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ABSTRACT

Background: Asthma has become one of the major public health
challenges, and recent studies show promising clinical benefits
of dietary interventions, such as the Dietary Approaches to Stop
Hypertension (DASH) diet.

Objective: The objective of this study was to examine whether
changes in diet quality are associated with changes in inflammatory
markers important in asthma pathophysiology.

Methods: In this exploratory study in patients with poorly controlled
asthma participating in a randomized controlled trial of a DASH
intervention study, changes in concentrations of a broad panel
of serum proteins (51-plex Luminex assay, Affymetrix) were
determined, and their relation to diet quality (DASH score) assessed
by combining data of both intervention and usual-care control
groups. Second, the relation between the serum proteins, other
biomarkers of inflammation and nutrition, and Asthma Control
Questionnaire (ACQ) was assessed.

Results: During the first 3 mo, diet quality (DASH scores) were
inversely associated (P < 0.05, false discovery rate P < 0.09) with
serum concentrations of a large number serum proteins, reflecting not
only general proinflammatory markers such as IL-1p, transforming
growth factor o (TGF-), and IL-6 (r = —0.31 to —0.39) but
also a number of proteins associated with asthmatic conditions,
specifically several T-helper (Th) 2 (Th2; r = —0.29 to —0.34) and
Th17 (r = —0.4) associated cytokines and growth factors. Monokine
induced by gamma/chemokine (C-X-C motif) ligand 9 (CXCL9)
(MIG/CXCL9), a T-cell attractant induced by IFN-y previously
linked to asthma exacerbations, appeared to be the marker most
consistently associated with DASH diet quality for the entire 6-mo
study period (r = —0.40 and —0.30 for 0-3 and 3—-6 mo, respectively,
and standardized coefficient loadings —0.13 in the partial least
squares analyses). Decreases in 19 serum protein concentrations
were also correlated with improved asthma control during the 6-mo
study period.

Conclusions: Our data in adult patients with poorly controlled
asthma suggest that dietary changes, like the introduction of DASH,
may have beneficial effects on reducing inflammatory status. This

1012

trial was registered at www.clinicaltrials.gov as NCT01725945.
Am J Clin Nutr 2021;114:1012-1027.
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Introduction

Asthma has become one of the major public health challenges,
currently affecting ~20 million US adults or 7.7% of the
population (1). Uncontrolled asthma strongly impairs quality
of life for patients. Adverse changes in diet composition
and quality have been suggested to have contributed to the
increased asthma prevalence as well as poor asthma control
(2, 3). Thus, with the aim of providing dietary advice to help
control asthma attacks, potential benefits of dietary changes
have been investigated, with particular attention to components
in healthy diets, like fruits, vegetables, fish, or nutrients
(4,5). The evidence, however, is inconsistent, and mainly consists
of epidemiological association studies, without mechanistic
information strengthening causal plausibility. With regard to
the impact of whole-diet approaches, meta-analyses do not
show any association with asthma prevalence in adults, albeit
individual studies report associations between dietary patterns
and risk of uncontrolled asthma, measures of lung function,
and/or frequency of asthma attacks (6).

The Dietary Approaches to Stop Hypertension (DASH) diet
(7) was recommended in the 2015 US Dietary Guidelines as
an overall dietary pattern to reduce blood pressure (8). In
a recent pilot randomized intervention trial (the DASH for
Asthma Trial), a behavioral intervention promoting the DASH
diet in adult patients with uncontrolled asthma showed promising
clinical benefits for improved asthma control and functional
status while maintaining patients’ weight as adjunct therapy to
usual care (9). However, less is known about the immunological
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mechanisms. C-reactive protein (CRP) has been assessed as a
marker of inflammation, and a recent meta-analysis of 6 non-
asthma randomized trials with the DASH diet concluded that
circulating CRP concentrations were lowered when compared
with unhealthy or habitual diets (10). Few studies, however, have
reported on other inflammatory markers including IL-6, TNF-
a, and IL-2, and found decreased IL-6 or no effects associated
with the introduction of the DASH diet (11). While these
observations were performed in patient groups with metabolic
syndrome, obesity, or type 2 diabetes, to our knowledge, no
studies have investigated the effects on inflammatory markers in
asthmatic patients or used a multiplex approach for investigation
of proteins.

The main objective of the present secondary analysis of
biomarkers from the original pilot trial was to determine
whether changes in diet quality, assessed as DASH score,
were associated with inflammatory markers important in asthma
pathophysiology by combining data of both intervention and
usual-care control participants. We investigated whether this
association was detectable at 2 follow-up time points: 3 and
6 mo. We assessed a broad panel of cytokines, chemokines, and
growth factors in the peripheral blood of patients with poorly
controlled asthma. In addition, the relation between the changes
in nutritional biomarkers (as possible objective indications of
altered diet) and the serum markers of inflammation during the
first 3 mo was investigated. As a secondary objective, the relation
between changes in inflammatory markers and asthma control
was assessed.
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Methods

Study participants and intervention

The DASH for Asthma Trial was conducted among 90 adults
with uncontrolled asthma confirmed through a multistage screen-
ing process [i.e., electronic asthma registry queries, completion
of the Asthma Control Test (12) pre- and post-bronchodilator
spirometry, and if necessary, medical chart review by an asthma
specialist]. Participants were randomly assigned to usual care
(n = 44) or usual care with a behavioral intervention promoting
the DASH diet (n = 46) for 6 mo (Figure 1). The trial protocol
as well as the main findings of the intervention study were
previously published (9, 13). In short, participants recruited in
2013 from primary care patients at Kaiser in San Francisco
and Hayward medical centers were aged 20-70 y old, had a
BMI (kg/m?) between 18.9 and 39.9, and confirmed uncontrolled
persistent asthma through a multistage screening process. All
participants initially had a diet of low quality (score of <6 out of 9
total on the DASH concordance index summing 9 nutrient targets,
including total fat, saturated fat, protein, cholesterol, fiber,
magnesium, calcium, sodium, and potassium) (14). The 6-mo
intervention curriculum included an intensive phase (3 individual
and 8 group sessions) over the first 3 mo and a maintenance
phase (monthly or more frequent phone consultations depending
on participant needs, preferences, and availability) for the last
3 mo. The primary intervention goal over the entire 6 mo
was to achieve and maintain daily recommendations for /)
fruit and vegetable servings (usually 7-8 for women or 8-10
for men), 2) low-fat or fat-free dairy food servings (usually
2-3), 3) total fat grams (27% of estimated caloric needs),
and 4) sodium intake (<2300 mg/d). All but the sodium goal
were calorie based for weight maintenance. Exercise was not a
component of the intervention. For details, see the Supplemental
Methods and Ma et al. (13). This study reports results on
the association between changes in diet quality and changes
in inflammatory markers important in asthma pathophysiology
by combining data of both intervention and usual-care control
groups.

Ethics

The procedures followed were in accordance with the ethical
standards of the responsible institutional or regional committee
on human experimentation or in accordance with the Helsinki
Declaration of 1975 as revised in 1983. The study was approved
by an Institutional Review Board of the Kaiser Foundation
Research Institute in Northern California and the study Data
and Safety Monitoring Board and registered at ClinicalTrials.gov
(NCTO01725945). All participants provided written informed
consent.

Assessment of asthma control, DASH score, and blood
sample markers

All measures reported in this analysis were assessed by blinded
outcome assessors at 0 (baseline), 3, and 6 mo. The primary
clinical outcome was asthma control, assessed by the Asthma
Control Questionnaire (ACQ) score (15), whereas overall diet
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+ Not meeting inclusion criteria (n=757)

+ Declined to participate (n=172)

Randomly assigned
(n=290)
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—

— Lost to follow-up (n=2)
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Assessed at 6 months (n = 44)

—» Lost to follow-up (n = 5)

Assessed at 3 months (n = 39)

A 4

Assessed at 6 months (n = 39)

[ Analysis ]

Excluded from analysis
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at baseline, 3 months,
or 6 months) (n = 16)

Analyzed (n=30)

FIGURE 1 Patient flow from enrollment and follow-up to data analysis.

quality was assessed as the DASH score (14) based on multiple-
pass 24-h dietary recalls. Data from multiple-pass 24-h diet
recalls (16) using the window-based Nutrition Data System for
Research (version 2012; University of Minnesota) were used to
compute the DASH concordance index based on the 9 nutrient
targets (0- to 9-point DASH score) as a measure of overall
diet quality (14). The majority of the participants completed
fasting blood draws at the onsite clinical laboratory at all or
some of the clinical visits at O (baseline), 3, and 6 mo (n = 64,
58, and 60, respectively). In all available samples, a panel of
51 cytokines, chemokines, and growth factors (Table 1) in serum
were measured by Luminex technology. Plasma concentrations
of CRP (by ELISA), folate, and vitamin B-12 (by RIA), carotene
(by HPLC), and vitamin D (by LC-MS/MS) were measured. For
further methodological details, see the Supplemental Methods.

Excluded from analysis
(no fasting blood draws
at baseline, 3 months,
or 6 months) (n=10)

Analyzed (n=34)

Statistical analyses

Data from all participants in both the intervention and control
groups with blood samples available at baseline and at either 3- or
6-mo follow-up were included. Pearson correlation coefficients
were generated to measure the linear relations between individual
markers and outcomes. Although multiple comparison adjust-
ments were not planned as the original trial was a pilot study
designed to use the CI approach for data interpretation (17), we
provided both original P values and false discovery rate (FDR)—
controlled P values as references (an FDR-corrected P < 0.1
threshold is also reported given the exploratory nature) (18).
By combining data from both intervention and control groups,
participants’ weight remained stable from baseline to 3 and 6 mo
[mean (95% CI) weight change from baseline: —0.44 (—0.88,
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TABLE 1 The 51 serum proteins measured by Luminex technology, alphabetically listed

Marker/abbreviation Name/synonym

CD40L Soluble CD40 ligand, CD154

Eotaxin Eotaxin 1, CCL11

ENA-78 Epithelial-derived neutrophil-activating peptide 78, CXCL5
FASL Soluble Fas ligand

FGF-2 Fibroblast growth factor 2

G-CSF Granulocyte-colony stimulating factor, CSF-3

GM-CSF Granulocyte-macrophage colony-stimulating factor, CSF-2
GRO-a Growth-regulated protein alpha, CXCLI

HGF Hepatocyte growth factor

ICAM-1 Soluble intercellular adhesion molecule-1

IFN-« Inteferon alpha, Type 1 interferon

IFN-8 Interferon beta

IFN-y Interferon gamma

IL-1a Interleukin lor

1L-18 Interleukin 18

IL-1RA Interleukin 1 receptor antagonist

IL-2 Interleukin 2

1L-4 Interleukin 4

IL-5 Interleukin 5

IL-6 Interleukin 6

1L-7 Interleukin 7, pre-B-cell factor

IL-8 Interleukin 8, CXCLS8

IL-10 Interleukin 10

IL-12 p40 Interleukin 12 p40 monomer, subunit of IL-12 and IL-23
IL-12 p70 Interleukin 12 (bioactive), dimer consisting of p40 and p35 monomers
IL-13 Interleukin 13

IL-15 Interleukin 15

IL-17A Interleukin 17A, CTLA-8

IL-17F Interleukin 17F

1P-10 Interferon y—induced protein 10, CXCL10, functionally related to CXCL9
Leptin Leptin

LIF Leukemia inhibitory factor

M-CSF Macrophage colony-stimulating factor, CSF-1, MIG-IM
MCP-1 Monocyte chemoattractant protein 1, CCL2

MCP-3 Monocyte chemoattractant protein 3, CCL7

MIG/CXCL9 Monokine induced by y interferon (MIG), CXCL9
MIP-1o Macrophage inflammatory protein lor, CCL3

MIP-1p8 Macrophage inflammatory protein 13, CCL4

NGF Nerve growth factor

PAI-1 Plasminogen activator inhibitor 1, serpin

PDGF-BB Platelet-derived growth factor-BB (dimer of 2 B subunits)
RANTES Regulated on activation, normal T-cell expressed and secreted, CCL5
Resistin Adipose tissue—specific secretory factor (ADSF), XCP1
SCF Stem cell factor, c-kit ligand

TGF-« Transforming growth factor «

TGF-p Transforming growth factor

TNF-« Tumor necrosis factor o

TNF-8 Tumor necrosis factor

TRAIL TNF-related apoptosis-inducing ligand, CD253

VCAM-1 Soluble vascular cell adhesion molecule 1, CD106
VEGF-A Vascular endothelial growth factor A
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+0.00) kg, P = 0.051, at 3 mo and —0.70 (—1.66, 0.26) kg,
P = 0.15, at 6 mo]. Therefore, we did not correct for weight in
the Pearson correlation analyses. As the number of independent
variables was significantly larger than the number of data points,
partial least squares (PLS) was used to further identify linear
combinations of predictors (factors) to predict outcomes. To
investigate the association of baseline asthma endotypes with

changes in serum proteins and DASH score, we divided the
participants into 2 groups with better or worse asthma control by
setting a cutoff at below or above an ACQ of 2.1 (sample mean at
baseline) and compared the changes in serum proteins and DASH
scores from 0 to 3 mo, 0 to 6 mo, and 3 to 6 mo between the 2
groups of baseline asthma control. All analyses were conducted
using SAS, version 9.2 (SAS Institute, Inc.).
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TABLE 2 Characteristics among study participants, collected at baseline!

Characteristic Overall (n = 64)
Age, mean + SD, y 523+ 125
Female 67.2
Race/ethnicity
Non-Hispanic White 48.4
Non-Hispanic Black 12.5
Asian/Pacific Islander 26.6
Hispanic 12.5
Current/ex-smoker 234
BMI, mean + SD, kg/m2 277+ 4.7
Education
High school/GED 6.3
Some college 359
College or above 57.8
Employment status
‘Working full time 57.8
Working part time 10.9
Unemployed/retired/disabled 31.3
Annual family income (n = 62)>
<$35,000 9.7
$35,000 to <$55,000 14.5
$55,000 to <$75,000 21.0
$75,000 to <$100,000 19.3
$100,000 to <$125,000 14.5
>$125,000 21.0
Asthma-onset age
<12y old 28.1
>12yold 71.9
Atopy? 76.6
DASH score, mean + SD* 22413
ACQ score, mean = SD 21408

'Values are % unless otherwise indicated. ACQ, Asthma Control
Questionnaire (range: 0-6, with higher scores indicating worse asthma control);
DASH, Dietary Approaches to Stop Hypertension (range: 0-9, with higher scores
indicating better DASH concordance); GED, General Educational Development.

2The denominator was less than the total number (64) of the participants
due to missing data.

3 Atopy was defined as any tested aeroallergen having a value >0.35 kU/L
based on ImmunoCAP-specific IgE testing. The specific allergens tested were
dust mite (Dermatophagoides pteronyssinus), animal dander (cat and dog),
grasses (ragweed and timothy grass), and tree (juniper cedar).

“DASH scores were calculated based on combining 9 nutrient targets (i.e.,
total fat, saturated fat, protein, cholesterol, fiber, magnesium, calcium, sodium,
and potassium). The intermediate target of each nutrient was halfway between the
DASH target and population mean (based on the NHANES 2007-2008, the latest
data available at the inception of this study). For a nutrient, participants reaching
the DASH target were assigned 1 point, those reaching the intermediate target
were assigned a half-point, and those not meeting the intermediate target were
given 0 points. The DASH score was the sum of points for all 9 nutrients.

Results

Participant characteristics

The participants were middle-aged, 67% female, and
racially/ethnically and socioeconomically diverse (Table 2).
They had poor asthma control at baseline (mean + SD ACQ
score: 2.1 £ 0.8), and most participants were atopic as determined
by allergen-specific IgE >0.35 kU/L for any of 6 allergens tested,
and reported asthma onset after age of 12 y. The DASH scores at
baseline were low (mean DASH score: 2.2; range: 0-9) (Table 2),
indicating poor diet quality.

Nygaard et al.

Serum proteins in relation to the DASH score

At baseline, no significant correlations between serum concen-
trations of any of the proteins and the DASH score were observed
(Supplemental Table 1).

However, from 0 to 3 mo, changes in protein concentrations
of 18 of the 47 serum proteins were significantly correlated
with changes in DASH scores (Table 3), all inversely correlated
(FDR-corrected P < 0.1 for 15 of these). The regression plots in
Figure 2 show the inverse associations between decrease in
selected cytokines and improvements in the DASH scores.

The proteins that decreased with an improved DASH score
were cytokines reflecting T-helper (Th) (Th2) (IL-4, IL-5,
and eotaxin), Th17 (IL-17), Thl [IL12p70, IFN-y, monokine
induced by y interferon (MIG/CXCL9)], regulatory/Th2 (IL-
10), and classical proinflammatory [IL-18, transforming growth
factor o (TGF-«), IL-6] responses, in addition to inflammation-
associated growth factors [IL-7; vascular endothelial growth
factor (VEGF); granulocyte colony stimulatory factor (G-CSF);
nerve growth factor (NGF)] and other more general growth
factors [leukemia inhibitory factor (LIF), fibroblast growth factor
(FGF) B, and stem cell factor (SCF)]. In terms of Pearson
correlation coefficient values, the strongest associations were
observed for MIG/CXCL9, IL-18, IL-6, IL-10, IL-17, IFN-y,
eotaxin, FGFg, and VEGF.

However, only one of these factors, MIG/CXCL9, was still
significantly correlated when assessing the changes in serum
protein concentrations and DASH scores from O to 6 mo. In
addition, plasminogen activator inhibitor 1 (PAI-1) and soluble
Fas ligand (FASL) showed a significant positive correlation with
DASH score changes from 0 to 6 mo, but neither of these were
significant for the 0-3- or 3—6-mo periods separately.

From 3 to 6 mo, significant correlations between changes in
serum protein concentrations and changes in DASH score were
observed for 9 proteins (5 of these had P < 0.1 after FDR
correction), but these were all positively associated with changes
in the DASH score (Table 3). Three of these proteins (IL-4, IL-
7, and LIF; Figure 3) are the same proteins that were inversely
correlated with DASH score between 0 and 3 mo. The other
serum proteins that showed significant positive correlation with
DASH score changes between 3 and 6 mo were interferon y—
induced protein 10 (IP-10), IL-12p40, Macrophage inflammatory
protein 18 (MIP1), Monocyte chemoattractant protein-1 (MCP-
1), IL-1a, and IL-1R (Table 3).

Patients with asthma may have heterogeneous underlying
endotypes that may affect the inflammatory profile of patients
and raises the question of whether subgroups of patients respond
differently (or do not respond) to the dietary intervention.
To investigate this, we divided the participants into 2 groups
with better or worse asthma control by setting a cutoff at
below or above an ACQ of 2.1 (sample mean at baseline).
Results are reported in Supplemental Table 2. Interestingly, we
found a pattern that, from 3 to 6 mo, participants with worse
asthma control at baseline (ACQ >2.1) seemed to have stronger
improvement in the serum biomarkers (i.e., decrease in proteins)
than those with better asthma control (ACQ <2.1). There was no
influence on change in DASH score. We also examined the partial
correlation between changes in serum proteins and changes in
DASH score after controlling for baseline ACQ score and the
results are reported in Supplemental Table 3.
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FIGURE 2 Regression plots for changes in DASH score and changes in selected serum protein concentrations from baseline (0 mo) to 3 mo (n = 47):
IL- 18 (A), IL-6 (B), IL-17 (C), IL-5 (D), eotaxin (E), and MIG/CXCL9 (F). These proteins were selected as representative examples of the cytokines with
strong correlation with changes in DASH scores, and MIG and IL-17 were selected due to their strong effects in the multifactorial analyses. DASH, Dietary
Approaches to Stop Hypertension; MIG/CXCL9, monokine induced by y interferon.

Because the majority of, and the strongest, associations were
seen with changes from baseline to 3 mo, all further investigations
were focused on this initial time period.

Multifactorial analyses of the serum proteins in relation to
the DASH score

By use of multifactorial PLS analyses including all 47 serum
proteins, 2 factors were extracted explaining 35.7% of the
variation in the dependent variable (i.e., change in the DASH
score from 0 to 3 mo), whereas 57.2% of the predictor variation
(changes in serum proteins) was explained. Figure 4 indicates
that the changes in serum proteins in both factor 1 and factor
2 were correlated with the changes in DASH scores from
baseline to 3 mo. Based on the variable importance plot and the
regression coefficient profile (Figure 5), which represents the
contribution of each predictor in the prediction of the dependent
variable (i.e., changes in the DASH score from 0 to 3 mo), the
2 factors were mainly driven by the changes in MIG(CXCL9)
and IL-17 from baseline to 3 mo. Changes in both these serum
proteins were negatively correlated with the concurrent change
in DASH score (standardized coefficient loadings: —0.13 and
—0.10, respectively).

Serum CRP concentrations in relation to DASH score and
serum proteins

As expected, serum CRP concentrations were low (all
<10 mg/L; all but 7 measurements <1 mg/L), and were not
correlated with changes in the DASH score from 0 to 3 mo
(Table 4). For the initial time period, changes in serum CRP were
significantly correlated with changes in 6 of the serum proteins
epithelial-derived neutrophil-activating peptide 78 (ENA-78),
IFN-8, IL-12p40, IL-1RA, hepatocyte growth factor (HGF),
and resistin (resistin also P < 0.05 after FDR correction;
Table 4).

Nutritional biomarkers in relation to serum proteins, DASH
score, and ACQ

In correlation analyses (Table 4), few or no serum protein
changes were significantly correlated with changes in the
folate and vitamin D5 concentrations, respectively. Changes in
the vitamin B-12 concentrations, however, were significantly
correlated with changes in 5 proteins: leptin, TNF-«, resistin, and
vascular cell adhesion molecule 1 (VCAM-1) negatively and IL-
17 positively correlated. Changes in carotene were significantly
inversely correlated with changes in IP-10 and FGFS, and 12 of
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FIGURE 3 Regression plots for changes in DASH score and changes in serum proteins from baseline (0 mo) to 3 mo (n = 47) and from 3 to 6 mo (n = 49).
Plots are shown for the 3 markers demonstrating a significant (P < 0.05) correlation with the DASH scores for both time periods. Regression plots for changes
in DASH score and IL-4 from baseline to 3 mo (A) and from 3 to 6 mo (B); for changes in DASH score and IL-7 from baseline to 3 mo (C) and from 3 to

6 mo (D); and for changes in DASH score and LIF from baseline to 3 mo (E) and from 3 to 6 mo (F). DASH, Dietary Approaches to Stop Hypertension; LIF,
leukemia inhibitory factor.
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FIGURE 4 Changes in DASH scores predicted by changes in serum proteins from baseline to 3 mo in the PLS analyses. Two factors were extracted
in the PLS analyses, explaining 35.7% of the variation in the dependent variable (i.e., change in the DASH score from 0 to 3 mo) and 57.2% of the
variation in the predictors (changes in serum proteins) (n = 47). The graphs show correlation between the response scores (change in DASH score from
0 to 3 mo) and the predictor scores (changes in serum proteins from O to 3 mo) for the 2 extracted factors. Each number represents a participant. The
color bar indicates changes in DASH score from negative (blue) to positive (red). DASH, Dietary Approaches to Stop Hypertension; PLS, partial least

squares.

the serum proteins had a negative correlation coefficient with P
< 0.1. The majority of these proteins (7 of 12) were the same
as those that were inversely associated with DASH score and
ACQ.

Neither changes in the DASH score nor the asthma control—
related parameter ACQ correlated with the nutritional biomarker
changes from O to 3 mo (Table 4), suggesting that the nutritional
biomarkers were not the best to reflect the dietary changes
relevant for the effects on asthma control. Taken together, in
the present group of patients, changes in the nutritional serum
biomarkers, with the exception of carotene, showed limited
associations with serum proteins and did not reflect dietary
changes or asthma control.

Serum proteins in relation to asthma control (ACQ)

When investigating the relation between the changes in serum
proteins and the asthma control score parameters from O to 3 mo,
only platelet-derived growth factor-BB (PDGFBB) changes were
significantly correlated (positive Pearson correlation coefficient
0.36, P = 0.014, FDR corrected P = 0.52; Supplemental Table
4) with the asthma control outcome ACQ.

However, for the whole study time period (i.e., from 0 to
6 mo), 19 of the serum proteins were positively correlated
with the change in the asthma control outcome ACQ (i.e.,
decreased serum protein concentrations were correlated with
improved asthma control) (Table 5). These were the serum
proteins SCF, MPC3, FASL, IL-l«, IL-1RA, IL-2, IL-5, IL-



1022 Nygaard et al.

Variable Importance Plot
[n]
1.5
@ (]
@ @
§ @
©
e
H Q@
g- 1.0 - e T o o
£ @
; oooooooo T Te 77 ?
r]
©
=
S os
0.0
P S P N P A e My P e e .
OC:S,‘-?"”C?J(Q! S 3@‘(‘\"\}0@ 0% (4\\\;(‘?& &@5\) 5 % %/"'%/‘y T % &VO(Q‘J /&‘470»0.'%/(/'9 =, (430%0641,%\? %%
SR ove T Rolo T 3o o e 5, A5 2500 Th (L8 T T O, e o
Mo NN o Tnong e o ¥ B e e Lo e Yoo Lo JANG Nong
~e ~o ~o¥e o d Ne X
N ~O
Predictor
Wold’s Criterion
Profiles of Centered and Scaled Parameter Estimates
010
— |
_ _ / /' I
R ‘a | II
005 [ | |
| \ / | |
| I
i | | N | |
\ | | [ | |
|I II 'I | l |
4 I \ / | [
g 0.00 | '| f '| [
:E ||I Ill |II | |I |
&= | | { [ l
[} | | | |
S | Vo | f | | |
005 |/ AV AR \ / [ [
~ | | | ] |
- [
| II I
|
|/ |
010 I‘ |
| |
[
[
[
015 |
R R I N R I R R S X SN @; S SN
5 o) T ) V4 = , > T )
w300 e 0 o T oNoN e N0 Nore \\:’j‘//\g,ﬁf\}f\o‘*fad WAy S T 9'?\}\\30\\3(;/2;,\0“(’@\0
~ ~O ONE R 2] ~
~ o
Predictor
Dependent ————— Change in DASH score from Baseline to 3 months
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TABLE 4 Pearson correlation coefficients (r) and FDR-corrected P values for changes in serum protein concentrations, DASH score, and asthma control
parameter (ACQ) score, and changes in the dietary biomarkers and CRP from baseline to 3 mo'

Folate Carotene Vitamin B-12 Vitamin D CRP
FDR P FDR P FDR P FDR P FDR P
Serum protein r value r value r value r value r value
Th2-related
IL-4 0.24 0.67 —-0.27 0.36 —0.20 0.74 —0.04 0.96 0.07 0.89
IL-5 0.29 0.67 —-0.22 0.40 —0.06 0.90 0.09 0.96 0.00 0.99
IL-13 0.05 0.84 —0.26 0.37 -0.17 0.74 —0.03 0.96 0.22 0.70
Eotaxin 0.22 0.68 —0.09 0.73 —0.09 0.90 0.00 1.00 0.17 0.70
Th1-related
IL-12P40 0.11 0.74 —0.09 0.73 —0.17 0.74 —0.10 0.96 0.33 0.29?
IL-12P70 0.21 0.68 —0.30 0.36 —0.15 0.83 0.06 0.96 0.00 0.99
IFN-y 0.19 0.68 —0.18 0.44 —0.06 0.90 0.10 0.96 0.08 0.88
IP-10 0.26 0.67 —0.31 0.36 —0.05 0.90 —0.12 0.96 0.19 0.70
MIG/CXCL9 0.09 0.82 0.05 0.89 -0.20 0.74 0.25 0.82 0.25 0.61
Th17-related
IL-17F —0.16 0.68 0.11 0.69 -0.03 0.98 0.26 0.82 0.17 0.70
IL-17 0.03 0.91 —0.20 0.40 0.33 0.49? 0.24 0.82 0.05 0.92
Regulatory
IL-10 0.19 0.68 —-0.21 0.40 —0.18 0.74 —0.04 0.96 0.11 0.79
Inflammatory
IL-lo 0.07 0.84 —-0.25 0.38 —0.18 0.74 —0.03 0.96 0.27 0.49
IL-18 0.24 0.67 —0.17 0.46 0.00 1.00 —0.04 0.96 0.03 0.92
IL-2 0.16 0.68 —-0.23 0.40 -0.13 0.87 0.01 0.96 0.15 0.70
IL-6 0.16 0.68 —0.28 0.36 0.01 0.99 0.14 0.96 0.09 0.87
IL-8 —0.18 0.68 0.02 0.94 —0.06 0.90 —0.01 0.96 0.04 0.92
IL-15 0.15 0.68 —0.29 0.36 —0.12 0.87 0.10 0.96 0.14 0.71
IFN-8 0.02 0.94 —-0.21 0.40 0.08 0.90 0.22 0.82 0.31 0.29?
TGF-« 0.12 0.71 —0.28 0.36 —0.08 0.90 0.04 0.96 0.15 0.70
TGF-g 0.06 0.84 —0.13 0.61 0.08 0.90 0.11 0.96 0.03 0.92
TNF-o 0.11 0.71 —0.22 0.40 —0.31 0.49? —0.05 0.96 0.11 0.79
MIP-1a 0.06 0.84 —0.03 0.93 0.11 0.89 0.23 0.82 0.16 0.70
MIP-18 0.13 0.68 —-0.17 0.46 0.05 0.92 0.13 0.96 0.16 0.70
MCP-1 0.28 0.67 —0.27 0.36 —0.17 0.74 —0.10 0.96 0.07 0.89
MCP-3 0.13 0.68 —-0.29 0.36 —-0.21 0.74 0.01 0.96 0.18 0.70
RANTES 0.13 0.68 —0.08 0.75 0.02 0.98 —0.07 0.96 0.03 0.92
Resistin 0.01 0.94 0.11 0.68 —0.36 0.49? —-0.26 0.82 0.50 <0.05?
CD40L 0.03 0.94 0.21 0.40 —0.14 0.84 —0.06 0.96 0.03 0.92
Adhesion
ICAM-1 0.08 0.83 0.00 0.99 0.05 0.90 0.03 0.96 0.06 0.89
VCAM-1 0.14 0.68 0.09 0.73 —-0.29 0.49? —0.18 0.96 0.07 0.89
Inflammation-associated growth factors
IL-7 0.26 0.67 —-0.27 0.36 —0.14 0.84 0.03 0.96 0.10 0.79
VEGF 0.18 0.68 —0.18 0.44 0.02 0.98 0.15 0.96 0.15 0.70
G-CSF 0.11 0.71 —-0.22 0.40 0.02 0.98 0.22 0.82 0.23 0.65
GM-CSF 0.14 0.68 —-0.22 0.40 —-0.25 0.63 0.01 0.96 0.10 0.79
NGF 0.14 0.68 -0.27 0.36 —0.02 0.98 0.07 0.96 0.14 0.71
Other growth factors
LIF 0.24 0.67 —0.21 0.40 —0.11 0.87 —0.03 0.96 0.04 0.92
SCF 0.17 0.68 —0.18 0.44 —0.09 0.90 —0.01 0.96 0.10 0.79
FGFp 0.15 0.68 —0.30 0.36 0.07 0.90 0.09 0.96 0.01 0.97
HGF 0.08 0.83 —0.14 0.57 —-0.25 0.63 —-0.23 0.82 0.42 0.10%
Other
Leptin —0.04 0.88 0.09 0.73 -0.33 0.492 0.01 0.96 0.06 0.89
PAI-1 0.25 0.67 0.02 0.94 —0.06 0.90 —0.08 0.96 0.15 0.70
FASL 0.07 0.84 —0.18 0.44 0.03 0.98 0.10 0.96 0.06 0.89
ENA-78 0.01 0.94 0.00 0.99 0.00 1.00 0.10 0.96 0.30 0.33?
PDGFBB 0.16 0.68 —0.11 0.68 —0.12 0.87 0.09 0.96 0.11 0.79
TRAIL 0.08 0.83 —0.03 0.94 —0.11 0.87 0.10 0.96 0.17 0.70
IL-1RA —0.02 0.94 —0.06 0.84 —-0.22 0.74 —0.03 0.96 0.35 0.29?
DASH score —0.21 0.68 0.03 0.94 —0.18 0.74 -0.13 0.96 0.20 0.70
ACQ 0.06 0.84 —0.19 0.44 —0.21 0.74 —0.24 0.82 0.15 0.70

'ACQ, Asthma Control Questionnaire; CRP, C-reactive protein; DASH, Dietary Approaches to Stop Hypertension; ENA-78, epithelial-derived
neutrophil-activating peptide 78; FASL, soluble Fas ligand; FDR, false discovery rate; FGF, fibroblast growth factor; G-CSF, granulocyte colony stimulatory factor;
GM-CSF, granulocyte-macrophage colony-stimulating factor; HGF, hepatocyte growth factor; ICAM-1, soluble intercellular adhesion molecule 1; IP-10, interferon

y—induced protein 10; LIF, leukemia inhibitory factor; MCP, macrophage colony-stimulating factor; MIG/CXCL9, monokine induced by y interferon; MIP,

macrophage inflammatory protein; NGF, nerve growth factor; PAI-1, plasminogen activator inhibitor 1; PDGFBB, platelet-derived growth factor-BB; RANTES,
regulated on activation, normal T-cell expressed and secreted; SCF, stem cell factor; TGF, transforming growth factor; Th, T-helper; VCAM-1, soluble vascular cell
adhesion molecule 1; VEGF, vascular endothelial growth factor.

2Indicates correlation coefficients with original P values of <0.05.
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6, IL-12p40, IL-12p70, IL-13, IL-15, IP-10, TGF-«, PDGFBB,
IFN-y, granulocyte-macrophage colony-stimulating factor (GM-
CSF), TNF-«a, FGFB. After correcting for multiple comparisons,
IL-13 remained significant, but also MCP3, IL-1o, IL-1RA,
IL-2, IL-5, IL-6, IL-12p40, IL-12p70, IL-15, IP-10, TGF-«,
PDGFBB, and GM-CSF had P values <0.1. Seven of these
(SCF, IL-5, IL-6, IL-12p70, TGF-«, IFN-y, FGF) were the ones
significantly inversely correlated with dietary changes (DASH
score) for the early period (0—-3 mo). Of the serum proteins being
associated with ACQ, IL-12p40 and IL-1RA were also associated
with changes in CRP for the 0-3-mo period, and IP-10 and
FGFpB were significantly inversely correlated with changes in
carotene concentrations (see above).

Discussion

This article presents a secondary analysis of biomarkers
from the original pilot trial of a DASH-promoting behavioral
intervention in adult patients with poorly controlled asthma.
The data support and extend existing epidemiological data by
demonstrating associations between reduced serum concentra-
tions of a number of asthma-associated serum proteins and
improved diet scores, as well as with improved asthma control.
The results inform future interventional studies of health benefits
and underlying mechanisms of the DASH diet for patients with
asthma.

DASH scores in relation to serum proteins

Interestingly, the proteins showing negative associations with
an improved DASH score at 3 mo included Th2-related cytokines
IL-4, IL-5, and eotaxin; the inflammatory markers IL-17,
IL12p70, IFN-y, and MIG/CXCL9; as well as the classical
proinflammatory cytokines IL-18 and IL-6, which all may play
a role in asthma development and exaggeration (19-21). Others
included the regulatory/Th2 cytokine IL-10 and inflammation-
associated growth factors such as IL-7 (a lymphoid growth
factor), VEGF (also involved in macrophage migration), TGF-
« (a transforming growth factor for epithelial cells), and G-
CSFE. Also, NGF [increased during inflammation, produced by
mast cells as well as by T-cell clones inducing T-cell maturation
during infections (22)] and the more general growth factors LIF,
FGFB, and SCF, were all inversely associated with improved diet.
MIG/CXCLO9, a T-cell attractant induced by IFN-y, was the only
marker significantly associated with increased DASH score at
3 mo that persisted at 6 mo, as well as being 1 of 2 proteins
most strongly driving the associations in the multifactorial PLS
analyses. It is worth noticing that MIG/CXCL9 has previously
been suggested to be a sensitive marker for the amount of
bioactive IFN-y present (23) as well as been suggested as a useful
inflammatory marker of asthma exacerbation (24), as discussed
below.

Our results extend several previous studies reporting effects
of the DASH diet on single inflammatory markers, such as CRP
(10, 11), in various non-asthma patient groups. Furthermore,
adherence to a DASH-like diet in female adults (25), and
components of the DASH diet, like low-fat dairy products,
legumes, vegetables, B-carotene, and vitamin C, have also been
reported to be associated with decreased concentrations of the

Nygaard et al.

TABLE 5 Pearson correlations coefficients (r) and FDR-corrected P
values for correlations between changes in serum protein concentrations and
changes in the asthma control parameter (ACQ) from baseline to 6 mo'

Serum protein r FDR P value
Th2-related
1L-4 0.27 0.12
IL-5 0.31 0.10?
IL-13 0.48 <0.05%
Eotaxin 0.08 0.62
Thl-related
IL-12P40 0.34 0.08%
IL-12P70 0.30 0.10%
IFN-y 0.32 0.10%
IP-10 0.34 0.08%
MIG/CXCL9 0.20 0.26
Th17-related
IL-17F 0.14 0.43
IL-17 0.10 0.57
Regulatory
IL-10 0.29 0.11
Inflammatory
IL-la 0.40 0.07%
IL-18 0.19 0.30
IL-2 0.37 0.07%
IL-6 0.36 0.07%
IL-8 0.10 0.58
IL-15 0.39 0.07%
IFN-B 0.07 0.67
TGF-« 0.36 0.07%
TGF-B 0.12 0.49
TNF-« 0.32 0.10%
MIP- 1« 0.25 0.17
MIP-18 0.21 0.26
MCP-1 0.28 0.11
MCP-3 0.34 0.08?
RANTES 0.24 0.19
Resistin 0.18 0.30
CD40L —0.06 0.68
Adhesion
ICAM-1 —0.05 0.74
VCAM-1 0.09 0.61
Inflammation-associated growth factors
1L-7 0.29 0.11
VEGF 0.18 0.30
G-CSF 0.16 0.38
GM-CSF 0.40 0.07?
NGF 0.22 0.22
Other growth factors
LIF 0.22 0.22
SCF 0.29 0.10%
FGFp 0.31 0.10%
HGF 0.23 0.19
Other
Leptin 0.12 0.49
PAI-1 0.25 0.17
FASL 0.29 0.11%
ENA-78 0.23 0.20
PDGFBB 0.34 0.08%
TRAIL 0.17 0.34
IL-1RA 0.33 0.08?

' ACQ, Asthma Control Questionnaire; DASH, Dietary Approaches to Stop
Hypertension; ENA-78, epithelial-derived neutrophil-activating peptide 78; FASL,
soluble Fas ligand; FDR, false discovery rate; FGF, fibroblast growth factor; G-CSF,
granulocyte colony stimulatory factor; GM-CSF, granulocyte-macrophage
colony-stimulating factor; HGF, hepatocyte growth factor; ICAM-1, soluble
intercellular adhesion molecule 1; IP-10, interferon y—induced protein 10; LIF,
leukemia inhibitory factor; MCP, macrophage colony-stimulating factor; MIG/CXCL9,
monokine induced by y interferon; MIP, macrophage inflammatory protein; NGF,
nerve growth factor; PAI-1, plasminogen activator inhibitor 1; PDGFBB,
platelet-derived growth factor-BB; RANTES, regulated on activation, normal T-cell
expressed and secreted; SCF, stem cell factor; TGF, transforming growth factor; Th,
T-helper; VCAM-1, soluble vascular cell adhesion molecule 1; VEGF, vascular
endothelial growth factor.

2Indicates correlation coefficients with original P values of <0.03.
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inflammatory markers IL-6 and TNF-o¢ (26-28). The novelty
in our study is the demonstration of consistent findings for
a high number of parameters, reflecting not only the general
proinflammatory markers TNF-« and IL-6 but also a number
of proteins related to the asthmatic state, like Th2- and Th17-
associated cytokines. Together with other studies, our data
in adult patients with poorly controlled asthma suggest that
dietary changes, like the introduction of DASH, may have
beneficial effects on reducing the inflammatory status in various
diseases with chronic inflammation. Interestingly, our results
also suggest that the improvement in proinflammatory markers
during the later phase depended on asthma control degree,
and/or indirectly the asthma endotype, at baseline. How different
endotypes of asthma patients may benefit from dietary inter-
ventions should therefore be taken into consideration in future
studies.

The PLS analyses identified MIG/CXCL9 and IL-17 as the
main drivers of the factors describing the changes from O to
3 mo, which negatively correlated with the concurrent change
in DASH score. The degree of variation explained by the PLS
factors, however, suggests that, although we see reductions in
inflammatory markers associated with improved DASH score,
the variation in these serum proteins is also influenced by factors
other than the DASH score. It could also imply that there are only
some constituents of the dietary components in the DASH score
that are responsible for the change in the serum inflammatory
markers.

Different associations at 3 and 6 mo

Of the 18 proteins inversely associated with the DASH score
between 0 and 3 mo, only 1 chemokine, MIG/CXCL9, remained
significantly inversely correlated when looking at changes in
DASH score and serum proteins over 0-6 mo (P = 0.042).
We speculate that the transient associations seen for the other
proteins may be explained by a “counteracting/adaption effect”
during the maintenance period (3—6 mo). The general lack of
clear, lasting associations over the 6 mo seemed to be explained
by a considerable number of the proteins demonstrating inverse
associations with the DASH score changes during 0-3 mo but
positive associations from 3 to 6 mo (statistically significant or
trends). Alternatively, the positive associations for the period
from 3 to 6 mo may be explained by a continued decrease in
cytokines due to the initial dietary changes in the cytokines
while the dietary changes flattened out/were reversed between
3 and 6 mo. Indeed, the major changes in the DASH score
appeared to occur during the 0-3-mo period, suggesting that
the changes in DASH score flattened out from 3 to 6 mo (9).
This is typical of behavioral interventions in that, in general,
most of the effect occurs during the intensive treatment phase,
peaking around 3-6 mo, followed by plateauing or regressing
over time. Last, an explanation could also be that the cytokine
changes diminish over time due to an “adaption” to the diet.
Our results illustrate the importance of considering intervention
intensity and time intervals. Previous studies reporting no
effects of DASH, vitamin, or antioxidant interventions on
serum IL-2, IL- 6, and TNF-«o concentrations in children (11,
28) and adults with asthma (29) may support the limited
associations with serum proteins we observed over the 6-mo trial
period.
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Potential mechanism from improved dietary quality to
improved asthma control

Neither causality nor clinical impact of the observed changes
in inflammatory markers can be concluded from our study.
However, we observed apparent diet-related decreases in nu-
merous serum factors that have a plausible link to asthma
severity, exacerbation, and/or lung function (19), including IL-
17, MIG/CXCL9, TNF-«, IL-6, and eotaxin (20, 21, 24, 30—
33). Although we did not observe a full overlap in markers
affected, the majority of changes in cytokines were seen as
inverse correlations with diet quality and positive correlations
with asthma control. This consistency and the direction in the
associations suggest that the effect of dietary improvements on
increased asthma control [as reported in Ma et al. (9)] may
be reflected in decreased concentrations of inflammatory serum
markers. In addition, DASH score reflects overall dietary quality,
with a higher score indicating a healthier diet. A previous study
reported that a diet containing yogurt, fruit, vegetables, and fish
in early life was associated with increased butyrate production
by the gut microbiota and reduced allergy outcomes in childhood
(34). Another study found that obesity and the microbiome play
an important role for the immune system and asthma outcomes
(35). What we observed in this study may be microbiome-induced
changes on consuming a more “healthy diet.”

Strengths and limitations

As serum proteins tend to show high interindividual variations,
the assessment of changes in the serum markers over time is a
considerable strength of the present study. The broad assessment
of markers reflecting a more comprehensive measure of immune
system function adds strength to our conclusions; earlier studies
only assessed 1 or a narrow selection of inflammatory markers.
Limitations of this study are the low power due to a modest
overall sample size given the pilot study design, blood samples
missing, and a relatively modest overall change in the DASH
score values over time, making significant changes harder to
identify. Also, other lifestyle factors such as physical activity
probably interact with dietary effects [recently reviewed in (36)]
and integrated studies of such factors may be needed for more
targeted interventions on the individual level.

Conclusions

In asthmatics, this study demonstrates inverse associations
between DASH scores and reduced general proinflammatory
biomarkers such as cytokines and growth factors, which have
been associated with asthma. Our observations provide support
and expand existing epidemiological data suggesting that in-
troduction of the DASH diet may have beneficial effects on
inflammatory status. The results provide suggestive mechanistic
data for the clinical indications of beneficial health outcomes
with the inclusion of the DASH diet. These data may assist with
guidelines for the management of asthma.

Data Sharing

To comply with the study informed consent form, we would
share deidentified data and associated data dictionary only under
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a formal data sharing and use an agreement that provides for
a commitment to the following: /) using the data only for
research purposes and not to identify any individual participant;
2) securing the data using appropriate computer technology,
which needs to be specified, 3) destroying or returning the
data after analyses are completed; 4) accepting reporting
responsibilities; 5) abiding by restrictions on redistribution of the
data for commercial purposes or to third parties; and 6) proper
acknowledgement of the data resource. Data sharing requests
shall be submitted to the Institutional Review Board for the
University of Illinois at Chicago whose contact information is as
follows: telephone: 1-(312) 996-1711; e-mail: uicirb@uic.edu.
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