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Abstract

Because oxygen tension can be extremely low in respiratory secretions of patients with cystic fibrosis (CF), host inflammatory cells in the airspace milieu may resort
to anaerobic metabolism with production of lactic acid under hypoxic conditions. We found elevated lactate levels in bronchoalveolar lavage (BAL) fluid specimens
obtained from patients with CF, and lactate concentrations correlated with neutrophil and neutrophil-derived mediator concentrations. We suggest that neutrophils,
particularly when present in high numbers, may resort to anaerobic metabolism due to hypoxia in CF respiratory secretions and generate lactate, which may be a

useful biomarker of inflammation in the CF lung.

Introduction

Cystic fibrosis transmembrane conductance regulator (CFTR)
dysfunction causes impaired transepithelial ion flux, depletion of
airway surface liquid, and impaired mucociliary clearance in the cystic
fibrosis (CF) lung [1,2]. These consequences of CFTR dysfunction allow
chronic infection with opportunistic bacteria (such as Pseudomonas
aeruginosa and Staphylococcus aureus) and sustained inflammation to
become established in the lungs of patients with cystic fibrosis (CF)
early in life [3-5], leading to gradual remodeling and destruction of
the CF lung, progressive decline in lung function, and diminished
longevity [2].

Airspace inflammation in the adult CF lung is characterized by
the influx of massive numbers of neutrophils [5-8], and neutrophil-
dominated inflammation has been implicated as a key factor in airway
remodeling that leads to bronchiectasis [2,9] as well as elastin loss
and collagen deposition in alveoli [10]. Additionally, accumulated
mucus in CF airways is characterized by extreme hypoxia, which
can provide an anaerobic environment that promotes persistence of
P. aeruginosa in CF airways and alginate production [11]. Esther, et
al. [12] have identified numerous metabolites in CF bronchoalveolar
lavage (BAL) fluid that are related to neutrophilic inflammation, and
lactate concentrations have been shown to be elevated in sputa [13]
and BAL fluid [14] from CF patients, and neutrophils appear to be the
predominant source of lactate [13].

We hypothesized that lactate concentrations may be increased
in airspaces of the CF lung and that concentrations of lactate in BAL
fluid may correlate with the intensity of the neutrophil-dominated
inflammation that is associated with chronic infection and an anaerobic
microenvironment. Therefore, we measured lactate levels in BAL fluid
from adult patients with CF and correlated lactate concentrations with levels of
neutrophils, neutrophil-derived mediators, and P. aeruginosa density.

Methods

Patients

This research was approved by the University of Wisconsin Human
Subjects Committee, and written informed consent was obtained from
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all volunteers. Seventeen patients with cystic fibrosis had bronchoscopy
and BAL. Four females and 13 males were included with a mean
age of 23 + 7 [mean + SD] (range 17-44). The mean baseline FEV1
percent predicted was 62.1% + 20.3% SD (range 34-100%). Seven of the
patients with chronic persistence of P. aeruginosa in their respiratory
secretions had BAL performed just before and at the end of a 2-week
course of intravenous anti-pseudomonal antibiotics for respiratory
exacerbations as previously described [6]. The remaining 10 subjects
were clinically stable outpatients and underwent bronchoscopy with
BAL performed in the upper and lower lobe regions as previously
described [15]. All the subjects with CF had more severe disease on
routine postero-anterior and lateral chest radiographs in upper lung
versus lower lung zones. BAL fluid specimens obtained from 15 young
adults (age range 18-35 years) without CF were also analyzed; these
healthy volunteers had never smoked, had normal BAL differential cell
counts, and had normal spirometry values.

Specimen handling and analyses

Sequential aliquots of BAL fluid obtained from specific target areas
were filtered through loose gauze to remove mucus plugs, pooled,
and then centrifuged at 400 x g for 10 min at 22° C. Aliquots of BAL
supernatant fluid were then frozen at -70° C until assayed. BAL samples
were analyzed for neutrophil concentration, neutrophil elastase (NE),
myeloperoxidase (MPO), lactate levels and CFU/ml of P. aeruginosa
as previously described [6]. Briefly, neutrophil concentrations
were enumerated via hemocytometer and cytocentrifuge slide
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preparations of cell suspensions. NE activity was determined via
spectrophotometry using MeO-Suc-Ala-Ala-Pro-Val-pNA as a specific
substrate. MPO activity was quantified spectrophotometrically using
3,3,5,5-tetramethyl benzidine (TMB) as the substrate. Dilutions of
BAL fluid was plated on appropriate media to identify and obtain
quantitative colony counts of aerobic bacteria.

Lactate measurement

Lactate content in BAL fluid was determined using a Lactate
Reagent Kit (Trinity Biotech USA, St. Louis, MO) that was modified
for microplate assays. An aliquot of 10 pl of diluted BAL fluid solution
(21 of BAL fluid and 8 pl deionized water) was added to the wells of
a 96-well microplate. An aliquot of 0.2 ml of lactate reagent solution
was then transferred to the well that contained BAL fluid samples and
the solution was mixed well. Each BAL fluid sample was assayed in
duplicate. Graded concentrations of lactate standard solution (20,
40, 60, 80, and 100 mg/dl) were assayed in parallel and in duplicate.
The plate was set at room temperature for 5-10 min, and the optical
density of the solution was determined at 540 nm using a plate reader.
Lactate concentration in the BAL fluid was calculated from the BAL
fluid optical density and standard curve and expressed as mg/dl of BAL
fluid.

Statistical analysis

Data are expressed as mean + standard of the mean as appropriate.
Values were analyzed via independent or paired t-tests, and correlations
were made via Spearman Rank Order testing.

Results

Lactate concentrations were detectable in 17 of 34 BAL fluid
specimens, and BAL lactate concentrations correlated significantly
with neutrophil number (R=0.624, p <0.001 by Spearman Rank Order
testing) (Figure 1) and neutrophil-derived mediators (MPO & NE)
concentrations in BAL fluid (data not shown). In contrast, BAL lactate
concentrations did not correlate as well with CFU/ml of P. aeruginosa
(R=0.405, p = 0.02) (Figure 2). Lactate was not detected in any BAL
fluid specimens from normal subjects.

Regional BAL lactate concentrations in clinically stable outpatients
who had BAL performed in both an upper and lower lobe region were
80.2 £ 27.5 pg/ml for upper lobe BAL vs. 11.6 + 9.9 ug/ml for lower
lobe BAL (p=0.008). BAL neutrophil concentrations were 69.6 + 13.9
x 10°/ml for upper lobe lavages versus 0.96 + 0.7 x 10°/ml for lower
lobe lavage (p < 0.001) (Figure 3). Lactate concentrations in upper lobe
specimens correlated significantly with upper lobe BAL neutrophil
concentrations (R=0.729, p < 0.001, Spearman Rank Order), but
lower lobe BAL lactate versus neutrophil concentrations were not
significantly correlated (R=0.307, p=0.31).

For the 7 patients who underwent BAL when admitted to the
hospital for treatment of a respiratory exacerbation and had a repeat
BAL performed after 2 weeks of broad-spectrum, anti-pseudomonal
intravenous antibiotic therapy, four subjects had significantly elevated
lactate concentrations in the first BAL. BAL lactate concentrations
declined significantly (55.1 + 33.0 to 1.0 + 1.0 pug/ml for these 4 patients.
However, one of the 3 patients without detectable lactate in the initial
BAL specimen had a high concentration of lactate in the second BAL
specimen that was accompanied by a considerable increase in BAL
neutrophils and a lack of response (lung function & symptoms) to the
2-week course of intravenous antibiotics (Supplementary Figures 1-4).
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Figure 1. Lactate versus neutrophil concentrations for all BAL specimens
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Figure 2. Lactate concentrations versus colony forming units (CFU) of P. aeruginosa in
all BAL specimens
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Figure 3. Lactate and neutrophil concentrations for upper lobe versus lower lobe regions
(stable outpatients) and for before and after intravenous broad-spectrum antibiotics (patients
admitted to hospital for respiratory exacerbation requiring antibiotic therapy)
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Discussion

Our study demonstrates that high concentrations of lactate can
be detected in BAL fluid from adult patients with CF and that lactate
concentrations positively correlate with the degree of BAL neutrophil
content and concentrations of neutrophil mediators. Additionally, BAL
lactate and neutrophil concentrations were much higher in upper lung
regions, which tend to have more severe bronchiectatic changes [16]
and have substantially more intense neutrophilic inflammation [15],
versus lower lung regions. Finally, increased lactate concentrations
were found in 4 of 7 patients with respiratory exacerbations just prior
to receiving intravenous antibiotic therapy, and both lactate levels
and neutrophil concentrations declined in BAL obtained from the
same, initially lavaged lung segment at the end of a 2-week period of
intravenous anti-pseudomonal antibiotic therapy. Interestingly, an
additional patient did not respond clinically to antibiotics, and the
second BAL showed an increase in neutrophils that was associated
with the detection of lactate (which was not detectable in the first BAL
specimen).

Airspace secretions from patients with CF have been shown to be
profoundly hypoxic [11] such that prokaryotic (bacteria) or eukaryotic
(neutrophils) cells in this milieu must be able to tolerate anaerobic
conditions to survive and persist in this environment. Large numbers
of neutrophils constantly flux into the airspaces of the CF lung and
eventually undergo apoptosis and necrosis [17,18]. We suggest
that these neutrophils have dysregulated cellular metabolism and
must resort to glycolysis and generate lactate under such anaerobic
conditions. This may then lead to the accumulation of lactic acid in the
cytoplasm of neutrophils, which is released when neutrophils become
necrotic, and lactate has been identified as a biomarker of anaerobic
cellular metabolism [19]. However, lactate may also be derived from
other tissue sources that are not directly linked to tissue hypoxia in the
inflamed CF lung. Additionally, lack of oxygen in CF secretions may
contribute to the impaired respiratory burst that has been described for
neutrophils obtained from CF sputum [18] and CF BAL [20,21].

Lindy, et al. [22] reported that lactate concentrations were increased
in lung tissues and preceded collagen deposition in a rat model of
silica-induced fibrosis, and they attributed this increase to increased
lactate dehydrogenase-5 (LDH-5) activity induced by tissue hypoxia.
Additionally, lactate can be produced in the acutely injured lung [23].
Kottmann, et al. [24] recently observed that lactate levels are increased
in lung tissue from patients with idiopathic pulmonary fibrosis
(IPF), and these investigators demonstrated that lactic acid-induced
myofibroblast differentiation via activation of transforming growth
factor-p was also associated with a subsequent increase in hypoxia-
inducible factor-la and LDH-5 expression. Lung tissue remodeling
also occurs in the CF lung and is associated with increased numbers
of myofibroblasts and considerably increased expression of nuclear
factor-kB, insulin-like growth factor-1, and intercellular adhesion
molecule-1 [25]. We suggest that increased lactate in lung tissues and
airspace secretions may promote or contribute to fibrogenesis with
consequent destructive lung remodeling in both CF and IPF [26].
Additionally, we suggest that impaired perfusion of lung regions due to
disrupted microcirculation that has been described for both IPF [27,28]
and the bronchiectatic lung [29,30] may play a significant role in tissue
hypoxia, cell turnover due to apoptosis and necrosis, and lactic acid
generation.

In summary, we have shown that lactate can accumulate in airspace
secretions in the CF lung and that lactate levels show a significant

Arch Biomed Clin Res, 2018 doi: 10.15761/ABCR.1000101

correlation with the degree of neutrophil influx as reflected by
neutrophil numbers and neutrophil-derived mediator concentrations
in BAL fluid. Increased lactate levels may reflect hypoxic conditions
that promote persistence of a multitude of anaerobic flora that exist
in the inflamed CF lung as well as microaerophilic organisms such as
P. aeruginosa and Staphylococcus aureus [31]. Also, increased lactate
concentrations are likely to promote acidification with lowering of the
pH of airway secretions, and airway surface liquid acidification has
been shown to impair host defense mechanisms and increase airway
bacterial burden when CFTR is dysfunctional [32] Additionally,
increased lactate concentrations may promote altered myofibroblast
activity and pathologic remodeling of the CF lung, and inhibition of
lactate production via inhibition of LDH by Gossypol has been shown
to prevent TGF-B-mediated myofibroblast differentiation and collagen
deposition [33]. We suggest that lactate levels may serve as a biomarker
of neutrophilic influx and inflammation in CF lung disease, and that
high concentrations of lactate may indicate increased risk of pathologic
remodeling in the lungs of patients with CF and may also promote
persistent bacterial infection.
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