drinks, desserts and sweets, and low in fruits, vegetables, legumes, and fish),
and Mediterranean-like pattern (loaded by high intake of poultry, eggs, fish, vegetables, legumes,
potatoes, dairy desserts, fruits, nuts, and dried fruit) [153]. When the prevalence of impaired lung
function (as determined by spirometry) across tertiles of dietary patterns was analyzed, impaired lung
function was observed in all participants with an alcohol consumption pattern (OR = 4.56, p for trend
= 0.005) especially in women (OR = 11.47, p for trend = 0.003), and in women with the Westernized
pattern (OR = 5.62, p for trend = 0.031). By contrast, the Mediterranean-like dietary pattern was not
significantly associated with impaired lung function, but with a trend for preserved lung function
(OR = 0.71, p for trend >0.05), suggesting that it may protect lung function against the deleterious
effects of smoking [153].

The study by Sorli-Aguilar et al. [153] provides some new information: (1) it restricted the
observation to smokers, thus stressing the importance of eating pattern, in addition to smoking cessation,
as a possible preventive measure for improving lung health; (2) it provides a first report on the association
between a Mediterranean-like diet and lung function. An impressive and unprecedented accrual of
high-quality evidence from observational and interventional studies converges to the recognition of
the traditional Mediterranean diet as one of the healthiest dietary patterns, being protective against
incidence and mortality of major chronic diseases, mainly CVD and cancer [157,158]. However,
limited evidence exists for a role in obstructive respiratory diseases and mostly regards asthma [159].
As discussed above, many individual foods and nutrients characteristic of the Mediterranean diet and
endowed with anti-inflammatory, antioxidant, and beneficial metabolic properties (fruits, vegetables,
seafood, nuts, legumes, vitamins, polyphenols, etc.) have been associated to improved lung function
and COPD prevention in several studies. The Mediterranean-like diet pattern described by Sorli-Aguilar
et al., the healthiest one compared to the other dietary patterns identified, included key foods of the
traditional Mediterranean diet (fruits, vegetables, legumes, wholegrains, nuts, olive oil, fish) [160] and
was similar to the “prudent” patterns that have been previously found to protect against impaired lung
function and COPD risk [147-149]. However, it cannot be strictly defined as a traditional Mediterranean
diet because it also included non-Mediterranean diet/unhealthy components, such as red and processed
meats, desserts, sweets, and refined grains [153]. This may have diluted or masked the possible
positive effect on lung function by other beneficial components. Of course, more investigations (mostly
interventional in design) in different populations and countries are needed to confirm Mediterranean
diet health benefits in COPD.

7.2. Diet Quality Scores and COPD

In addition to data-driven approaches to derive dietary pattern, a priori-defined diet quality scores
have also been used to assess and/or confirm the relationship of diet with lung function and risk and
outcomes of COPD (Table 1). In order to measure compliance to the Dietary Guidelines for Americans
(DGAs) and provide dietary guidance for healthy eating, two dietary indices, the Healthy Eating Index
(HEI) [161] and the Alternate Healthy Eating Index (AHEI) (2005 and 2010 editions) [162], a modified
version of the HEI, have been developed and used in the US population and subpopulations. Apart
from some distinctive features, such as more attention to fat quality, inclusion of moderate alcohol
intake, cereal fiber, red-to-white meat ratio, and duration of multivitamin use in the AHEI compared to

168



Nutrients 2019, 11, 1357

the original HEI, both scores reflect a dietary pattern characterized by high intakes of wholegrains,
PUFAs, nuts, and long-chain -3 fats and low intakes of red/processed meats, refined grains, and
sugar sweetened beverages, and have been found to beneficially impact health outcomes. Indeed, the
AHEI was inversely associated with incidence and mortality from chronic diseases (CVD, diabetes,
and cancer) [163,164]. Using the AHEI-2010 score, a recent several year-long prospective study in
participants of the US Nurses’ Health Study (NHS, n = 73,000 women) and Health Professionals
Follow-up Study (HPFS, n = 47,000 men) [154] found that higher AHEI-2010 diet score was associated
with a 33% lower risk of newly diagnosed COPD in both men and women, without any effects by
smoking status and after adjustment for several confounding factors (multivariable HR for eating
the healthiest diet compared to eating the least healthy diet = 0.67, p for trend <0.001). This negative
association also persisted after excluding participants with cancer and CVD at baseline (multivariable
HR for eating the healthiest diet compared with eating the least healthy diet = 0.71, p for trend =
0.007), indicating a direct effect of a healthy diet on COPD beyond its association with other chronic
diseases. Contrarily, no association was found between AHEI and the risk of adult onset asthma.
Although obtained in health professionals with differences in health awareness, socioeconomic status,
and smoking behavior compared to the general population, these results extend the relevance of the
AHEI-2010 diet score and its main dietary features to COPD. When the association between individual
components of the score and the risk of COPD was analyzed, high intake of fruit and wholegrains, and
low intake of red and processed meat and sugar sweetened drinks and fruit juice were associated with
lower risk of COPD [154], confirming some previous findings about the respiratory benefits of similar
dietary patterns, in agreement with the antioxidant and anti-inflammatory diet hypothesis [148,149].

Another more recent study used the HEI (2005 and 2010 editions) diet score and a modified version
of the Mediterranean diet score [165] to assess the cross-sectional association of these two diet quality
scores with COPD severity (according to GOLD stages) and parameters of lung function (FEV1 and
FVC) in 121 patients with stable COPD [155]. Both scores reflected high intakes of fruits, vegetables,
wholegrains, PUFAs, MUFA, nuts, legumes, and low intakes of refined grains, red/cured meat (and red
meat to white meat ratio), saturated fat, empty calories, and sodium. In particular, the Mediterranean
diet score, from its original conception [165] to the latest modifications [166], is intended to capture
compliance to the plant-based eating patterns of olive tree-growing areas of the Mediterranean basin.
According to both HEI and Mediterranean diet scores, the diet quality of the study subjects appeared
to need improvements. Although not reaching significance, reduced HEI and Mediterranean diet
scores were observed with increased COPD severity, mostly stage 4, and a one-unit increase of the
Mediterranean diet score was significantly associated with 2.9 (p = 0.002) and 2.8 (p = 0.007) increase of
FEV1 and FVC, respectively [155]. Although obtained in a small sample of already diseased subjects,
these results further suggest protective effects on lung function by the Mediterranean diet pattern.
Further high-powered confirmatory studies as well as the evaluation of diet effect on COPD progression
over time are highly warranted.

Inavery recent cross-sectional study conducted in middle-aged healthy subjects at low-to-moderate
CV risk but without pulmonary diseases (Ilerda Vascular Project, ILERVAS) [156], low adherence
to the Mediterranean diet as well as low physical activity practice were independently associated
with the presence of impaired spirometric values and with ventilatory defects, compared with high
adherence to the Mediterranean diet and vigorous physical activity. Therefore, although we are
still awaiting interventional studies providing causality, these results agree with those previously
obtained with dietary pattern analysis [153] and collectively suggest a beneficial association between
the Mediterranean diet and lung function with relevance to both the prevention of respiratory diseases
as well as the improvement of COPD.

In a large prospective Asian cohort study, adherence to several recommended dietary patterns
as reflected in the AHEI-2010, the alternate Mediterranean diet score, the dietary approaches to stop
hypertension (DASH) score, and the healthy diet indicator (HDI), and based on healthy plant-based
foods and fish, was associated with a substantially lower risk of 17-year all-cause and disease-specific
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(CVD, cancer and respiratory disease) mortality, specifically with a 14-28% lower risk of mortality for
respiratory diseases [167]. Interestingly, COPD was one of the predominant respiratory conditions
contributing to respiratory disease mortality in the study cohort. These results agree with earlier
reports of an inverse association between intake of single dietary components of these dietary patterns,
such as fruits, and COPD mortality [53]. Other studies in different populations confirmed the beneficial
association between adherence to the DASH diet and COPD risk [168], and adherence to the healthy
Dutch dietary guideline and the risk of all-cause mortality and COPD development [169].
Collectively, although needing further confirmations, published studies concordantly suggest
a significant role for high-quality whole diet on lung function outcomes and COPD incidence and
prevalence, as well as on mortality. Adhering to dietary patterns resembling the general principles of
the Mediterranean diet and the prudent diets, which emphasize a variety of healthy plant-based foods
(vegetables, fruit, nuts, wholegrains) and fish, avoidance of heavy alcohol intake, and low consumption
of foods typical of Westernized patterns (red/processed meat, refined grains, sweets/desserts), exerts
beneficial effects in contrast with Western diets (Figure 2). Interestingly, the Western diet has been shown
to be positively associated while the prudent/Mediterranean diet inversely associated with serum
levels of inflammatory markers [170,171]. Moreover, beneficial effects have also been documented for
bioactive nutrients of the healthy diets, such as polyphenols and PUFAs, against visceral adiposity and
related inflammation/oxidative stress, mitochondrial dysfunction, as well as insulin resistance [172],
thus potentially providing the opportunity to favorably manage the risk associated with metabolic
derangements observed in some patients with COPD (obesity and/or abdominal visceral adiposity).
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Figure 2. A framework model of the interactions of diets and dietary factors with lung function and
COPD development and progression.

In addition to directly improving inflammation, oxidative stress, and immune and metabolic
deregulation, dietary factors may act by inducing modification of gut microbiota, which can influence
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immune system, systemic inflammation, and metabolism through the production of locally- and
systemically-active metabolites, such as the fiber fermentation-derived short chain fatty acids (SCFAs)
(butyrate, propionate and acetate) or the carnitine/choline-derived trimethylamine-N-oxide (TMAO).
Human studies have found that plant-based diets such as the Mediterranean diet (rich in fiber) shaped
the composition of gut microbiota so as to increase the circulating levels of anti-inflammatory SCFAs,
while animal-based diets such as the Western diet (rich in carnitine and choline from meat, egg yolks,
and high-fat dairy products) were associated with increased levels of the pro-inflammatory TMAO,
which is linked to risk of atherosclerosis, CV disorders, and mortality [173]. An emerging concept
and potential therapeutic opportunity for dietary modulation is the gut-lung axis, where intestinal
microbial modulation can influence the respiratory system [174]. Indeed, high dietary fiber intake
was shown to protect against inflammatory airways disease via systemic SCFAs [175]. Moreover,
increased circulating TMAO levels were associated with long-term all-cause mortality in patients with
COPD [176]. Of course, further studies are required to address whether gut-lung axis modulation by
nutrition would beneficially impact lung function and the risk or evolution of COPD.

8. Conclusions and Perspectives

Given the alarming increasing burden of COPD worldwide, identification of modifiable risk
factors for prevention and treatment of COPD is highly in demand. Based on the available evidence,
greater awareness of diet and dietary factors influencing respiratory health may be of interest for
public health due to their disease-modifying effects. Many studies in the general population and
in subjects with respiratory disease have reported that current dietary habits are qualitatively poor
and therefore leave plenty of opportunities for improvements and interventions. Taking into account
the increasing smoking habit in developing countries and the worldwide unstoppable phenomenon
of Westernization of lifestyle factors, including a more processed and convenience-orientated diet,
a two-hit lifestyle burden (smoking and unhealthy diet) is currently rising.

Based on strong evidence of association with improved cardiometabolic health, including
lower risk of CV disease, diabetes, and obesity, many scientific organizations recommend the
prudent/Mediterranean-like diets as healthy dietary patterns. Published studies also consistently show
the adverse effects of the Western diet, rich in refined foods, saturated fat, meat, and sugar, on lung
function and the risk of COPD, and, by contrast, the ability of specific dietary factors and diets, mostly
the prudent/Mediterranean-like diets loaded by plant-based foods and healthy fats, to preserve lung
function and prevent COPD or its evolution over time. Interestingly, the magnitude of effect of diet
on lung function is estimated to be comparable to that of chronic smoking [51], underscoring that
healthy dietary approaches may have a great impact jointly on COPD development and the associated
metabolic and CV risk.

Interestingly, in many studies, specific dietary patterns and/or nutrients exerted benefits on lung
function and the risk of COPD, but not asthma, strongly suggesting a true underlying effect rather than
a generalized and most probably confounded effect. COPD as well as CV diseases share a systemic
inflammatory pathogenesis differently from the immune pathogenesis of asthma. Nutritional targeting
of oxidative balance and overwhelming inflammation may therefore represent a unique opportunity to
prevent/treat COPD and its related CV co-morbidities.

Of course, there is not a single diet identified as a magic pill for respiratory health. Food
groups, including fruits, vegetables, fish, and wholegrain products, contributing to basic nutraceutical
ingredients, such as antioxidants, vitamins, fiber, and PUFAs, may vary across the dietary patterns
documented to be beneficial for lung function, according to the populations studied. However,
some unifying principles of all the healthful diets may be recognized and emphasized in designing
preventive nutritional measures. In many studies, dietary factors documented to improve several
processes (inflammation, oxidative stress ad immune dysfunction) and co-morbidities (CVD, obesity)
of respiratory diseases translate into improved respiratory outcomes. Importantly, considering the
early origin of COPD [10] and the profound impact of diet on lung function and later respiratory
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health, nutrition intervention offers the opportunity for early strategies of primary prevention and/or
targeted early therapeutic approaches.

The negative results of supplementation trials with single antioxidant nutrients suggest that the
effect of single nutrients may be too small to be observed, reinforcing the notion that combination of
nutrients and foods within a dietary pattern may allow cumulative/synergic effects to become apparent.
Moreover, since diet tends to track throughout life, this means that exposure to (or lack of) certain
nutrients may occur over a long period of time (as captured in observational studies). Therefore,
observational studies of dietary benefits may not always translate into positive results from clinical
trials (performed in a specific age group with single nutrients and for a limited follow-up).

With regard to disease treatment, several therapeutic strategies, including smoking cessation,
pharmacological interventions, and rehabilitation programs, are implemented in COPD patients
to improve quality of life, decelerate lung function decline, and prevent major complications.
As malnutrition associated with skeletal muscle impairment is an important systemic and disabling
consequence of COPD, nutritional support (e.g., energy-enriched diet) has been recently suggested
as a valuable adjuvant tool in the management of COPD patients at risk of malnutrition, mainly
in combination with physical exercise [177], suggesting that at least some of the adverse functional
consequences of severe COPD are reversible by nutritional support [20].

More animal experimentations and human intervention studies are needed to confirm the
effectiveness and mechanisms of diet in preventing and treating COPD. A new area of investigation
is the microbiota modulation by diet, which offers the prospect of increasing health and mitigating
disease risk. However, the field of nutrigenetics (i.e., the relationship between genetic variants
and diet) also deserves attention to address the inter-individual variability in response to diet and
improve a personalized nutrition intervention to prevent/treat COPD. Moreover, it is possible that
diet influences may be different across different clinical phenotypes of COPD, as some evidence
suggests [101]. Therefore, more studies are needed to ascertain the effect of diet on different COPD
phenotypes and to develop tailored nutritional strategies. Although evidence for the role of diet in
COPD is clearly available, smoking cessation and the appropriate pharmacologic therapy remain key
measures for the prevention and treatment of COPD.

Although current nutritional guidelines for COPD management do not formally include specific
dietary recommendations other than nutritional counseling for malnourished patients, the available
scientific evidence provides new directions for future research to substantiate the role of nutrition in
lung function maintenance, respiratory disease prevention, and treatment, leading to the ultimate
positioning of nutrition on the roadmap to optimal respiratory health.

Based on the evidence presented in this review and pending further evidence from basic science
and interventional studies, a pragmatic view for managing respiratory health and COPD, as well
as many other aspects of health, would be to recommend (along with physical exercise) a healthy
balanced diet characterized by high consumption of fresh fruits, vegetables, wholegrains, plant oils
and fish, low intake of alcohol (preferably wine), and avoidance of processed, refined, high-saturated
fat foods, sweets, cured/red meats, and sugar-containing beverages.

Most importantly in current times, there may be a wide range of appropriate approaches to diet
that should be considered and include social, cultural, and psychological aspects of eating. Moreover,
nutrition-based measures for health maintenance and disease management are complicated by issues
such as food production and processing technologies that need careful attention and convergent efforts
by health policy makers, the food industry, health professionals, and consumers, in order to align
nutritional health also with a sustainable food system. All these considerations and achievements
have the great potential to improve evidence-based public health recommendations for a healthier
eating pattern to adopt early in life as part of a healthy lifestyle in order to preserve lung function and
prevent or improve COPD, in addition to encouraging smoking avoidance or cessation, and especially
in smokers who are unable to quit smoking.
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