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Lung Function Changes Related to Diabetes Mellitus
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ABSTRACT

Diabetic microangiopathy targets the lung as it does other organs. Even though respiratory
dysfunction in most patients with diabetes is subclinical and rarely the presenting complaint,
there are several reasons why pulmonary assessment is important: (1) Pulmonary function test-
ing noninvasively quantifies physiological reserves in a large microvascular bed that is not clin-
ically devastated by diabetes. (2) Subclinical loss of pulmonary reserves becomes overtly debil-
itating under conditions of stress, such as with aging, chronic hypoxia due to lung disease or
high altitude exposure, or volume overload secondary to cardiac and renal failure. (3) Unlike
myocardial or skeletal muscle function, pulmonary indices are largely independent of physical
fitness. (4) Interpretation of pulmonary function indices is not complicated by secondary se-
quelae of diabetic end-organ failure or prior therapy. Lung function could provide useful mea-
sures of the progression of systemic microangiopathy. (5) Chronic use of inhaled insulin may
affect long-term pulmonary function, while preexisting pulmonary dysfunction may alter the
absorption and bioavailability of inhaled insulin. This review will discuss the changes in lung
function observed in diabetes, their underlying mechanisms, and their physiological and clini-
cal implications.

WHY ASSESS LUNG FUNCTION IN
DIABETES MELLITUS?

insulin. Even though respiratory dysfunction
in most patients with diabetes is subclinical and
rarely the presenting complaint, there are sev-

CHRONIC HYPERGLYCEMIA leads to wide-
spread nonenzymatic protein glycosyla-
tion and macro- and microvascular end-organ
dysfunction.!”® Pulmonary involvement in di-
abetes has been sporadically reported for many
decades, including a predisposition to infec-
tions, aspiration, pulmonary edema, bron-
chomotor dysregulation, disordered breathing
during sleep, and central hypoventilation as
well as abnormal lung mechanics and gas ex-
change.* However, general recognition of the
lung as a major organ targeted by diabetes is a
recent phenomenon with the advent of inhaled

eral reasons why pulmonary assessment is im-
portant: (1) Pulmonary function testing nonin-
vasively quantifies physiological reserves in a
large microvascular bed that is not clinically
devastated by diabetes. (2) Subclinical loss of
pulmonary reserves becomes overtly debilitat-
ing under conditions of stress, such as with ag-
ing, chronic hypoxia due to parenchymal lung
disease or high altitude exposure, or volume
overload secondary to cardiac and renal fail-
ure. (3) Unlike myocardial or skeletal muscle
function, pulmonary indices are largely inde-
pendent of physical fitness. (4) Interpretation
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of pulmonary function indices is not compli-
cated by secondary sequelae of diabetes end-
organ failure or prior therapy. Evaluation of
therapeutic response and reversibility of estab-
lished end-organ dysfunction is often difficult
using conventional end points once an organ
becomes clinically ravaged by diabetes. For ex-
ample, nephrotic syndrome once established
can progress because of hypertension associ-
ated with renal insufficiency, or because of di-
rect tubular toxicity of albuminuria indepen-
dent of the inciting insult from the diabetes
state. Repeated laser treatment alters retinal
perfusion pattern independent of diabetic reti-
nopathy. Physical deconditioning can exacer-
bate skeletal muscle weakness and cardiac dys-
function independent of diabetic myopathy.
The alveolar-capillary network, by virtue of its
large size, is protected against overt respiratory
complications at a given level of systemic mi-
crovascular destruction. Hence, lung function
could provide useful measures of the progres-
sion of systemic microangiopathy. (5) Chronic
use of inhaled insulin may affect long-term pul-
monary function. Conversely, preexisting pul-
monary dysfunction may alter the absorption
and bioavailability of inhaled insulin. This re-
view will discuss the changes in pulmonary
dysfunction observed in diabetes and their un-
derlying mechanisms as well as physiological
and clinical implications.

LUNG FUNCTION IN
DIABETES MELLITUS

Respiratory autonomic neuropathy

An abnormal ventilatory response in dia-
betes is characterized by depressed cholinergic
bronchomotor tone and neuroadrenergic den-
ervation in the lung. Up to one-third of subjects
with diabetes® showed abnormal ventilatory
response to hypoxia, hypercapnia, or exercise
consistent with autonomic neuropathy. A sub-
set showed excessively high tidal volumes
during exercise resembling changes after vago-
tomy. The ventilatory response during sub-
maximal exercise® and acute isocapneic hy-
poxia’ was blunted in type 2 diabetes. Patients
with diabetes demonstrate diminished ability
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to perceive inspiratory resistive loads.® In a
small study using m-[*?*IJiodobenzylguanidine
(['®IIMIBG) ventilatory scintigraphy to assess
neuroadrenergic  bronchial  innervation,’
['BIMIBG clearance declined significantly
during 5 years of follow-up in patients with di-
abetes with and without autonomic neuropa-
thy, suggesting progressive neuroadrenergic
denervation, the rate of which was inversely re-
lated to the severity of baseline autonomic dys-
function. In these patients forced expiratory
volume in 1 s (FEV;) declined at twice the phys-
iological rate regardless of the presence of doc-
umented autonomic neuropathy. However,
longitudinal ['Z[JMIBG clearance in subjects
without diabetes was not assessed in this
study® so appropriate control data are not
available. Further investigation is needed to de-
fine impairment in ventilatory control with re-
spect to glycemia. The greater breathlessness
perceived by patients with diabetes during hy-
poxia exposure is associated with a dispropor-
tionate increase in inspiratory effort and a
smaller increase in tidal volume relative to sub-
jects without diabetes,'? a pattern more consis-
tent with mechanical restriction of the ventila-
tory pump than blunting of central drive.
Abnormal ventilatory control in diabetes
would likely be exaggerated by association
with obesity and could translate into greater
difficulties during acclimatization to high alti-
tude or during chronic adaptation to hypoxia.

Lung restriction

Patients with diabetes without a smoking
history or clinical lung disease consistently
demonstrate a modest restrictive ventilatory
defect with proportional (8-20%) reductions in
lung volume, forced vital capacity (FVC), FEVy,
and forced expiratory flow in the midrange of
vital capacity compared to subjects without di-
abetes!!17 and in relation to glycemic con-
trol.1#18 Total lung capacity, lung elastic recoil,
and dynamic lung compliance were abnor-
mally reduced in type 1 diabetes.!> Small air-
way obstruction has been observed with an in-
creased ratio of residual volume to total lung
capacity,'®?! which probably resulted from di-
minished lung recoil and parenchymal tether-
ing of peripheral airways. Reduced lung vol-
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ume without airflow limitation or respiratory
muscle weakness in diabetes has been associ-
ated with limited joint mobility and attributed
to stiffness of the skin and connective tissue of
the chest wall.1® The consequence of abnormal
lung and thoracic mechanics in diabetes is an
excessively increased work of breathing during
heavy exercise.!* The changes in lung mechan-
ics resemble accelerated aging with generalized
derangement in connective tissue metabolism
as well as irreversible collagen cross-linking in
thoracic and lung tissue.?>?*> Compared to con-
trol lungs from individuals without diabetes,
lungs from individuals with diabetes show
accumulation of collagen and elastin with
retarded connective tissue breakdown.?
Parenchymal changes noted at autopsy include
congestion, histiocytosis, septal interstitial and
smooth muscle hypertrophy, type 2 pneumo-
cyte hyperplasia, thickened basement mem-
brane, areas of fibrosis, and septal obliteration,
summarized by Hsia and Raskin.?> Most post-
mortem reports consist of a small number of
subjects, and comparisons to lungs from indi-
viduals without diabetes are largely qualitative
or uncontrolled.

An elevated fasting blood glucose alone is as-
sociated with reduced lung function,'® and a
predisposition to diabetes is associated with re-
strictive ventilatory defect prior to onset of
overt diabetes. In the Normative Aging
Study,?® lung function data from adult men be-
fore, at, and after being diagnosed with dia-
betes were analyzed. Men who developed type
2 diabetes had lower FEV and FVC at all time
points after adjustment for age, height, weight,
and smoking. A cross-sectional study in British
women confirms the inverse association of
FEV; and FVC with insulin resistance and
prevalence of type 2 diabetes.?” In the prospec-
tive Atherosclerosis Risk in Communities
Study, a low baseline FVC in middle-aged
adults without diabetes was independently as-
sociated with insulin resistance and predicted
incident type 2 diabetes in both genders after
adjustment for age, race, adiposity, smoking,
physical activity, and study center.?® During
prospective follow-up in the Normative Aging
Study,?® there were no significant differences in
adjusted rates of longitudinal change between
subjects with and without diabetes, while in the
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Fremantle Diabetes Study'” declining spirome-
try and lung volume indices were directly re-
lated to poor glycemic control, and a decreased
FEV; was a predictor of mortality in type 2 di-
abetes after adjusting for other recognized risk
factors. In the National Health and Nutrition
Examination Survey Epidemiologic Follow-Up
Study, the presence of baseline restrictive ven-
tilatory defect predicted the development of in-
sulin resistance and type 2 diabetes,? while in
another study a low peak expiratory flow rate
predicted clinical complications and mortality
in type 1 diabetes.?® Although shared risk fac-
tors such as obesity could not be entirely ex-
cluded, these large-scale epidemiological stud-
ies clearly demonstrate a relationship between
hyperglycemia and spirometry results.

The mechanisms underlying prediabetes
lung restriction are not clear. It is possible that
lung growth and insulin resistance are co-in-
fluenced by shared exposures during somatic
maturation. Alternatively, insulin resistance
could alter lung volume and mechanical func-
tion directly or via mediators such as leptin.
Leptin is produced by adipose tissue and cir-
culates to the hypothalamus to induce satiety.
Leptin also modulates lung cell growth and
function3! as well as central respiratory con-
trol®?> via receptor-mediated mechanisms.
Serum leptin levels are variably elevated in
morbidly obesity,? associated with small lung
volumes, abnormal respiratory mechanics, and
depressed respiratory control that manifest as
central hypoventilation or obstructive sleep ap-
nea. In nonobese normal subjects serum leptin
levels are inversely related to FEV;,3® suggest-
ing the possibility that leptin deficiency or lep-
tin resistance could be involved in the patho-
genesis of pulmonary dysfunction.

Reduced lung diffusing capacity

Lung diffusing capacity for carbon monox-
ide (DLco) (in mL/min/mm Hg) is a measure
of gas conductance across alveolar tissue mem-
brane into capillary erythrocytes and subse-
quent chemical binding to hemoglobin. Ac-
cording to the classical Roughton-Forster
relationship,?*3° DLco is composed of two con-
ductance arranged in series: membrane
(DMco) and blood (OVc), where Vc is pul-



S-76

monary capillary blood volume and O the em-
pirical rate of carbon monoxide uptake by
whole blood, a function of capillary hemoglo-
bin concentration and alveolar oxygen tension:

111
DM, ©-Vc

DL, 1)
Modest but significant (10-30%) reductions in
DLco develop in nonsmoking patients with dia-
betes. 11131436 Tn type 1 diabetes the lower DLco
is predominantly due to a low DMco.' In type
2 diabetes both DMco and Vc are reduced.?” The
reduction in resting DLco correlates with dia-
betic retinopathy and disease duration.?®% Re-
ductions in DLco and DMco during exercise are
directly related to glycemic control and preva-
lence of extrapulmonary end-organ complica-
tions.!4%” In addition, DLco and Ve normally in-
crease from sitting to supine postures owing to
alveolar-capillary recruitment caused by an in-
crease in central blood volume. The posture-re-
lated increases are lost in patients with type 1 di-
abetes,*’ signifying an abnormal microvascular
recruitment pattern and perhaps anatomical loss
of alveolar capillaries. Diffusion impairment in
lungs from individuals with diabetes parallels a
similar impairment in skeletal muscle from dia-
betic rats estimated from the permeability—sur-
face area product for small solutes.*! The diffu-
sion defect in muscle from diabetic animals is
reported to have two major components: reduced
microvascular surface area and greater perfusion
heterogeneity.*! Available evidence also suggests
analogous anatomical and physiological mecha-
nisms for the pulmonary diffusion defect, dis-
cussed below.

Lung morphology

The anatomical determinants of membrane
conductance are alveolar-capillary surface area
and mean harmonic thickness of tissue-plasma
diffusion barrier:

Membrane conductance =
Surface area
Harmonic mean barrier thickness

)

where D is the diffusion constant, a function of
gas permeability in tissue and plasma.*? Gas
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conductance estimated from lung ultrastruc-
ture is about twice that measured physiologi-
cally at rest but correlate strongly with physi-
ological conductance measured at heavy
exercise,® indicating that the structural capac-
ity for gas transport is not fully utilized except
at peak exercise. The difference between dif-
fusing capacity estimated at rest and at peak
exercise represents functional reserves avail-
able for recruitment. Postmortem observations
in lungs from individuals with diabetes have
noted thickening of alveolar epithelial and en-
dothelial basement membranes,** emphysema-
like airspace changes, and obliteration of alve-
olar capillaries as well as pleural arterioles.*
Alveolar-capillary surface area and anatomical
Vc have not been systematically quantified in
lungs from those with diabetes, but the ob-
served microangiopathic features parallel
changes in the retina, kidney, peripheral nerve,
and skeletal muscle,4°4° consistent with
shared pathology that increases diffusive re-
sistance of the alveolar membrane.
Thickening of alveolar epithelial and endo-
thelial diffusion barrier in diabetes begins with
increased vascular endothelial permeability to
macromolecules,® which is associated with in-
tensified transendothelial vesicular transport,
accumulation of caveolae, and overexpression
of endothelial caveolin-1.>! Later stages are
marked by barrier remodeling with accumula-
tion of type IV collagen and laminin as well as
advanced glycation end products.®> Altered
surfactant metabolism in type 2 pneumocytes
could also modulate the effective surface area
for gas exchange. In lungs from rats with dia-
betes type 2 pneumocytes show increased
glycogen granules and reduced lamellar bod-
ies, accompanied by ultrastructural abnor-
malities in endoplasmic reticulum and Golgi
apparatus® as well as differentially altered sur-
factant protein mRNA expression.>* A thick-
ened alveolar diffusion barrier, including the
interstitium and basement membranes, also de-
velops in chronic heart failure as a result of re-
modeling induced by hydrostatic stress®>°¢;
these morphological effects are synergistic
with that caused by diabetes. Diabetes exacer-
bates existing impairment of DLco and DMco
caused by chronic heart failure, resulting in a
further reduction of ventilatory efficiency, a
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higher dead space-to-tidal volume ratio, and
significantly worse exercise tolerance com-
pared to heart failure alone.>”8

Physiologic action of insulin

In asymptomatic patients with type 2 dia-
betes with normal or impaired cardiac func-
tion, insulin infusion at a constant glycemic
level acutely improves DLco and DMco with-
out changing spirometry, volumes, and pul-
monary hemodynamics.®®> This observation
suggests the existence of physiological mecha-
nisms for the reduction in DLco and DMcq re-
lated to a glycemia-independent action of in-
sulin. Insulin prevents cell apoptosis, protects
against ischemia-reperfusion injury, sup-
presses production of pro-inflammatory cyto-
kines and free radicals, enhances the synthesis
of anti-inflammatory cytokines, and causes pe-
ripheral vasodilatation.®? A key mediator of
glycemia-independent insulin action is nitric
oxide (NO). Insulin up-regulates endothelial
NO production and induces pulmonary vas-
cular dilatation in vitro,®! while insulin resis-
tance blunts micro- and macrovascular reac-
tivity, activates multiple markers of endothelial
dysfunction,®? and predisposes to pulmonary
arterial hypertension in individuals at risk of
developing type 2 diabetes even at a stage
when normal glucose tolerance exists.®> NO-
mediated insulin action could cause redistri-
bution of pulmonary blood flow and improve
regional diffusion-perfusion matching in the
lung, thereby directly enhancing alveolar-cap-
illary gas uptake in the absence of overt
changes in hemodynamics, cardiac output, or
Ve.

In addition to vasodilatation, insulin also in-
duces airway epithelium to release NO and to
inhibit smooth muscle contraction,®* an obser-
vation that could potentially explain the small
airway obstruction reported in some patients
with diabetes.

Glycosylated hemoglobin (HbA;.) is re-
ported to exhibit slightly higher in vitro affin-
ity for carbon monoxide and oxygen (slightly
lower standard Psg of oxyhemoglobin dissoci-
ation curve).®>%® We did not find a significant
correlation between standard Psg corrected for
carboxyhemoglobin concentration and HbA ;.
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level in 61 subjects with diabetes; furthermore,
Ps5o did not differ between subjects with and
without diabetes (authors” unpublished data).
It is very unlikely that the oxygen binding
affinity of HbA;. could explain the observed
reductions in DL¢o or its components in dia-
betes.

Physical fitness

Variable physical fitness often confounds the
assessment of cardiovascular and muscular
function in diabetes.®”%8 Adaptation to physi-
cal training is similar among subjects with and
withoug diabetes.®” Patients with diabetes
studied before and after physical training show
modestly improved exercise tolerance, maxi-
mal oxygen uptake, and heightened insulin
sensitivity but no improvement in metabolic
control of diabetes.®*-7! Regular exercise per se
may or may not improve glycemic control.”>73
Physical activity level has no consistent effect
on the risk of developing retinopathy.”> How-
ever, glycemic control is best among patients
who are motivated to participate in any kind
of treatment program. In contrast to cardiac
and muscular function, physical training has
no effect on DLco measured at a given cardiac
output,”* but only extends the normal rela-
tionship of DLco with respect to cardiac out-
put to a higher maximal cardiac output. Hence,
physical fitness does not affect alveolar mi-
crovascular function, and variable physical fit-
ness does not confound the interpretation of
DLco.

PROGRESSION AND REVERSIBILITY

Lung function normally peaks around 20-30
years of age and decline steadily thereafter. Ag-
ing-related loss of parenchymal elastic fibers
causes gradual diminution of lung elastic recoil
and peripheral airway size. After about 55
years of age, respiratory muscles weaken, and
the chest wall becomes stiffer. The greater out-
ward recoil of a stiffer thorax combined with
the reduced inward lung recoil results in in-
creased end-expiratory and residual lung vol-
umes, while total lung capacity remains fairly
constant. FEV; declines about 1-2% per year
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(Fig. 1).7> The decline is accelerated by overt
respiratory disease and by cumulative inflam-
mation or injury from environmental irritants,
toxins, and allergens. In addition, adiposity
negatively impacts lung function in the el-
derly.”” The rate of DLco decline averages
about 1.3% per year in normal men and
women, but accelerates with age after 40 years;
by 70 years of age the rate of decline is four
times that before 40 years of age regardless of
gender, smoking status, or initial FEV; level.”®
DLco declines with age as a result of cumula-
tive loss of gas exchange surface area because
of alveolar septal thickening and inflammation.
As expected, chronic obstructive lung disease
and asbestos exposure accelerate the rate of
DLco decline (2.7% and 2.2% per year, respec-
tively).”8

Epidemiological data have shown a modest
increase in the annual rates of decline in FEV;
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and FVC in those who develop diabetes in
some studies'” but not in others.1?2¢ Further
longitudinal investigation is clearly needed to
clarify the relationship of lung function to ag-
ing in diabetes and in glucose intolerance states
as well as in conjunction with environmental
exposure and lung disease. For example, the
adverse effect of diabetes or hyperglycemia on
lung function is more pronounced in smokers
than nonsmokers,'8 and interactions between
hyperglycemia and tobacco may accelerate
with age. The prevalence of diabetes and glu-
cose intolerance in cystic fibrosis (CF) has risen
dramatically as survival in CF has improved.
In CF patients diabetes is caused primarily by
pancreatic damage, but glucose tolerance may
also be influenced by recurrent respiratory in-
fections. CF patients with diabetes not only de-
velop micro- and macroangiopathy, but also
experience accelerated pulmonary function de-
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cline and increased mortality.” The co-exis-
tence of diabetes reduces survival of female CF
patients by 16 years®’; those patients with the
lowest insulin production experience the high-
est rates of pulmonary decline.®! For unknown
reasons this relationship between diabetes and
pulmonary decline was not observed in male
CF patients.

Use of inhaled human insulin does not alter
lung function acutely but causes a small decre-
ment in FEV; after 2 weeks of therapy com-
pared to subcutaneous insulin and is associated
with higher levels of circulating insulin anti-
bodies.8? In a meta-analysis of 16 open-label
trials in adult patients with diabetes,®? inhaled
insulin was associated with a progressive re-
duction in FEV; over the first 6 months com-
pared to oral hypoglycemic agents or subcuta-
neous insulin in type 2 diabetes, and with a
small decline in DL from baseline compared
to subcutaneous insulin in type 1 diabetes. The
decline in DLco was largely reversible follow-
ing discontinuation of inhaled insulin at least
in short-term trials. In a randomized 2-year
trial of supplemental inhaled insulin in adult
patients with type 1 diabetes,? the estimated
annual rate of decline in FEV; was 50% higher
compared to subcutaneous insulin; the bulk of
decline developed during the first 3 months of
treatment. Over the 2 years, average annual
rate of decline in DLco was not significantly
different between inhaled and subcutaneous
insulin. The rate of decline or reversibility of
decline after longer use is not known.

Limited data suggest that lung dysfunction is
diabetes is potentially reversible. Among non-
smoking patients with longstanding (>20 years)
type 1 diabetes without cardiopulmonary symp-
toms, those who achieved near-normoglycemia
for 6 years with intensive insulin therapy exhib-
ited normal spirometry, DLco, DMco, and Vc at
any given cardiac output, while those with poor
glycemic control during the same period exhib-
ited significant impairment in pulmonary func-
tion.'* The data indirectly suggest that a rela-
tively short period of normoglycemia may retard
the progression of pulmonary impairment. In an-
other study of uremic patients with type 1 dia-
betes in whom spirometry and DLco improved
after simultaneous pancreas—kidney transplant
compared to before, only spirometry improved
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after kidney transplant alone.®> This study pro-
vides direct support for the reversibility of pul-
monary dysfunction following re-establishment
of normoglycemia.

CLINICAL SIGNIFICANCE AND
FUTURE DIRECTION

It is now generally accepted that the respi-
ratory system, like any other organ, is a target
of diabetic microangiopathy. The pathogenesis
is related to both a glycemia-dependent and a
glycemia-independent action of insulin. Respi-
ratory defects may predate the onset of dia-
betes and may have a reversible component.
Owing to the large size of alveolar microvas-
cular bed the microangiopathic effects on gas
exchange are largely subclinical. Nonetheless,
even a modest ventilatory defect can be as-
sessed quantitatively using noninvasive meth-
ods, potentially allowing long-term tracking of
microangiopathic progression independent of
secondary sequelae of end-organ destruction.
Diabetic angiopathy erodes pulmonary vascu-
lar reserves, thereby increasing susceptibility to
complications induced by other pathological
processes and by aging. A major area of active
investigation is the interactions among obesity,
diabetes, and aging of the lung. The large num-
ber of prospective studies currently underway
should allow direct comparison of rates of mi-
croangiopathic progression in the lung to that
in other organs. In parenchymal lung diseases
concurrent diabetes appears to accelerate pul-
monary decline; the spectrum and extent of this
association require further delineation. Gender
differences in lung function of patients with di-
abetes with and without primary lung disease
may signal genetic or hormonal influences that
are poorly understood. In addition, lung func-
tion could document reversibility of microan-
giopathy following strict glycemic control or
definitive therapeutic intervention such as pan-
creatic transplantation or gene therapy.
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