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Abstract
Mutations in the gene encoding the CFTR chloride channel produce cystic fibrosis (CF). CF patients are more susceptible 
to bacterial infections in lungs. The most accepted hypothesis sustains that a reduction in the airway surface liquid (ASL) 
volume favor infections. Alternatively, it was postulated that a reduced HCO3

− transport through CFTR leads to a decreased 
ASL pH, favoring bacterial colonization. The issue is controversial, since recent data from cultured primary cells and CF 
children showed normal pH values in the ASL. We have reported previously a decreased mitochondrial Complex I (mCx-I) 
activity in cultured cells with impaired CFTR activity. Thus, we hypothesized that the reduced mCx-I activity could lead 
to increased lactic acid production (Warburg-like effect) and reduced extracellular pH (pHe). In agreement with this idea, 
we report here that cells with impaired CFTR function (intestinal Caco-2/pRS26, transfected with an shRNA-CFTR, and 
lung IB3-1 CF cells) have a decreased pHe. These cells showed increased lactate dehydrogenase (LDH) activity, LDH-A 
expression, and lactate secretion. Similar effects were reproduced in control cells stimulated with recombinant IL-1β. The 
c-Src and JNK inhibitors PP2 and SP600125 were able to increase the pHe, although the differences between control and 
CFTR-impaired cells were not fully compensated. Noteworthy, the LDH inhibitor oxamate completely restored the pHe of 
the intestinal Caco-2/pRS26 cells and have a significant effect in lung IB3-1 cells; therefore, an increased lactic acid secre-
tion seems to be the key factor that determine a reduced pHe in these epithelial cells.
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Abbreviations
ASL	� Airway surface liquid
CF	� Cystic fibrosis
CFTR	� Cystic fibrosis transmembrane conductance 

regulator
CFTR-KD	� CFTR knockdown
DMSO	� Dimethyl sulfoxide
IL-1β	� Interleukin-1β

JNK	� JUN N-terminal kinase
LDH	� Lactate dehydrogenase
mCx-I	� Mitochondrial Complex I
pHe	� Extracellular pH
shRNA	� Short hairpin RNA

Introduction

Cystic fibrosis (CF) is an autosomal recessive disease caused 
by mutations in the CFTR gene (cystic fibrosis transmem-
brane conductance regulator) [1]. The encoded protein, 
CFTR, is an integral membrane glycoprotein located in the 
apical region of epithelial cells [2] and functions as a cAMP-
activated chloride channel [3]. For many years, the leading 
hypothesis for the development of airway lung disease in 
CF was that the CFTR impairment reduced the Cl− secre-
tion, leading to a reduced interstitial Na+ and H2O transport 
and increased sodium reabsorption through ENaC channel 
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activation. The reduced H2O transport produced a decreased 
airway surface liquid (ASL) volume (dehydration), creating 
an environment favoring recurrent bacterial infections and 
chronic inflammation, which eventually lead to organ failure 
[4]. This hypothesis was later challenged, since the ASL was 
not found dehydrated/reduced in a pig model of CF, even 
though the animals develop spontaneous infections [5, 6]. 
To explain this observation, instead of an ASL dehydration, 
a reduced HCO3

− transport concomitant with a reduced ASL 
pH has been then proposed, in agreement with the previ-
ous findings in CF cells [7]. The reduced extracellular pH 
(pHe) in pigs was also linked to the increased susceptibility 
to spontaneous bacterial infections [5–7]. However, other 
authors do not agree, sustaining that the ASL pH in CF 
patients actually does not change [8, 9]. Therefore, the issue 
is still controversial (reviewed in [10] and discussed recently 
here [11]).

More than 20 years ago, using differential display to study 
the differential expression of genes in CF cells, we found a 
series of CFTR-depending genes [12–14]; in other words, 
genes in which the CFTR Cl− transport activity modulates 
their expression. Other genes, such as RANTES, appear to 
be modulated by the presence of the CFTR at the cell mem-
brane, independently of its Cl− transport activity, through 
its PDZ-interacting motif [15]. The first characterized was 
c-Src, which was found overexpressed in CF cells [14]. Its 
elevated activity resulted in the overexpression of the mucin 
MUC1; therefore, c-Src appeared to constitute a bridge 
between the CFTR failure and the overexpression of mucins 
in CF [14]. Through differential display, we also selected 
two cDNA spots that, contrary to the increased expression 
of c-Src, showed a reduced expression in CF cells. Notewor-
thy, both spots corresponded to genes encoding mitochon-
drial proteins, MTND4 [16] and CISD1 [17], the last cor-
responding to a new human gene that we originally named 
ZCD1, which does not have a clear function yet [17]. Since 
MTND4 was essential for the assembly and activity of the 
mitochondrial Complex I (mCx-I) [18], we then tested if the 
activity of this complex was affected in CF cells, as it was 
reported in the pioneer work of Shapiro et al. many years 
ago (reviewed in [19]), before the CFTR was cloned. As 
expected, we found a reduced mCx-I activity in cultured CF 
cells or cells with impaired CFTR activity [19, 20]. Later, 
we found that this reduced mCx-I activity was caused by an 
autocrine interleukin-1β (IL-1β) loop [21]. Therefore, we 
hypothesized that a reduced mCx-I activity could lead to an 
increased glycolysis, resulting in a high lactate production 
through a Warburg-like effect [22–25], contributing to an 
extracellular pH (pHe) reduction.

To test the above mentioned hypothesis (Warburg-like 
effect), here, we studied the pHe and lactic acid secretion 
in Caco-2/pRS26 shRNA-CFTR and IB3-1 CF epithelial 
cells, which have a reduced CFTR activity [20, 26, 27]. We 

observed a reduced pHe and increased lactate secretion in 
conditioned media from cultured cells with impaired CFTR 
activity. This rise in lactate and H+ secretion (lactic acid) 
was accompanied by an increased lactate dehydrogenase 
(LDH) protein expression and activity. Interestingly, these 
changes were mimicked by IL-1β treatment, a cytokine that 
we found previously increased in CF cells and responsible 
for a decreased mCx-I activity [21]. Noteworthy, the pHe 
was completely restored in Caco-2/pRS26 cells incubated 
in the presence of the LDH inhibitor oxamate, suggesting 
that the increased production of lactate was responsible for 
the decreased pHe observed in cells with impaired CFTR 
activity. Thus, Caco-2/pRS26 cells and IB3-1 cells, having 
an impaired CFTR activity, have increased LDH protein and 
activity, produce higher lactate and a reduced pHe in vitro. 
Thus, at least in vitro, these cells with impaired CFTR activ-
ity secrete more lactic acid, which is mostly responsible for 
the reduced pHe.

Materials and methods

Reagents

Interleukin-1 beta (IL-1β, I9401), l(+)-lactic acid free 
acid (Cat. #L1750-10G) and DMSO culture grade were 
purchased from Sigma-Aldrich (St. Louis, MO). IKK-2 
inhibitor (SC-514) and c-Src inhibitor (4-amino-5-(4-
chlorophenyl)-7-(t-butyl) pyrazolo [3,4-d] pyrimidine, PP2) 
were from Calbiochem (San Diego, CA). p38 MAP kinase 
inhibitor (SB203580), MAP kinase kinases MEK1/2 inhibi-
tor (U0126), and Jun N-terminal kinase (JNK) inhibitor 
(SP600125) were from Alomone Labs (Jerusalem, Israel); 
the LDH inhibitors GNE-140 (racemate) and GSK2837808A 
were from MCE (MedChemExpress, Monmouth Junction, 
NJ). All other reagents were analytical grade. The stock 
solutions of pathway inhibitors were prepared at 1000 × 
in culture-grade DMSO. Antibodies: anti-rabbit antibody 
coupled to horseradish peroxidase (polyclonal, W401B) was 
from Promega (Madison, WI); rabbit polyclonal anti-actin 
antibody (A2066) and rabbit FITC-conjugated secondary 
antibody were from Sigma-Aldrich, and rabbit monoclonal 
antibody anti-LDH-A (C4B5, Rabbit mAb #3582, Lot: 4) 
was from Cell-Signaling Technology (Danvers, MA).

Cells

IB3-1 (CRL-2777) and C38 (CRL-2779) cells were pur-
chased from ATCC (now available at John Hopkins Uni-
versity). IB3-1 cells are bronchial epithelial cells derived 
from a CF patient that exhibited the most frequent muta-
tion ΔF508 in one allele [28]. These cells also have the 
non-sense mutation W1282X in the second allele, which 
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also determines by itself a severe disease [29]. The IB3-1 
cells have been immortalized using the hybrid adenovi-
rus adeno-12-SV40 [27, 30]. C38 cells are IB3-1 cells 
transduced with an adeno-associated viral vector to stably 
express a functional CFTR, in a truncated version [31]. 
The relative activity of IB3-1 cells and C38 cells was 
measured previously by Flotte et al. [32]. It is higher in 
C38 than IB3-1 cells and contrary to IB3-1, the CFTR 
activity of C38 cells respond to PKA stimulation. Caco-2/
pRS26 cells, which are Caco-2 intestinal cells that sta-
bly express an shRNA plasmid directed against CFTR, 
and Caco-2/pRSctrl control cells, transfected with a non-
effective shRNA plasmid against GFP as negative control, 
were cultured as previously described [20, 21]. Caco-2/
pRS26 cells have a lower CFTR activity than Caco-2/pRS 
control cells (~ 25%) [26]. Puromycin treatment (1 µg/
ml) was discontinued before performing the experiments. 
All cell lines were cultured in DMEM/F12 with 15 mM 
HCO3

− and 15 mM HEPES (Cat. No. 12500-096, Life 
Technologies, GIBCO BRL, Rockville, MD) supplemented 
with 10% FBS (Internegocios S.A., Mercedes, Buenos 
Aires, Argentina), 100 U/ml penicillin, and 100 µg/ml 
streptomycin (Life Technologies, GIBCO BRL, Rockville, 
MD). Cultures were grown in a humidified atmosphere 
containing 5% CO2 at 37 °C. Before treatments, cells were 
incubated 24 h in serum-free medium, to reach basal con-
ditions, and then, the serum-free medium was renewed, 
and the cells were cultured for additional 48 h or 72 h, 
depending on the cell line and the treatments. The cells 
were also treated with IL-1β (5 ng/ml), and with the IL-1β 
pathway inhibitors of JNK (SP600125, 5 µM), c-Src (PP2, 
10 μM), P38 MAPK (SB203580, 5 µM), MEK1/2 (U0126, 
5 µM), and IKK (IKK-2 inhibitor, 5 μM). The concentra-
tions used were as previously reported [21]. Cells were 
also treated with the LDH inhibitors GNE-140 [33] and 
GSK-2837808A [34], both at 1 µM concentrations. In both 
cases, the pHe response reached a plateau at concentra-
tions below 1 µM (results not shown). The incubations 
with these inhibitors were performed in the second 48 h 
period, in serum-free media.

Measurement of the extracellular pH (pHe)

Cells were cultured in p60 culture dishes, plated at 5 × 104 
cells/cm2 (1 × 106 cells/dish) in 3 ml of culture medium. 
After incubation in serum-free medium at the time indicated 
for each experiment, the pHe was measured in the condi-
tioned media using a pH meter (UltraBasic UB-10, Denver 
Instrument, Bohemia, NY). To avoid pHe changes in the 
culture medium due to atmospheric equilibration, each plate 
was maintained in the incubator containing 5% CO2 until it 
was rapidly measured using the pH meter.

Extracellular lactate measurement

Cells were seeded in 12 wells culture plates at a density of 
4 × 104 cells/cm2 (1 × 105 cells/well) in 0.8 ml of culture 
medium containing 5% FBS. Before treatments, cells were 
incubated 24 h in 0.8 ml of serum-free medium to reach 
basal conditions, and then, the serum-free medium was 
replaced by new serum-free medium with or without treat-
ments. After the second incubation in serum-free medium, 
a sample (15 μl) of medium was collected at 5, 24, and 48 h 
to measure lactate secretion. The samples were centrifuged 
at 600 × g for 10 min at 4 °C and the lactate concentration 
was measured in the supernatants using the Lactate kit from 
Roche (Cat. #11822837 190, Roche Diagnostics GmbH, 
Mannheim, Germany), with some modifications to adapt 
the measurements to 96 wells plates, which were measured 
in a Multiskan Spectrum spectrophotometer (Thermo Fisher 
Scientific, Vantaa, Finland). Briefly, the lactate calibration 
curve (5, 10, 20, 30, 40, 50, and 100 μM) was made using 
a 150 mM lactate stock solution prepared from l(+)-lactic 
acid free acid dissolved in serum-free DMEM/F12 medium 
containing 15 mM HEPES and neutralized to pH 7.4 using 
a 1 M KOH solution. The samples (conditioned media) 
were diluted 1:100 and 150 μl/well were loaded in 96 wells 
plates. The lactate kit reagents were mixed, 12.5 μl of R1 
(this solution is the hydrogen donor, ascorbate ≥ 30 U/ml, 
buffer) and 2.5 μl of R2 (4.9 mM 4-aminoantipyrine, lac-
tate oxidase (LOD, microorganisms) ≥ 15 U/ml, horseradish 
peroxidase ≥ 24 U/ml, buffer) per well, and 15 μl/well were 
added to the samples and the calibration curve. The spec-
trophotometric measurement was performed at 660 nm after 
5 min of incubation at RT.

Lactate dehydrogenase activity (LDH)

Lactate dehydrogenase activity was determined spectro-
photometrically by measuring the oxidation of NADH dur-
ing the reduction of pyruvate to lactate (absorbance/min at 
340 nm) as previously reported [35].

Confocal immunofluorescence and image analysis

Caco-2/pRSctrl and Caco-2/pRS26 cells plated on coverslips 
in 24-well plates (4 × 104 cells/well; 2 × 104 cells/cm2) were 
cultured for 48 h in 2 ml of DMEM-F12 with or without 
serum 5%. Immunocytochemistry was performed as previ-
ously described [14] with some modifications. Briefly, cells 
were rinsed twice in ice-cold PBS and fixed with a freshly 
prepared solution of 4% paraformaldehyde-4% sucrose in 
PBS for 20 min at RT. Then, cells were rinsed 3 times in 
Tris-Buffered Saline 1× (TBS) and permeabilized with 0.1% 
Triton X-100 in TBS for 15 min at RT. After three washes in 
ice-cold TBS, cells were blocked with 5% BSA-TBS for 1 h 
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at room temperature. Then, cells were incubated with a pri-
mary anti-LDH-A antibody, dilution 1:200 in 5% BSA-TBS 
plus Tween-20 (0.05% v/v) and incubated overnight at 4 ºC. 
After primary antibody incubation cells were washed three 
times with TBS plus Tween-20 (0.05% v/v) and incubated 
with FITC-conjugated secondary antibody, dilution 1:400 in 
the same buffer for 2 h, at RT. Immunofluorescence images 
were captured with a Zeiss LSM 510 confocal microscope 
(Carl Zeiss, Jena, Germany) using a 63X/1.2 NA (numeri-
cal aperture) water-immersion objective. For FITC (Ex/Em: 
490/525), a 488-laser line was used for excitation and an LP 
505 nm filter for emission (green). LDH-A images from ten 
microscope fields for each condition of three independent 
experiments were registered.

LDH‑A quantification

LDH-A was quantified by flow cytometry [36]. Briefly, 
Caco-2/pRSctrl and Caco-2/pRS26 cells were cultured in 
p60 plates (4 × 105 cells/dish, density 2 × 104 cells/cm2) for 
48 h in DMEM-F12 with or without 5% FBS. Cells were 
harvested by trypsin treatment and washed twice with PBS. 
Ice-cold samples containing 1 × 106 cells per 150 μl of PBS 
were fixed by adding 50 μl of paraformaldehyde-sucrose 
4X (paraformaldehyde 4%-sucrose 4% final concentration) 
to each tube and incubated for 15 min at 4 °C. Cells were 
washed three times with PBS plus 0.2% Tween 20 (PBS-
T) and centrifuged at 400×g for 5 min. Unspecific binding 
sites were blocked with 5% BSA in PBS for 30 min and 
washed two times with PBS-T and centrifuged at 400×g for 
5 min. Cells were incubated with 50 μl of the anti-LDH-
A rabbit antibody diluted 1:200 and incubated over night 
at 4 °C. Then, cells were washed four times with PBS-T 
and centrifuged at 400×g for 5 min. Cells were incubated 
with 50 μl of the anti-rabbit-FITC antibody diluted 1:400, 
incubated 1 h at RT, and washed three times with PBS-T. 
Finally, cells were pelleted by centrifugation at 400×g for 
5 min, resuspended in 300 μl of ice-cold PBS, and ran on 
the flow cytometer (Accuri, BD Biosciences, San José, CA). 
To quantify the LDH-A content, the mean of fluorescence 
intensity (MFI) was measured and the results were expressed 
as mean ± SE of three independent experiments, each per-
formed by triplicates.

Statistics

Unless otherwise indicated, the results corresponded to the 
average of three independent experiments (mean ± SEM, 
n = 3). The different curves and regressions were fitted on the 
mean at each concentration point and SE weighted using the 
software Origin (OriginLab Co.); the R2 values were used to 
obtain the corresponding t values: t =

√

R2(n − 2)∕(1 − R2) 
[37] and the corresponding p values. One-way ANOVA and 

the Tukey’s test were applied to determine significant differ-
ences among samples (p < 0.05). The values passed the Lev-
ene’s test for homoscedasticity [38] and the Shapiro–Wilk´s 
normal distribution test [39]. However, since the number of 
means was small (in most cases n = 3), the differences in the 
graphs with bars were also analyzed using the Kruskal–Wal-
lis non-parametric test [40] and the Mann–Whitney test 
[41]. If a difference occurred between the significance of 
the parametric vs the non-parametric test, this was indicated 
in the legend of the figure. Some differences were compared 
using the Student´s (W.S. Gosset) test [42]. In all figures, 
*p < 0.05, **p < 0.01, and ***p < 0.001.

Results

Cells with impaired CFTR activity produce 
hyperacidity in the extracellular medium

To study the possible influence of the CFTR activity on 
pHe, we used two epithelial cell lines of different origins 
(intestine and lung), which have an affected CFTR activ-
ity through different ways. We first used Caco-2 colon 
carcinoma cells (normal CFTR activity), transfected with 
an shRNA against CFTR (Caco-2/pRS26 cells), and their 
control expressing an shRNA against GFP (a protein not 
present in these Caco-2/pRSctrl cells) [20, 26]. As shown 
in Fig. 1a, after incubation for 72 h in serum-free medium, 
the pHe was significantly (p < 0.001) decreased in the CFTR 
knockdown (CFTR-KD) Caco-2/pRS26 cells (7.23 ± 0.02, 
n = 7) compared to Caco-2/pRSctrl cells (7.42 ± 0.03, n = 7), 
with a ΔpHe = 0.19 ± 0.04. To confirm that a CFTR failure 
induces a decreased pHe, we then used IB3-1 airway CF 
cells, which instead of a CFTR-KD have a mutated CFTR 
(ΔF508/W1282X genotype) [27, 30]. As control, we used 
C38 cells, which are IB3-1 “corrected cells” transduced 
with a viral vector expressing a truncated wt-CFTR [28]. 
As shown in Fig. 1b, the pHe was significantly (p < 0.01) 
decreased in IB3-1 cells (7.02 ± 0.04, n = 3) compared with 
C38 cells (7.32 ± 0.08, n = 3), reinforcing the idea that a 
CFTR failure promotes a reduction in the pHe.

The impairment of the CFTR activity increases 
lactate secretion and LDH‑A expression

To study the possible mechanisms that might lead to a 
reduced pHe, we first measured the lactate secretion in 
Caco-2/pRS26 and Caco-2/pRSctrl cells, incubated in 
serum-free media for 24 h before measurements (time 0). 
As shown in Fig. 2a, the lactate secretion increased lin-
early with time in both cell lines. The total lactate secre-
tion was significantly (p < 0.001) increased in Caco-2/
pRS26 cells compared to Caco-2/pRSctrl at 24 h (7.47 ± 0.2 
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vs 4.91 ± 0.35  mM, n = 4) and 48  h (12.36 ± 0.31 vs 
8.55 ± 0.29, n = 4) of incubation. The rate for lactate pro-
duction was significantly (p < 0.05) higher in Caco-2/pRS26 
cells (slope = 0.23 ± 0.06, n = 4) than in Caco-2/pRSctrl 
(slope = 0.16 ± 0.06, n = 4). In agreement with these results, 
the intracellular LDH activity showed a significant rise 
(p < 0.001) in Caco-2/pRS26 (166.4% ± 8.2, n = 5) compared 
to Caco-2/pRSctrl (100% ± 5.8, n = 5) after 48 h of incuba-
tion in serum-free medium (Fig. 2b). We then studied if the 
increased LDH activity correlated with LDH-A expression. 
First, using confocal microscopy, the LDH-A location in 

Caco-2/pRSctrl and Caco-2/pRS26 cells was observed by 
immunofluorescence, and the influence of the serum pres-
ence in the incubation medium was analyzed (Fig. 2c). 
LDH-A was mainly located in the cytoplasm in both cell 
lines, either incubated in serum-free media or in the pres-
ence of FBS, for 48 h. On the other hand, LDH-A protein 
expression was measured by cytometric quantification of 
Caco-2/pRSctrl and Caco-2/pRS26 cells incubated in serum-
free medium (Fig. 2Da and b) or in the presence of 5% FBS 
(c and d) for 48 h. Results were plotted as FL1-A (Fluo-
rescence intensity) vs FSC-A (forward scattering). LDH-A 
expression levels were also expressed as Media Fluorescence 
Intensity (MFI) (Fig. 2De). LDH-A expression was signifi-
cantly higher (p < 0.05, n = 3) in Caco-2/pRS26 cells than in 
Caco-2/pRSctrl cells (Fig. 2De). These results suggest that 
LDH-A expression is up-regulated in cells with impaired 
CFTR activity (Caco-2/pRS26 cells), in agreement with the 
observed increase in LDH activity and lactate secretion.

To confirm these results, the lactate secretion and LDH 
activity were also measured in IB3-1 cells (CFTR-mutated, 
CF cells) and C38 cells (IB3-1 “corrected” cells). As shown 
in Fig. 2e, the lactate secretion in IB3-1 cells was signifi-
cantly (p < 0.05) increased compared to C38 cells, after 72 h 
of incubation in serum-free medium. On the other hand, 
IB3-1 cells showed a significantly (p < 0.01) increased 
LDH activity (201.4% ± 21.4, n = 3) compared to C38 
cells (100% ± 12.2, n = 3), in agreement with the observed 
increased lactate secretion and a reduced pHe of IB3-1 
cells. Altogether, these results suggest that the impaired 
CFTR activity (CFTR-KD or CFTR-mutated) induces an 
increased activity of LDH, which resulted in an increased 
lactate secretion and a reduced pHe. The pHe is reduced, 
since lactate is transported together with H+ through MCTs 
symporters [43–45].

IL‑1β treatment reduces the extracellular pH 
increasing lactate production

We have reported that the impairment of the CFTR activ-
ity results in Cl− accumulation and IL-1β overexpression 
and secretion; in turn, the secreted IL-1β creates an auto-
crine positive feed-back loop that enhances its own sig-
nal, increases the oxidative stress, and reduces the mCx-I 
activity [21, 26, 46–49]. Therefore, here, we study possible 
effects of recombinant IL-1β on pHe. Caco-2/pRSctrl cells 
were incubated with different IL-1β concentrations (0.25, 
0.5, 0.75, 1.0, 2.5, and 5 ng/ml) for 48 h, in serum-free 
medium, and the pHe was measured. As shown in Fig. 3a, 
IL-1β reduced the pHe in a dose-dependent manner, with an 
EC50 = 0.21 ± 0.02 ng/ml (exponential decay curve, p < 0.01, 
n = 7, R2 = 0.95). In addition, Caco-2/pRSctrl cells treated 
with 5 ng/ml of IL-1β for 48 h showed a reduction in the 
pHe (6.88 ± 0.03, n = 3) that reached almost the same value 

Fig. 1   Impairment of the CFTR activity decreased the extracellular 
pH (pHe). a pH of conditioned media from Caco-2/pRSctrl (Caco-2 
cells with wt-CFTR transfected with a control shRNA plasmid) (open 
bar) and Caco-2/pRS26 cells (Caco-2 cells stably expressing shRNA-
CFTR) (closed bar) after 72  h incubation in serum-free medium. 
Results were expressed as mean ± SE, n = 7 independent experiments. 
***p < 0.001 b pHe of conditioned media from C38 cells (IB3-1 
cells “corrected” with wt-CFTR, grey bar) and IB3-1 cells (CF 
cells, closed bar) after 72  h incubation in serum-free medium. The 
results were expressed as mean ± SE, n = 3 independent experiments. 
**p < 0.01. One-way ANOVA tests were performed. In addition, the 
Mann–Whitney non-parametric median analysis showed p < 0.01 for 
panel A and p < 0.05 for b 
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of Caco-2/pRS26 cells (6.87 ± 0.04, n = 3) (Fig. 3b). On 
the other hand, IL-1β (5 ng/ml) induced a time-dependent 
linear increase in the lactate secretion in Caco-2/pRSc-
trl (12.5 ± 1.4 mM, n = 3, 48 h), showing similar lactate 

secretion than Caco-2/pRS26 cells without externally added 
IL-1 β (12.4 ± 0.6 mM, n = 3, 48 h) (Fig. 3c). In addition, 
in agreement with the increased lactate secretion, the LDH 
activity increased in Caco-2/pRSctrl cells (154.5 ± 24.5%, 
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n = 4, 48 h) by IL-1β treatment compared to untreated cells, 
almost reaching the LDH activity in Caco-2/pRS26 cells 
(165.7 ± 6.7%, n = 4, 48 h) (Fig. 3d). Overall, these results 
show that IL-1β increase the LDH activity and lactate secre-
tion, resulting in a reduced pHe.

IL‑1β decreases the extracellular pH through JNK 
and c‑Src signaling

To study the possible mechanism by which IL-1β regulates 
the pHe, Caco-2/pRSctrl and Caco-2/pRS26 cells were 
treated with inhibitors of different kinases involved in the 
IL-1β signaling (P38, JNK, MEK 1/2, and c-Src), as previ-
ously described [21]. The P38 MAPK inhibitor (SB203580) 
and the MEK1/2 inhibitor (U0126) did not produce a signifi-
cant effect on the pHe (Fig. 4a). Conversely, JNK (SP600125) 
and c-Src (PP2) inhibitors increased significantly (p < 0.05) 
the pHe in Caco-2/pRSctrl and Caco-2/pRS26 cells (Fig. 4b, 
c), suggesting a role of these kinases in the pHe reduction. A 
dose–response pHe increase was observed when cells were 
treated with increased concentrations of the JNK inhibitor 
SP600125 (EC50 = 2.3 ± 0.6 µM, n = 4 for Caco-2/pRSctrl 
and EC50 = 2.9 ± 1.8 µM, n = 4, for Caco-2/pRS26) or the 
c-Src inhibitor PP2 (EC50 = 0.5 ± 0.1 µM, n = 4, for Caco-2/
pRSctrl and EC50 = 0.4 ± 0.1 µM, n = 4, for Caco-2/pRS26). 
However, a ΔpHe remains between Caco-2/pRSctrl and 
Caco-2/pRS26 cells, even in the presence of saturating con-
centrations of SP600125 or PP2 (Fig. 4b, c), or adding both 

together (results not shown), suggesting that additional sign-
aling should be involved in the pHe regulation, accounting 
for the remaining ΔpH.

JNK and c‑Src modulates lactate production 
and LDH activity

As shown in Fig. 5a, after 48 h, inhibition of JNK kinase 
with 10 µM SP60125 significantly (p < 0.05) decreased the 
lactate secretion in both Caco-2/pRS26 cells (untreated cells 
12.4 ± 0.6 mM vs treated cells 9.4 ± 1.3 mM, n = 3) and in 
Caco-2/pRSctrl cells (untreated cells 8.5 ± 0.6 mM vs treated 
cells 6.3 ± 1.7  mM, n = 3). JNK inhibition with 10  µM 
SP60125 also induced a significant (p < 0.05) decrease in the 
LDH activity in Caco-2/pRS26 cells (53.3% ± 12.8, n = 3) 
compared with untreated Caco-2/pRS26 cells (166.4% ± 8.2, 
n = 3) (Fig. 5b). c-Src inhibition using 5 µM PP2 for 48 h 
produced similar results. There was a significant (p < 0.001) 
reduction in the secreted lactate in Caco-2/pRS26 cells 
(untreated cells 12.4 ± 0.6 vs treated cells 7.7 ± 0.9 mM, 
n = 3) and Caco-2/pRSctrl cells (untreated cells 8.5 ± 0.6 
vs treated cells 5.1 ± 0.9 mM, n = 3) (Fig. 5c). In addition, 
the LDH activity in cells treated with PP2 was significantly 
(p < 0.05) decreased in Caco-2/pRS26 cells (51.8% ± 15.6, 
n = 3) compared with their respective untreated Caco-2/
pRS26 cells (166.4% ± 8.2, n = 3) (Fig. 5d). Altogether, these 
data suggest that JNK and c-Src activities are involved on 
the pHe reduction of CFTR downregulated cells, somehow 
increasing the LDH activity and consequently the extracel-
lular lactate.

LDH inhibition restores the pHe in cells 
with impaired CFTR

Caco-2/pRSctrl cells and Caco-2/pRS26 cells were incu-
bated with increased concentration of the LDH inhibitor 
oxamate (0–60 mM [34]) for 48 h. As shown in Fig. 6a, 
oxamate increased the pHe of Caco-2/pRS26 and Caco-2/
pRSctrl cells in a dose–response manner (fitted with a sig-
moidal function). Contrary to the results obtained with PP2 
and SP600125 that only partially restored the pHe, oxam-
ate was able to fully restore the pHe, reaching almost the 
same value in oxamate treated Caco-2/pRS26 (7.42 ± 0.02, 
n = 3) or in Caco-2/pRSctrl cells (7.46 ± 0.02, n = 3), cul-
tured for 48  h. In addition, 60  mM oxamate induced a 
significant (p < 0.001) decrease of the lactate secretion in 
both cell lines, Caco-2/pRS26 (4.95 ± 0.42 mM, n = 3) or 
Caco-2/pRSctrl cells (3.08 ± 0.09 mM, n = 3) compared 
with untreated Caco-2/pRS26 cells (12.36 ± 0.31  mM, 
n = 3), after 48 h of treatment (Fig. 6b). The LDH activ-
ity was also significantly (p < 0.05) decreased in Caco-2/
pRS26 (65.9% ± 9.5, n = 3) treated with oxamate (60 mM) 
compared with non-treated Caco-2/pRS26 (166.4% ± 8.2, 

Fig. 2   Lactate secretion, LDH activity and LDH expression of cells 
with impaired CFTR activity. a Lactate concentration in conditioned 
media from Caco-2/pRSctrl cells (solid line) and Caco-2/pRS26 
cells (dotted line) at 5, 24 and 48 h. The results were fitted using a 
linear regression. The slopes are indicated and had a significant dif-
ference (p < 0.05). ***Highly significant differences (p < 0.001) 
compared to Caco-2/pRSctrl at each time point (ANOVA one-way-
Tukey´s test, n = 4 independent experiments). b Intracellular LDH 
activity measured in Caco-2/pRSctrl and Caco-2/pRS26 cells incu-
bated 48  h in serum-free medium; the activity values were normal-
ized taken Caco-2/pRSctrl as 100%. ***Highly significant differ-
ences (p < 0.001, n = 5, one-way ANOVA). c Caco-2/pRSctrl and 
Caco-2/pRS26 cells were incubated with 5% FBS or in serum-free 
medium for 48  h. Confocal immunofluorescence was performed to 
detect LDH-A (representative micrographs of 3 independent experi-
ments). d Cytometry was performed to quantify LDH-A expression. 
FL1-A (fluorescence intensity) vs FSC-A (forward scattering) plots 
are shown for Caco-2/pRSctrl and Caco-2/pRS26 cells incubated in 
serum-free medium (a, b) or in the presence of 5% FBS (c and d) for 
48  h. LDH-A expression was indicated as mean fluorescence inten-
sity (MFI) and normalized to control values (e). *p < 0.05 (one-way 
ANOVA-Tukey´s test). e Lactate secretion of C38 cells (grey bar) and 
IB3-1 (CF cells, black bar), preincubated 24 h in serum-free medium 
and then measured at 72  h of incubation in serum-free medium. 
*p < 0.05, n = 3 (one-way ANOVA). f Intracellular LDH activity in 
IB3-1 (CF cells, black bar) and C38 cells (grey bar), measured before 
72 h of incubation in serum-free medium, referred at C38 as 100% of 
activity, n = 3. **p < 0.01 (one-way ANOVA). In addition, the Mann–
Whitney non-parametric median analysis showed p < 0.05 for b 
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n = 3), approaching the activity observed in treated Caco-2/
pRSctrl cells (84.03% ± 7.44, n = 3) (Fig. 6c).

To test if LDH inhibition could also restore the increased 
pHe in CF cells, IB3-1 CF cells and C38 cells (expressing a 
functional CFTR) were incubated with increased concentra-
tion of oxamate (0–60 mM) for 72 h in serum-free medium 
(Fig. 7a). In close similarity to the results observed with 
Caco-2 cells, oxamate increased the pHe of IB3-1 and C38 
cells in a dose–response manner. Although the pHe increases 
were most pronounced in IB3-1 cells than in C38 cells, they 
were not enough to reach an even pHe value as observed in 
Caco-2 cells at oxamate 60 mM, and a ΔpHe remains. We 
also tested two additional inhibitors of LDH-A, GNE-140 
(1 μM), and GSK2837808A (1 μM), that are much potent 

than oxamate. As shown in Fig. 7b, the three inhibitors used, 
oxamate (60 mM), GNE-140 (1 μM), and GSK2837808A 
(1 μM), caused a pHe increase in IB3-1 cells, while in C38 
cells, a small pHe increase was observed, that did not reach 
significance. GNE-140 (racemate) was slightly more potent 
than GSK2837808A at the same concentration of 1 µM.

Discussion

Here, we show that Caco-2/pRS26 colon carcinoma cells 
or IB3-1 CF lung epithelial cells, both with impaired CFTR 
activity, cultured in monolayers, produce a reduction in the 
pHe (Fig. 1) concomitant with an increased lactate secretion 

Fig. 3   Interleukin-1β decreases pHe increasing lactate secretion 
and LDH activity. a pHe was measured in conditioned media from 
Caco-2/pRSctrl cells, previously incubated in serum-free medium for 
24  h, and then treated with different concentrations of recombinant 
IL-1β (0.25, 0.5, 0.75, 1.0, 2.5 and 5 ng/ml), for 48 h in serum-free 
medium. The pHe decreased over time with an EC50 = 0.21 ± 0.02 ng/
ml (n = 7) (exponential decay curve, p < 0.01, R2 = 0.95). b pHe of 
Caco-2/pRSctrl, Caco-2/pRSctrl treated with 5  ng/ml of IL-1β cells 
and Caco-2/pRS26 cells. * indicates p < 0.05, n = 7. c Lactate secreted 
into the culture media of non-treated (filled square—Caco-2/pRSc-
trl and filled circle—Caco-2/pRS26) and IL-1β (5  ng/ml) treated 

(unfilled square—Caco-2/pRSctrl and unfilled circle—Caco-2/
pRS26) cells, at different times (5, 24 and 48  h). **p < 0.01 com-
pared to untreated control cells (pRSctrl cells), n = 3. d Intracellular 
LDH activity measured in non-treated and IL-1β (5  ng/ml) treated 
Caco-2/pRSctrl and Caco-2/pRS26 cells incubated 48  h in serum-
free medium, and expressed as LDH activity  %, taken the values of 
Caco-2/pRSctrl as 100%. One-way ANOVA and Tukey’s test were 
performed. *p < 0.05, n = 4 independent experiments. Kruskal–Wallis 
test and the Mann–Whitney test were used to corroborate significant 
difference by a non-parametric analysis and the results were equiva-
lent



Impairment of CFTR activity in cultured epithelial cells upregulates the expression and activity…

1 3

(Fig. 2). The pHe reduction is small, ~ 0.2 pH units, since the 
cultured medium is buffered with HEPES and bicarbonate. 
The contribution of this small reduction to the CF patho-
physiology is unknown. However, lactate concentration in 
the culture medium after 48 h incubation reached values 
of ~ 12 mM for Caco-2/pRS26 and 6 mM for IB3-1 cells 
in 72 h. Since lactate is secreted together with H+ through 
lactate/H+ MCTs symporters (monocarboxylate transport-
ers) [43–45], probably the measured lactate is equivalent 
to lactic acid. For this reason, the pHe decreases when the 
measured lactate increases. However, other routes have been 
proposed for lactate efflux and H+ secretion and might also 
contribute to the pHe.

In IB3-1 cells (derived from a CF patient), cultured in 
serum-free medium, the lactate secretion increased line-
ally at least up to 48 h. The increased lactic acid secretion 
was accompanied by increased LDH activity and LDH-A 
expression. The influence of 5% FBS in the LDH-A expres-
sion, measured by cytometry, was minimal and did not reach 
significance (Fig. 2a–d). Similar results in lactate secretion 
and LDH activity were obtained when IB3-1 CF cells were 
compared to “CFTR-corrected” C38 cells (Fig. 2e, f). The 
lactate secretion was higher in Caco-2 colon cells (~ 6 mM/
day) than in IB3-1 the lung cells (~ 2 mM/day). This is prob-
ably due to the fact that Caco-2 cells are derived from tumor 
cells, while IB3-1 cells are derived from non-tumor cells. It 
is interesting to note that, in agreement with these results, 
before the CFTR was cloned, Bardon et al. [50, 51] reported 
several disturbs in the glycolytic pathway of CF cells, and 
that the activity of hexokinase, phosphofructokinase, pyru-
vate kinase, and lactate dehydrogenase were increased in 
fibroblasts from CF patients. However, when the CFTR was 
cloned and found to be a Cl− channel, these observations 
regarding possible metabolic changes in CF were neglected, 

as occurred with other work by Burton Shapiro concerning 
possible mitochondrial failures in CF [19, 52, 53]. It was not 
known at that time that Cl− might act as a signaling effector, 
inducing the expression of Cl−-dependent genes [47, 49].

Although we did not measure IL-1β in the supernatants 
of C38 cells, we have shown previously that IB3-1 cells 

Fig. 4   JNK and c-Src inhibitors SP600125 and PP2 increased the 
pHe in cells with impaired CFTR activity. a pHe measured in con-
ditioned media from Caco-2/pRSctrl cells (open bars) and Caco-2/
pRS26 (closed bars) cells, previously incubated in serum-free 
medium for 24  h, and then treated for 48  h with inhibitors of the 
IL-1β pathway (5 μM IKK-2 inhibitor SC-514, 10 μM c-Src inhibitor 
PP2, 5 μM P38 inhibitor SB203580, 5 μM MEK1/2 inhibitor U0126, 
and 5  μM JNK inhibitor SP600125) with the replenishment  of 
fresh media at time zero. *p < 0.05 compared to Caco-2/pRSctrl cells. 
One-way ANOVA and Tukey´s test for n = 3 independent experi-
ments were performed. b Dose–response curve corresponding to pHe 
measured in conditioned media from Caco-2/pRSctrl cells (solid line) 
and Caco-2/pRS26 (dotted line) cells, treated for 48 h with the JNK 
inhibitor SP600125. c Dose–response obtained by incubation with the 
c-Src inhibitor PP2 in the same conditions as b. The dose–response 
curves were fitted with a sigmoidal function and t values were calcu-
lated from R2 (p < 0.001 in b and c). *p < 0.05, comparing the values 
of Caco-2/pRS26 at each concentration with the values of Caco-2/
pRSctrl cells at the same concentration, using the Student t test (n = 4 
independent experiments). Kruskal–Wallis test and the Mann–Whit-
ney test were used to corroborate significant difference by a non-para-
metric analysis and the results were equivalent
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overexpress IL-1β compared to “CFTR-corrected” S9 cells 
[21], which are also IB3-1 cells transfected with wt-CFTR. 
The same was the case for Caco-2/pRS26 cells, which over-
express IL-1β compared to Caco-2/pRSctrl control cells 
[21]. Therefore, we decided to test the pHe effects of add-
ing recombinant IL-1β and several inhibitors of the IL-1β 
pathway to Caco-2/pRSctrl cells. IL-1β, added to cultured 
Caco-2/pRSctrl cells, produced a pHe reduction, reaching 
a similar pHe value compared to Caco2/pRS26 cells (with 
shRNA-CFTR) when the IL-1β concentration was over 1 ng/
ml (Fig. 3). This pHe decreased in Caco-2/pRSctrl cells 
treated with IL-1β was also accompanied by increased LDH 
activity and lactate secretion, suggesting that the effects seen 
in these cells are partially due to the previously described 
IL-1β autocrine loop [21, 26, 46, 48]. Therefore, we decided 
to study the effects of inhibitors of the IL-1β signaling path-
way, including p38, JNK, MEK1/2 and c-Src inhibitors. The 
c-Src and JNK inhibitors (PP2 and SP600125, respectively) 
increased the pHe in cells with impaired CFTR activity 
(Fig. 4). However, control cells also increased the pHe and, 
therefore, the impaired cells were not able to fully recover 
the pHe with these inhibitors (both inhibitors added together 
did not showed further pHe recovery; results not shown). 
Thus, some other pathways besides those of c-Src and JNK 

might partially contribute to the increased pHe. These 
inhibitors also significantly reduced the lactic acid secre-
tion and LDH activity in Caco-2/pRS26 cells (Fig. 5a–d). 
On the other hand, contrary to results obtained using JNK 
and c-Src inhibitors, a full recovery in the pHe was observed 
when Caco-2/pRS26 cells were treated with oxamate, an 
LDH inhibitor (Fig. 6). Similar results were obtained using 
IB3-1 and C38 cells, although the recovery was not total in 
this case, and a small difference remains (Fig. 7). Altogether, 
these data suggest that an increased LDH activity and lactate 
secretion are responsible for the decreased pHe observed, 
induced by the CFTR failure. Interestingly, in the last years, 
several reports supports the hypothesis of an impaired 
HCO3

− transport in CF as the cause for a decreased pHe 
in the ASL [7, 54]. However, the possible contribution of 
lactate was not considered in those studies. By the contrary, 
the present results suggest that lactic acid is the main factor 
determining the reduced pHe, and that the contribution by 
bicarbonate in these cells, if any, should be minimal (since 
LDH inhibition by oxamate completely normalizes the pHe 
in Caco2/pRS26 cells and almost completely in IB3-1 cells). 
Nevertheless, we cannot disregard some contribution of a 
reduced HCO3

− secretion without a direct measurement of 
its concentration.

Fig. 5   Lactate secretion and 
intracellular LDH activity in 
cells treated with the JNK and 
c-Src inhibitors SP600125 and 
PP2. a Lactate secreted into the 
culture media of Caco-2/pRSctrl 
and Caco-2/pRS26 cells treated 
with 10 μM SP600125 (JNK 
inhibitor), at 0, 5, 24 and 48 h. 
b Intracellular LDH activity in 
Caco-2/pRSctrl and Caco-2/
pRS26 cells treated with 10 μM 
SP600125 for 48 h. LDH activ-
ity was expressed as %, normal-
ized to Caco-2/pRSctrl as 100% 
activity. c Lactate concentration 
secreted into the culture media 
of Caco-2/pRSctrl and Caco-2/
pRS26 cells treated with 5 μM 
PP2 (c-Src inhibitor), at 0, 5, 24 
and 48 h. d Intracellular LDH 
activity in Caco-2/pRSctrl and 
Caco-2/pRS26 cells treated with 
5 μM PP2 for 48 h. One-way 
ANOVA and Tukey´s test were 
used (n = 3, independent experi-
ments). Kruskal–Wallis test and 
the Mann–Whitney test were 
used to corroborate significant 
difference by a non-parametric 
analysis and the results were 
equivalent
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In consonance with the effects of IL-1β observed here, 
Abcouwer et al. [55] showed an increased lactate produc-
tion and a decreased mitochondrial activity in retinal neu-
rons treated with IL-1β and Manerba et al. found that TNF 
and IL-17 increased LDH-A activity and lactate production 
in cancer cells, affecting the migration ability and matrix 
remodeling; the LDH inhibitors oxamate and galloflavin 
were found to relieve the inflammation-induced effects 
[56]. In addition, Wetmore et al. found several metabolic 
differences between the CF and non-CF cells [57] and Ben-
sel et al. [58] found increased levels of lactate in sputum 
from CF patients, attributed to the anaerobic metabolism of 
neutrophils in the relative hypoxic conditions of CF secre-
tions. In addition, Kottmann et al. [59] reported an increased 
lactate production in idiopathic pulmonary fibrosis (IPF), a 
disease phenotypically similar to CF; in human lung fibro-
blasts, they showed a pH-dependent activation of transform-
ing growth factor beta (TGF-β), accompanied by LDH5 
overexpression. It should be noted, however, that the levels 
of lactate in airways or sputum could not only be attributed 
to the CFTR failure of epithelial cells, since the presence of 
active inflammatory cells and bacteria will result in elevation 
of lactate independently of the CFTR mutation.

While this work was in progress, Schultz el al. [9] 
reported that the ASL pH was not changed in CF children or 
in primary cell cultured in the presence of serum. However, 
they did see a pH reduction in cells cultured in the absence 
of serum. Clearly, the pHe is reduced only after the buffer 
capacity of the media (or ASL) is exceed. We performed 
our studies in the absence of serum to avoid the FBS buffer-
ing and to have a very well-defined cultured condition. An 
important question here is how much FBS is equivalent to 
the in vivo environment [60]. In other words, we need to 
know how much FBS should be added to correctly emulate 
the in vivo environment. This has not been studied yet. On 
the other hand, primary cells are usually cultured in semi-
synthetic media that have EGF, crude pituitary extracts 

and other substances of an unknown composition and it is 
unknown in which degree the excessive presence of EGF 
and other factors affect the pHe (and the CFTR expression). 
Therefore, the results from the different model systems 
might not be analogous. Thus, the results by Schultz et al. 
[9] contradict the previous results obtained in the pig model 
or in lungs lavages from CF patients (recently reviewed in 
[10]); in consequence, the issue is still controversial [10]. 

Fig. 6   Oxamate treatment normalized the pHe and lactate values of 
Caco-2/pRS26 cells. a pHe was measured in conditioned media from 
Caco-2/pRSctrl and Caco-2/pRS26 cells, previously incubated in 
serum- free medium for 24 h, and treated with different oxamate con-
centrations (0–60 mM) for 48 h. pHe vs oxamate concentration points 
were fitted using a sigmoidal (dose–response) function fixing the low 
asymptote to 0  mM concentration and the t values were calculated 
from the R2 (p < 0.001). b Lactate secreted into the culture media of 
Caco-2/pRSctrl and Caco-2/pRS26 cells treated with 60 mM oxam-
ate, at 0, 5, 24, and 48 h). ***p < 0.001 with respect to pRS26 cells at 
48 h (ANOVA one-way-Tukey´s test). c Intracellular LDH activity of 
Caco-2/pRSctrl and Caco-2/pRS26 cells treated with 60 mM oxamate 
for 48  h. LDH activity was expressed as % and referred to Caco-2/
pRSctrl as 100% of activity. *p < 0.05 with respect to Caco-2/pRS26 
cells at 48 h (ANOVA one-way-Tukey´s test, n = 3 independent exper-
iments). Kruskal–Wallis test and the Mann–Whitney test were used 
to corroborate significant difference by a non-parametric analysis and 
the results were equivalent
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What is clear from the present results is that LDH activity 
and lactate productions increase when the CFTR activity is 
impaired. In which conditions the increased lactate might 
exceed the buffer capacity of the basolateral fluids in vivo 
and then decrease the pHe in the apical region through the 
basolateral shunt or direct apical secretion is still unknown. 
Earlier studies in sweat glands [61] showed that lactate was 
secreted at the same rate as bicarbonate, and differences 
between normal and CF individual were not observed in 
lactate, bicarbonate, and pHe. Perhaps, for this reason, the 
lactate was no longer considered a factor. It is clear now that 
at least for these cultured epithelial cells from lung (IB3-1 
cells) and intestine (Caco-2 cells), this is not the case, and 
that lactate has a predominant role in determining the pHe 
when the buffer capacity is exceeded. However, in other 
epithelial cells, particularly in pancreas, were bicarbonate 
secretion is abundant [62], the acidification as a result of 
lactate secretion may be compensated or exceeded by the 
bicarbonate secretion through CFTR or other anion chan-
nels. In addition, it should be noted that Caco-2 cells are 
derived from a colon carcinoma. Therefore, in agreement 
with the obtained results, these tumor cells are expected to 
have a s stronger Warburg effect and lactate production com-
pared to the IB3-1 cells, which are non-tumor cells derived 
from a CF patient.

In addition, while this work was in progress, and in 
agreement with our results, Garnett et al. [63] found that 
primary human bronchial epithelial cells (HBE) secrete 
lactate into the ASL; this was elevated in hyperglycemic 
conditions, leading to ASL acidification in CF-HBE cells. 
This effect was mimicked in HBE cells by HCO3

− removal. 

The increased lactate and reduced ASL pH were exacerbated 
in the presence of P. aeruginosa and attenuated by incuba-
tion with the monocarboxylate lactate-H+ co-transporters 
(MCTs) inhibitor AR-C155858. The authors concluded that 
hyperglycemia and P. aeruginosa induce a metabolic shift 
which increases lactate generation and efflux into the ASL 
via MCT2 transporters. They also suggest that normal cells 
compensate the lactate excess and acidification by secreting 
HCO3

− and postulate that CF cells cannot do this due to the 
CFTR failure. However, we show here that, in cells with 
impaired CFTR activity, the main reason for the decreased 
pHe seems to be the excess of lactic acid, due to increased 
LDH expression and activity, which occur here under sterile 
conditions. Garnett et al. showed that in the presence of P. 
aeruginosa infection, the lactic acid production is worsened. 
Unfortunately, they measure lactate production at 5 mM and 
15 mM glucose only in HBE, H441, and Calu-3 cells, but not 
in CF-HBE cells to compare the lactate secretion in normal 
and CF cells. Thus, they attributed the differences in the 
ASL pH only to P. aeruginosa exposure and to a reduced 
HCO3

− secretion in CF cells. Our results became clear that 
cells with impaired CFTR activity (IB3-1 and Caco-2/pRS26 
cells) reduce the pHe mainly due to differences in lactic acid 
production. On the other hand, one very important observa-
tion of Garnett et al. [63] was that changes in the ASL pH 
were observed only under hyperglycemia or in the presence 
of P. aeruginosa. This may explain why changes in the ASL 
pH sometimes could not be found in vivo, depending on the 
levels of glucose or the extension of the infected areas. Per-
haps, the differences are only apparent in the areas of infec-
tion and exacerbated in the presence of CF related diabetes 

Fig. 7   Oxamate and the more potent LDH-A inhibitors GNE-140 and 
GSK-2837808A also increased the pHe values of IB3-1 CF lung epi-
thelial cells. a pHe was measured in IB3-1 and C38 cells treated with 
different oxamate concentrations (0–60  mM) in serum-free medium 
for 72 h. pHe vs oxamate concentration points were fitted using a sig-
moidal function. b pHe was measured in IB3-1 and C38 cells treated 

with oxamate (60  mM) and with two additional LDH-A inhibitors, 
GNE-140 (1  μM) and GSK-2837808A (1  μM). ***p < 0.001 with 
respect to control untreated IB3-1 cells (ANOVA one-way-Tukey´s 
test, n = 3 independent experiments). Kruskal–Wallis test and the 
Mann–Whitney test were used to corroborate significant difference by 
a non-parametric analysis and the results were equivalent
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(CFRD), as the authors suggested. More interestingly, they 
showed that in the absence of bicarbonate (with HEPES), 
the apical P. aeruginosa CFU increased significantly and 
even more in the presence of high glucose (15 mM), sug-
gesting that CFRD and acidity contribute to worsen infec-
tions [63]. On the other hand, in addition to reduce the pH, 
the increased lactate may contribute to the development of 
infections by supplying a carbon source to bacteria [64]. 
In addition, particularly in diabetic patients, the glucose 
metabolism in bacteria may be an additional source of lac-
tate, contributing to a reduced pH environment and to the 
microfilm formation [64, 65].

Figure 8 summarizes the results obtained here and in the 
previous works of our laboratory [20, 21]. According to the 
results obtained so far, the signaling pathway leading to 
increased lactate production in cells with impaired CFTR 
activity appears to follow the following sequence of events: 
impaired CFTR → Cl− accumulation → increased IL-1β 
secretion → IL-1β signaling → reduced mCx-I → increased 
LDH and lactic acid secretion, and eventually, a reduced 
pHe. Thus, oxamate or other LDH inhibitors, which are 
being developed to treat cancer [24, 66, 67], might be useful 
to correct the increased glycolytic pathway observed in CF 
patients, perhaps reducing their susceptibility to infections 

due to the low pHe sometimes observed in this patients 
[5–7]. However, further studies are needed to better under-
stand how LDH is regulated by CFTR signaling (or IL-1β 
signaling) and its role in determining the pHe in vivo.
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