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Abstract

Evidence from epidemiological studies suggests that a diet high in
fiber is associated with better lung function and reduced risk of
chronic obstructive pulmonary disease (COPD). Themechanism for
this benefit remains unknown, but, as fiber is not absorbed by the gut,
thisfinding suggests that the gutmayplay an active role in pathogenic
pathways underlying COPD. There is a growing awareness that
aberrant activity of the innate immune system, characterized by
increased neutrophil and macrophage activation, may contribute to
the development or progression of COPD. Innate immunity is
modulated in large part by the liver, where hepatic cells function in
immune surveillance of the portal circulation, as well as providing a
rich source of systemic inflammatory cytokines and immune

mediators (notably, IL-6 and C-reactive protein). We believe that
the beneficial effect of dietary fiber on lung function is through
modulation of innate immunity and subsequent attenuation of the
pulmonary response to inflammatory stimuli, most apparent in
current or former smokers. We propose that the “gut–liver–lung
axis”may play a modifying role in the pathogenesis of COPD. In
this review, we summarize lines of evidence that include animal
models, large prospective observational studies, and clinical trials,
supporting the hypothesis that the gut–liver–lung axis plays an
integral part in the pathogenic mechanisms underlying the
pathogenesis of COPD.
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Chronic obstructive pulmonary disease
(COPD) is characterized by airflow
limitation, and is thought to result, in
part, from exaggerated pulmonary
inflammation in response to chronic
aeropollutant exposure, primarily
from smoking (1). Although this excessive
pulmonary inflammation is believed to
result in “spillover” into the systemic
inflammation (2), there are several lines
of evidence suggesting an exaggerated
innate immune–mediated inflammatory
response might also contribute to poor

lung function (3–7). One of the early
and key findings in the lungs of
smokers is an increased influx of
neutrophils and macrophages, more
marked in those with COPD (8). These
effector cells are the first line of defense
for the innate immune system against
invading bacteria, and are thought to
cause an increased oxidant load in the
lung with increased protease/elastase
release, which, under conditions of
chronic activation, may contribute to
matrix remodeling (1, 8). Together, these

pathogenic processes may lead to small
airways disease, chronic mucous
production, and emphysema, which
characterize the epithelial matrix
remodeling seen in varying degrees in
patients with COPD (1, 8). Currently, the
primary aims of treatment in COPD
are bronchodilatation (inhaled short-
and long-acting b-agonist and
antimuscarinic therapies) and
attenuation of pulmonary inflammation
(inhaled and oral corticosteroids). As
innate immunity has been shown to be
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an important contributor to both the
development and progression of COPD
(9–11), this might explain why current
inhaler-based therapies confer minimal
benefit on the natural history of
COPD. We ask, “What is the evidence
directly implicating innate immune
responsiveness in the pathogenesis
of COPD?”

Exaggerated Innate Immune
Response as an Accelerant
of COPD: the Liver–Lung axis

There are several different lines of evidence
suggesting that increased innate immune
responsiveness, characterized by elevation
of systemic inflammatory markers, such
as C-reactive protein (CRP), contributes
directly to both morbidity and mortality in
COPD (11–20). First, large prospective
studies that have followed healthy people
for up to 20 years found that a chronically
elevated CRP is associated with a
progressive loss of lung function and
greater risk of COPD (13–17). Although
this effect is greatest in smokers, it was also
found in nonsmokers, suggesting that a
chronically overactive innate immune
response itself may contribute to poor lung
function, independent of aeropollutant
exposure (13, 15). Studies that have
followed outcomes according to
proinflammatory mediators, such as an
elevated serum IL-6 concentration (the
primary determinant of CRP), have also
demonstrated worse outcomes (greater
symptoms and mortality) in COPD (11, 12,
18). A direct role for CRP has recently been
suggested by a study showing that CRP
expression was found to be significantly
greater in the lungs of those with COPD
compared with smoking control subjects
with normal lung function (19). Second, in
studies of obese nonsmokers with COPD,
poor lung function was associated with
markers of innate immune activation
(elevated CRP and IL-6), thought to be
derived from visceral fat and elevated body
mass index (20). Third, in smoke-free
mouse models, where an overactive innate
immune response was genetically induced
by the overexpression of IL-6, features of
COPD, including emphysema, developed
after birth (6). In another smoke-free
mouse model, innate immune activation
was induced by intraperitoneal LPS
injection, and changes in the lung

consistent with smoking damage were seen
(5). In an aeropollutant mouse model,
lovostatin was found to attenuate the
damaging effects of macrophages on the
lungs compared with mice given placebo
(4). This is not surprising, as statins are
powerful inhibitors of the mevalonate
pathway in the liver that modulates innate
immune responsiveness (see subsequent
discussion) (8). Fourth, in a small,
randomized, controlled clinical trial in
patients with COPD, compared with
placebo, atorvastatin was shown to
reduce pulmonary inflammatory cells by
30–60% and inhibit the expression of
proinflammatory genes (7). These effects
were associated with a significant reduction
of both serum CRP and IL-6 (markers of
systemic inflammation) limited to the
atorvastatin group, directly linking
modulation of the innate immune system
with pulmonary inflammation (7).
Finally, there have been several large
prospective studies in patients with COPD
showing that activation of innate immunity,
reflected in an elevated CRP, is associated
with a greater decline in lung function, more
COPD exacerbations, and greater mortality
(16–22). In combination, these studies
provide compelling evidence that innate
immune responsiveness, particularly in those
who have smoked, may have direct effects
on the lung to promote the development
or progression of COPD (9–12). This
mechanism may also contribute to the
development of lung cancer (8, 23–28).

It is now well recognized that the liver
is important in immune regulation,
functioning as a key organ of immune
surveillance and containing approximately
80% of all tissue-based macrophages
(29–33). The liver is also known to modify
innate immunity and, through systemic
inflammatory effects, actively participates
in innate immune responses in other
organs via secretion of inflammatory
cytokines and mediators, such as IL-6 and
CRP (29–32). Indeed, the liver is the
primary source of acute-phase proteins,
such as CRP, which is itself synthesized
in response to elevations of serum IL-6.
This means that IL-6 functions in a
paracrine fashion in the innate immune
response to up-regulate or maintain tissue
inflammation as part of the normal
immune response to bacterial invasion or
smoking (Figure 1) (8, 10, 11). Therefore,
the liver is crucial for the activation of
macrophages and the recruitment of

neutrophils to sites of sterile injury (30), as
is seen with smoking effects on the lungs.
Indeed, in a recently reported mouse model,
it was shown that the liver may function
to amplify innate immune responsiveness
(“secondary amplification”) in the lungs
after bacterial infection by increasing
alveolar macrophage release of IL-6 along
with other acute-phase proteins (33).
This suggests that these circulating cytokines
and acute-phase proteins, which also
characterize chronic systemic inflammation,
function adversely by maintaining
activation of neutrophils and macrophages
(i.e., innate immune hyperresponsiveness)
in both the circulation and in the lungs
of susceptible smokers or those with
COPD (8, 34). In the liver, the mevalonate
pathway is a key regulator of the innate
immune response (Figure 1) (35, 36).
These observations support the existence
of a “liver–lung axis” that links the liver,
and the mevalonate pathway, with the
innate immune response in the lung (33).
We ask, “How might dietary factors and
the gut be linked to the liver and lungs?”

Dietary Fiber and Its Effect on
COPD: the Gut–Liver–Lung
Axis

Over the last 7 years, there has been a
growing interest in the possible role of
dietary fiber in COPD and respiratory
mortality (37–44). In three large
prospective studies, all have shown that
diets high in fiber are associated with better
lung function and reduced risk of COPD
(Table 1) (37–40). The latest and largest
study combined data from the Nurse’s
Health Study and Physician’s Health
follow-up study, including over 120,000
subjects followed for between 12 and
16 years (40). It showed that a healthy diet
was associated with a 33% reduction in the
development of COPD (hazard ratio
[HR] = 0.67) (40). Although the effect was
comparable according to sex (HR = 0.60
and 0.69 for men and women, respectively),
it was greater in ex-smokers compared with
current smokers (HR = 0.50 and 0.69,
respectively) suggesting a smoking–diet
interaction. When specific food groups
were examined, the protective effect was
limited to whole-grain intake (HR = 0.70),
although there was a trend for fruit intake
(HR = 0.81) (40). This observation
implicates diets high in fiber over ones high
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in antioxidants (37–41). In a cross-sectional
study of diet and lung function (absolute
forced expiratory volume in 1 second
[FEV1]), a small, but significant, protective
effect of a high–whole-grain diet in
nonsmokers was found (50 ml difference
across dietary quartiles) (42). This effect
increased substantially (200 ml difference
across dietary quartiles) when comparing
FEV1 in “ever-smokers” according to
quartiles of whole-grain intake. This study
showed that, in nonsmokers, although
high-fiber intakes were associated with a
small increase in FEV1, this protective effect
was substantially magnified, and clinically
significant, in ever-smokers. Other cohort
studies have also shown that diets high
in fiber are associated with better lung
function (Table 1) (42). Importantly, we
note that study participants in the highest
two quartiles (or quintiles) of dietary
fiber intake are usually consuming the
recommended daily requirement of

between 25 and 30 g of fiber per day, and
those in the lowest quartile (referent group)
have suboptimal intakes of less than 15 g of
fiber per day (39, 43, 44). These results
suggest that, at least among smokers and
ex-smokers, a suboptimal intake of dietary
fiber magnifies the deleterious effect of
smoking on lung function, further
implicating the gut–liver–lung axis in
COPD (Figure 1).

In large mortality studies, a high-fiber
intake has been consistently associated
with reduced respiratory-related deaths
(43, 44). This observation extended to
cardiovascular deaths and cancer deaths,
although to a lesser degree, suggesting a
more global protective effect beyond that
of the lungs (Table 1) (43, 44). This is
consistent with evidence showing that
innate immune responsiveness
(characterized by chronic elevation of
systemic inflammatory markers in the
stable state) is closely linked with coronary

artery disease and epithelial-based cancers
through mechanisms that include the
proinflammatory effects of CRP and
procarcinogenic effects of IL-6 (8, 22, 34).
Evidence to suggest that dietary fiber has
important immunomodulatory actions on
innate immunity comes from studies
comparing the effects of dietary fiber on
specific causes of death (Table 1) (43, 44).
One study showed that the greatest
reduction in mortality from a high-fiber diet
was seen for deaths from infectious disease
(HR = 0.44 and 0.41 for men and women,
respectively), followed by respiratory disease
(HR = 0.69 and 0.54 for men and women,
respectively) (43). Although significant
reductions in mortality for cardiovascular
disease (HR = 0.76 and 0.86) and cancer
deaths (HR = 0.83 and 0.96) were
observed, these were of lesser magnitude.
Importantly there was no effect on death
from accidents, lessening the potential for
a confounding effect (43). In another large
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Figure 1. Proposed links in the gut–liver–lung axis and its mechanistic role in chronic obstructive pulmonary disease. APP, acute-phase proteins;
COPD, chronic obstructive pulmonary disease; CRP, C-reactive protein; HMGCoA, 3-hydroxy-3-methylglutaryl-coenzyme A; MF, macrophage;
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Table 1. Summary of the Epidemiological Studies Reporting Hazard Ratios, Relative Risks, and Odd Ratios Associated with a
High-Fiber or Whole-Grain Diet and Respiratory-Related Outcomes

Study Design Size (n) Outcome
HR/RR

(Q5 versus Q1)
OR

(Q5 versus Q1) 95% CI
P Value

(for trend)

Prospective cohort studies:
fiber intake, g/d

Mortality
Park and colleagues

(43) (fiber)
219,123 Respiratory deaths—men 0.69 — 0.54–0.87 ,0.001

Infection deaths—men 0.44 — 0.26–0.74 ,0.001
Cancer deaths—men 0.83 — 0.76–0.92 ,0.001
Cardiovascular deaths—men 0.76 — 0.68–0.85 ,0.001

168,999 Respiratory deaths—women 0.54 — 0.40–0.72 ,0.001
Infection deaths—women 0.41 — 0.23–0.73 0.006
Cancer deaths—women 0.96 — 0.85–1.08 0.48
Cardiovascular deaths—women 0.66 — 0.55–0.79 ,0.001

Chuang and colleagues
(44) (fiber)

452,717 Respiratory deaths—men 0.47 — 0.30–0.75 0.001
Non–CVS/cancer inflammatory—men 0.54 — 0.41–0.70 ,0.001
Smoking-related cancer deaths—men 0.75 — 0.63–0.87 ,0.001
Non–smoking-related
cancer deaths—men

1.16 — 0.96–1.40 0.884

Circulatory deaths—men 0.83 — 0.71–0.98 0.032

Respiratory deaths—women 0.40 — 0.25–0.64 ,0.001
Non–CVS/cancer
inflammatory—women

0.42 — 0.25–0.70 ,0.001

Smoking-related cancer
deaths—women

0.75 — 0.63–0.89 0.004

Nonsmoking cancer deaths—women 1.00 — 0.87–1.14 0.258
Circulatory deaths—women 0.67 — 0.55–0.82 ,0.001

COPD
Varraso and colleagues

(40) (healthy diet)
120,254 Newly diagnosed

COPD—total (both sexes)
0.67 — 0.53–0.85 ,0.001

Newly diagnosed
COPD—ex-smoker total

0.50 — 0.33–0.75 0.002

Newly diagnosed
COPD—Current total

0.69 — 0.49–0.98 0.03

Varraso and colleagues
(40) (whole grain)

120,254 Newly diagnosed COPD—total 0.70 — 0.55–0.90 0.01
47,026 Newly diagnosed COPD—men 0.82 — 0.70–1.38 0.13
73,228 Newly diagnosed COPD—women 0.67 — 0.51–0.89 0.04

Varraso and
colleagues (39)

111,580 Newly diagnosed COPD—total (fiber) 0.67 — 0.50–0.90 0.03
Newly diagnosed COPD—total (cereal) 0.77 — 0.59–0.99 0.04
Newly diagnosed COPD—total (fruit) 0.77 — 0.59–1.01 0.31
Newly diagnosed COPD—total
(vegetable)

0.92 — 0.71–1.18 0.89

Cough/Phlegm
Butler and colleagues (37) 63,257 Newly reported cough or phlegm — 0.61 0.47–0.78 ,0.001

Cross-sectional
case–control studies

COPD
Kan and

colleagues (38)
11,897 Spirometric defined COPD,

n = 1,321 (fiber)
— 0.80 0.63–1.02 0.04

Spirometric defined COPD,
n = 1,321 (cereal)

— 0.79 0.64–0.98 0.017

Hirayama and
colleagues (41)

618 278 COPD versus 340
control subjects (total fiber)

— 0.49 0.26–0.95 0.160

Tabak and
colleagues (42)

13,651 COPD symptoms (whole grain) — 0.79 — ,0.001

Definition of abbreviations: CI, confidence interval; COPD, chronic obstructive pulmonary disease; CVS, cardiovascular system; HR, hazard ratio; OR,
odds ratio; Q1, first quartile (lowest intake); RR, relative risk.
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prospective study of more than 450,000
Europeans, a high-fiber diet was also
associated with a 50–60% reduction in
respiratory deaths (HR = 0.47 and 0.40 for
men and women, respectively) (44). This
study also reported a 25% reduction in
smoking-related cancer (in both sexes),
but not non–smoking-related cancers
(Table 1) (44). Consistent with the
findings for COPD, the effect was
consistently greater in former smokers
than current smokers, and minimal in
never-smokers (42, 44). In both mortality
studies, where the source of fiber was
examined in detail, fiber from whole grain
(cereals) most reliably conferred benefits
on reducing respiratory-related deaths in
contrast to fiber from fruit and vegetables
(43, 44). Finally, both epidemiological
studies and clinical interventional studies
show that diets high in fiber may modify
innate immunity, as evidenced through
clinically significant reductions in markers
of systemic inflammation, notably CRP
and IL-6 (45–49). In a randomized clinical
trial, a diet high in fiber reduced the
serum CRP by 20–30% from baseline,
significantly greater than that observed in
the usual-diet group (46). Collectively,
these findings suggest that the beneficial
effect of a high-fiber diet are greatest in
ever-smokers, especially former smokers,
and may be mediated through the innate
immune system (based on the known
actions of IL-6) and potentially
independent of an antioxidant effect (47).
Finally, we ask, “Are there other known
modifiers of innate immunity that have
conferred benefits in COPD?”

Targeting the Innate Immune
System: Implications for the
Future Management of COPD

In a 3-year observational study of clinic-
based patients with moderate–severe COPD
(Evaluation of COPD Longitudinally to
Identify Predictive Surrogate Endpoints),
it was established that elevations in serum
CRP and IL-6 (systemic inflammation)
were among the best markers of an
activated innate immune response to
distinguish smokers with and without
COPD (12). Over the first year of follow up,
this study showed that only about 30% of
those with COPD had no evidence of
systemic inflammation, whereas, at any one
point in time, nearly 30% of patients with

COPD had convincing evidence of
exaggerated innate immune response
(two elevated inflammatory markers while
stable) (12). Importantly, those with
persisting elevation of systemic
inflammatory markers had significantly
worse clinical outcomes (symptoms and
exacerbations) and greater all-cause
mortality. However, in this clinic-based
cohort of patients with COPD, no effect on
FEV1 decline was seen over the 3-year
follow up (12). Based on the results of the
Evaluation of COPD Longitudinally to
Identify Predictive Surrogate Endpoints
study, and the large prospective studies
described previously here, there is growing
evidence supporting the targeting
of innate immune activation (or
hyperresponsiveness) in patients with
COPD when it is present (8, 11, 12, 24).

Currently, smoking cessation, and a
reduction in smoking rates, remains the
mainstay of primary and secondary
preventative efforts in COPD. However,
there is strong evidence indicating that
pulmonary inflammation persists in many
smokers after quitting, primarily those with
established changes of COPD (1). Persisting
activation of the innate immune system has
been implicated in this observation, and
may be the basis for on-going remodeling
in the lung leading to progressively worse
COPD. (9–12, 24). Such a mechanism
might also underlie progression to lung
cancer (particularly in ex-smokers) and, in
part, explain the close relationship between
COPD and lung cancer (8, 24). As
summarized here, the dietary studies
consistently report that high-fiber diets
modify innate immunity and attenuate
systemic inflammation, conferring a broad
protective effect on progression of COPD,
respiratory-related deaths, and smoking-
related cancers (Table 1) (37–50). However,
there exists several alternate mechanisms
that might underlie the beneficial effects of
a high-fiber diet on innate immunity and
the lungs, including antioxidant related,
autoimmunity mediated, apoptosis-related,
DNA damage mediated, epithelial integrity
from microbial invasion, and immune
tolerance (Table 2) (51–56).

One mechanism underlying this
beneficial effect may come from studies
showing that fiber stimulates “good”
bacteria in the bowel to synthesize, through
fermentation, high quantities of small-
chain fatty acids (SCFAs) (47, 50, 57–64).
Although an important source of energy

and cytoprotection for colonocytes, some
SCFAs (proprionic, butyric, and acetic
acids) are absorbed into the portal
circulation, where they are active in the
liver and bone marrow in modifying innate
immune activation (Figure 1) (57–64). In a
murine model, colonic concentrations of
these SCFAs correlated well with levels in
the portal circulation, and for proprionic
acid and butyric acid in the systemic
circulation as well (64). Strong support
for this SCFA-related mechanism has
recently come from murine models,
where a high-fiber diet inhibited
pulmonary inflammation in mice exposed
to dust mite allergen, and attenuated the
development of emphysema in a smoking
rat model (61, 63). These studies suggest that
SCFAs play an important immune-based
role in modifying the pulmonary response to
inflammatory stimuli, most likely through
effects on the migration and activation
of both neutrophils and macrophages
(i.e., innate immune response) via G protein
receptors (GPRs; e.g., GPR43) (58–61,
65–67). SCFAs have also been shown to
inhibit another important enzyme, called
histone deacetylase, and promote regulatory
T cells, both implicated in cell cycle control
linking COPD and lung cancer (57, 58, 62,
65). Interestingly, these SCFAs have been
found to inhibit the rate-limiting enzyme
(3-hydroxy-3-methylglutaryl-coenzyme A
[HMGCoA] reductase), further modifying
innate immunity through the mevalonate
pathway in the liver (Figure 1) (50, 68).
HMGCoA reductase inhibition in the liver
“dampens” the innate immune response
and lowers serum levels of IL-6 through
the IL-6 trans-signaling pathway (8).
This leads to a downstream inhibitory effect
on the proinflammatory transcription
factors NF-ĸB and signal transducer and
activator of transcription 3 (8).

The members of the cholesterol-
lowering drug family of statins are powerful
inhibitors of HMGCoA reductase, reducing
serum CRP and IL-6 by over 50% within
48 hours of a typical daily dose (8). We have
reviewed the extensive literature on statin
use in smokers and patients with COPD (8).
Among these studies, although largely
observational, it is consistently shown
that statins confer reductions of between
30 and 50% in both mortality from COPD
and incidence of lung cancer in large
prospective studies (8). In a small,
randomized study in COPD, atorvastatin
use was associated with a marked reduction
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in systemic inflammation and a 30–60%
reduction in pulmonary inflammatory cell
infiltrate (7), potentially explaining
reductions in decline of lung function and
reduced all-cause mortality (8). Studies have
also shown that statin use confers a 40–50%
reduction in all-cause mortality after
admission with a COPD exacerbation (8)
and a 50% reduction in respiratory-related
mortality in a 7-year follow-up study of
COPD exacerbators (69). However, although
adjunct therapy with statins is consistently
associated with reduced mortality in COPD,
most likely mediated through attenuation of
the innate immune response, a beneficial
effect on recurrence of COPD exacerbations
appears to be limited to patients with COPD
with underlying clinical or subclinical
cardiovascular disease (70–72). Indeed, the
beneficial outcomes associated with statin
use reported by many observational studies

of patients with COPD have been attributed,
in part, to the relative undertreatment
of coexisting, often unrecognized,
cardiovascular diseases in the control
subjects, where an exaggerated innate
immune response is a recognized feature
(i.e., “unhealthy non-user” effect) (70, 71).

Collectively, these studies suggest that
high-fiber diets and statin therapy may
modify the natural history of COPD, and
that one possible mechanism is through
their immunomodulatory effects on the
innate immune response in the liver and
lung (7, 8). Although other mechanisms
may be relevant in reducing poor outcomes
in COPD (e.g., antioxidant, autoimmune,
and antiproliferative effects), it is plausible
that statin-mediated modulation of the
mevalonate pathway in the liver
(“dampening effect”) (33, 62), attenuating
“secondary amplification,” is central to

these protective effects (Figure 1) (8). We
propose that SCFAs (especially butyrate
and proprionate), derived from colonic
bacteria after a high-fiber diet, may also
confer a positive effect on COPD through
modification (or dampening) of innate
immunity (50). Given the central role of the
liver in immune surveillance and activation
of the innate immune system (29–33, 35, 36),
it appears plausible to the authors that the
benefits of statins and a high-fiber diet could
account for the apparent reductions in lung
function decline and development of COPD,
as reported by numerous studies, both
preclinical and clinical (8). It is also plausible
that interventions, such as a high-fiber diet
and statin therapy, which “dampen” innate
immune responsiveness, and reduce systemic
inflammation by up to 50%, lead to
considerable reductions in mortality via
these immunomodulatory pathways (e.g.,
mevalonate pathway; Figure 1) (7, 8, 50, 57–61).

Limitations and Gaps in the
Existing Literature

The link between low dietary fiber (,15 g/d)
and worse outcomes for respiratory-related
deaths, greater declines in FEV1, and
greater risk of COPD are based primarily
on large, prospective, observational studies
(37–44). There is consistency in both the
magnitude and direction of effect, which
strongly implicates “high” dietary fiber
with better lung health and lower lung-
related mortality (Table 1). Large,
prospective, observational studies also link
chronic low-grade systemic inflammation,
an indirect marker of activation of innate
immunity, with poorer outcomes in regard
to lung function decline, greater
symptoms, and greater COPD-related
mortality (14–18, 21). However, there have
been no large, randomized, control trials
(RCT) with fiber-related interventions to
confirm these relationships. In one small
RCT, where attenuation of innate
immunity (and systemic inflammation)
was targeted through 12 weeks of
atorvastatin, a large inhibitory effect on
pulmonary inflammation in patients with
COPD was found, which correlated with a
significant reduction in symptoms (7).
Although there may be several
mechanisms to explain the link between
dietary fiber, innate immunity, and
pulmonary inflammation (Table 2)
(51–56), recently published murine models

Table 2. Proposed Mechanisms Linking Dietary Fiber, Lung Health, and Obstructive
Lung Disease

Mechanism Study Findings References

Autoimmunity High-fiber diet alters gut bacteria and,
through changes in the synthesis of
SCFAs, peptidoglycan, or
polysaccharide A, inhibits the
tendency to autoimmunity.

51

Antioxidant Whole grains and cereals are a rich
source of phytoestrogens, phenolic
compounds, and plant lignins with
antioxidant properties. Whole grains
are also rich in vitamin E.

52, 53

Apoptosis High-fiber diet alters gut bacteria and,
through changes in the synthesis of
SCFAs, inhibit HDACs, thereby
promoting cell cycle arrest and
apoptosis.

54

Anti-DNA damage Dietary fiber contains complex
carbohydrates and resistant starches
that decrease DNA damage, most likely
through SCFAs conferring protection
from genotoxic agents.

55

Abberant Immune Tolerance Metabolites derived from the gut flora,
such as SCFAs, maintain epithelial
integrity and immune tolerance.

56

Innate Immunity High-fiber diet modulates innate immune
responsiveness through: (1)
SCFA-mediated activation of G-protein
receptors on neutrophils and
macrophages; (2) HDAC inhibition; and/
or (3) inhibition of NF-ĸb activation of
proinflammatory cytokines.

58–62
65–67

Innate Immunity (via mevalonate
pathway)

High-fiber diet leading to increased
SCFAs may inhibit the rate-limiting
enzyme, HMGCoA reductase, in the
mevalonate pathway (same mechanism
as statins).

68

Definition of abbreviations: HDAC, histone deacetylase; HMGCoA, 3-hydroxy-3-methylglutaryl-coenzyme
A; SCFA, small-chain fatty acid.
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have been most illuminating (4–6, 58–60).
In an allergic inflammatory model,
convincing evidence was found suggesting
that high dietary fiber altered the gut
microbiome to produce immune
modulatory molecules, called SCFAs (59).
These SCFAs are absorbed from the bowel
into the portal and then systemic
circulations (57–60, 64), where they
modify the immune response to inhaled
allergen (60). Although only a murine
model, this study provides compelling
evidence that dietary fiber has important
immunomodulatory effects (described as
“dampening”) in the lungs after an
allergen inhalation challenge (62). In a
smoking mouse model, a similar
“dampening effect” was seen when mice
fed a high-fiber diet had a reduced
tendency to develop emphysema
compared with controls (63). However,
although these preclinical studies provide a
strong basis on which to propose that
dietary fiber, through immune modulatory
effects, has an important action on the
lungs after repeated aeropollutant
challenge, interventional studies in
humans are needed (58–64). Moreover,
as several mechanisms may explain the
dietary fiber relationship with lung health
in smokers (Table 2) (51–56), more
preclinical studies are critical in advancing
our understanding of these mechanisms.

Finally, there are growing observational
and clinical data suggesting that chronic,
persisting activation of the innate immune
system confers poor outcomes on lung
function and mortality in both healthy
individuals and those affected by COPD
(14–22). However, there is only a single
RCT that showed that high dietary fiber
reduces markers of systemic inflammation
(46), linking fiber to innate immunity (47).
On the basis of the findings to date, we
propose that there exists a “gut–liver–lung
axis” that requires further investigation
with respect to both preclinical and clinical

studies in lung disease. Although the
animal data are strongly supportive of this
hypothesis, further mechanistic studies are
required to examine the interactive effects
of smoking and dietary fiber on the lung,
specifically data implicating SCFAs derived
from gut microbiota with both innate-
mediated systemic (liver) and pulmonary
(lung) inflammatory responses. Although
we propose that the apparent “dampening
effect” of a high-fiber diet on pulmonary
inflammation is most likely mediated by
effects on neutrophil migration and
macrophage activation (involving the
mevalonate pathway and/or innate
immunity), this needs direct evidence,
which murine models are well placed to
provide. Large, prospective, observational
and randomized studies, examining the
effects of dietary fiber on the development
of COPD, are also needed (73).

Conclusions

Despite being the third leading cause of
death, COPD remains underdiagnosed in
the community, with as little as 30% of cases
identified (74). This low diagnostic rate
reflects the insidious loss of lung function
and progressive exercise intolerance typical
of COPD. It also reflects a widespread
nihilistic indifference to actively screening
for subclinical cases (asymptomatic COPD)
(75, 76). Surprisingly, the current
recommendations for the management
of COPD discourages widespread use of
spirometry screening of asymptomatic
current or former smokers, which is certain
to perpetuate the considerable
underdiagnosis of COPD that already exists
(75, 76). There has been a recent call for
research into the primary prevention of
COPD to extend beyond just smoking
cessation (77, 78). Although smoking
cessation must remain a priority for
reducing the burden of COPD from

smoking, it appears that other
interventions, such as optimizing diet and
minimizing the effects of an exaggerated
and harmful innate immune response, may
be useful, especially in ex-smokers (24, 78).
Based on the evidence presented in this
review article, the authors propose that
there exists an important gut–liver–lung
axis, amenable to modification by existing
dietary interventions and systemic drug
therapies, the role of which in the natural
history of COPD is of sufficient relevance to
require further investigation.

Summary

Numerous studies have linked diets high
in fiber with reductions in lung function
decline, COPD incidence, and respiratory
mortality. High-fiber diets have been shown
to attenuate innate immune-mediated
systemic and pulmonary inflammation. One
plausible mechanistic link is the inhibitory
effect of SCFAs, derived from bacterial
fermentation of fiber (gut), on innate immune
responsiveness controlled by the liver (liver).
In this inhibitory setting, the liver may
function to “dampen” (rather than amplify)
the innate immune response to smoking-
related pulmonary inflammation (lung). This
involves reducing neutrophilic inflammation
and macrophage-driven matrix remodeling.
SCFAs may achieve this through binding
with GPRs or inhibiting the mevalonate
pathway through its rate-limiting enzyme,
HMGCoA reductase. These findings provide
a plausible basis whereby high dietary fiber
attenuates innate immune-mediated systemic
and pulmonary inflammation through the
gut–liver–lung axis. Such a hypothesis opens
the door for the evaluation of modifying
interventions aimed at preventing or
delaying progression of COPD (78). n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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