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enhanced mucous production, neutrophil recruitment to 
the airways, and pulmonary edema (1, 2). In fact, therapeu-
tic intervention based on either interference with eico-
sanoid production or receptor antagonists are frequently 
used as approaches to manage asthma, pulmonary hyper-
tension, COPD, and cystic fibrosis (3–7). Additionally, other 
phospholipids also play a role in lung biology. Dipalmi-
toylphosphatidylcholine is the major surface-active compo-
nent of pulmonary surfactant and is essential for reducing 
surface tension in the alveoli and for efficient gas exchange 
(8). Lastly, exogenously added palmitoyl-oleoyl-phosphati-
dylglycerol vesicles have been shown to reduce inflamma-
tion in the lung and act as a potent antiviral agent (9).

The human lung is composed of up to 40 different types 
of cells, as well as pulmonary surfactant, and each type of 
cell contains a unique distribution of phospholipid molec-
ular species. The diversity of phospholipids observed in bi-
ological samples is due to variations in the polar headgroup 
(choline, ethanolamine, serine, inositol, and glycerol) at 
the sn-3 position of the glycerol backbone. Additional com-
plexity is introduced by the numerous combinations of 
fatty acyl constituents at the sn-1 and sn-2 position of the 
glycerol backbone. Lipidomic analyses by electrospray MS/
MS of pulmonary surfactant in subjects with asthma (10), 
cystic fibrosis (11), and acute respiratory distress syndrome 
(12) have demonstrated that an altered distribution of 
phospholipid molecular species in the surfactant is related 
to the pathology of the disease.

Pulmonary cells of interest in inflammatory disease patho-
genesis, such as asthma, COPD, and cystic fibrosis, are those 
involved in host defense and therefore responsible for 
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Lipids play an important role in lung physiology and pa-
thology. A well-known example is that of leukotrienes and 
prostaglandins, which are lipid mediators derived from en-
zymatic metabolism of arachidonic acid (AA) released 
from phospholipids in cell membranes. These lipid media-
tors are involved in lung inflammation and responsible  
for impaired mucociliary clearance, bronchoconstriction, 
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protection against inhaled particulate matter, toxic gases, 
and infectious agents (13–16). The first cells to encounter 
inhaled substances are located in the bronchial epithe-
lium. The bronchial epithelium is composed of three dif-
ferent cell types, including basal, ciliated, and secretory 
cells, and acts as a defensive barrier for the maintenance of 
normal airway function and plays a central role in the ini-
tiation of inflammatory responses (17). Additionally alveo-
lar type II cells (ATIIs) and alveolar macrophages (AMs) 
are also involved in host defense in the lung, but are pres-
ent in the alveolar space where gas exchange occurs. Al-
veolar type II epithelial cells contribute to lung defense due 
to their participation in epithelial repair and ion trans-
port, secretion of antimicrobial products, and production 
of surfactant (18). AMs also participate in the defense of 
the respiratory tract, as these cells have a high phagocytic 
capacity and play an important role in the initiation and 
resolution of inflammatory responses in the alveolar re-
gion (19).

While it is clear that lipids play a central role in pulmo-
nary disease and biology, the lipidome of human pulmo-
nary cells responsible for host defense has not been 
well-characterized. Previously, an examination of the lipi-
dome of cultured fetal ATIIs was performed and the mo-
lecular species of phospholipids present were identified to 
the fatty acid level (20). Additionally, the mole percentage 
of various lipids identified to the number of acyl carbon 
atoms and double bonds in human airway epithelial cells 
has been reported (21). In the current study, we present an 
alternative lipidomics approach to investigate the localiza-
tion of phospholipid molecular species in the human lung. 
This new approach combines LC-MS and LC-MS/MS lipi-
domic analysis of freshly isolated human ATIIs, bronchial 
epithelial cells (BECs), and AMs combined with MALDI 
imaging MS (IMS) of human lung tissue from the same 
donor. Application of univariant statistical analysis to the 
large number of phospholipid molecular species identified 
to the fatty acid level by lipidomic analysis in combination 
with MALDI IMS has been used to reveal the unique distri-
bution of phospholipids in pulmonary cells from human 
subjects that are important to lung defense. While the com-
plex composition and function of the lipidome in various 
disease states is currently poorly understood, this method 
could be useful for the characterization of lipid alterations 
in pulmonary disease and may aid in a better understand-
ing of disease pathogenesis.

MATERIALS AND METHODS

Reagents
Polyvinyl alcohol 6-98, 2,5-dihydroxybenzoic acid, and 2,6-dihy-

droxyacetophenone (DHAP) were purchased from Sigma-Aldrich 
Chemical Co. (St. Louis, MO). HBSS (1×) was purchased from 
Invitrogen (Carlsbad, CA). Polypropylene glycol, average MW 
2,000 g/mol (PPG 2000), and HPLC grade organic solvents were 
purchased from Fisher Scientific (Fair Lawn, NJ). OCT medium 
was obtained from Ted Pella, Inc. (Redding, CA) and was used to 
attach lung tissue to the cryostat chuck; modified OCT (mOCT) 

(described below) was used to inflate isolated human lung tissue 
after dissection.

Human lung tissue and cells
Human lung was obtained from de-identified organ donors 

whose lungs could not be transplanted and were donated for 
medical research. This research has been deemed nonhuman 
subject research and IRB exempt because the donors are de-
ceased and de-identified. The lungs were procured through the 
International Institute for the Advancement of Medicine, as  
described elsewhere (22).

Isolation of individual cell types
AMs were isolated from lavage of the lung before the instilla-

tion of elastase, as described previously (23). ATIIs were isolated 
by elastase digestion of the lung, and purification by centrifuga-
tion on a discontinuous density gradient made of Optiprep (Ac-
curate Chemical Scientific Corp., Westbury, NY) with densities of 
1.085 and 1.040 and by positive selection with MACS MicroBeads 
human CD326 (EpCAM) (Miltenyi Biotech, Bergisch Gladbach, 
Germany) (24). BECs were obtained by direct brushing of the 
bronchi of the donor lung. The purity of the isolated cell types 
was based on immunostaining of cytocentrifuge preparations. 
ATIIs were identified based on proSP-C (Seven Hills Bioreagents, 
Cincinnati, OH) immunostaining, BECs based on staining for  
cytokeratin (CAM 5.2; DakoCytomation, Carpineria, CA) and 
keratin 5 (Thermo Fisher Scientific Inc., Waltham, MA), and AMs 
based on CD68 (DakoCytomation) staining. Immunostaining  
was done as described previously (23). Cells were mounted with 
Vectorshield medium containing DAPI (Vector Laboratories, 
Burlingame, CA) and analyzed by fluorescent microscopy (Zeiss 
Axioskop 2; Thornwood, NY). The purity of the AMs was 92.6 ± 
2.8%, the purity of the BECs was 90.2 ± 5.0% and contained a mix-
ture of mostly ciliated and secretory cells with very few keratin V 
basal cells, and the purity of ATIIs was 84.2 ± 2.8%. Immunostain-
ing of representative fields is presented in supplemental Fig. S1.

Lipid extraction and normal phase HPLC/MS and 
HPLC/MS/MS analysis of phospholipids in  
pulmonary cells

The phospholipids from the freshly isolated AMs, ATIIs, and 
BECs (2 × 106 cells) were extracted according to the method of 
Bligh and Dyer (25). For LC/MS analysis, the Bligh-Dyer extract 
was introduced onto the mass spectrometer and the lipid classes 
present were separated using normal phase (NP)-HPLC with an 
Ascentis 5 Si (15 cm × 2.1 mm) column (Supelco, Bellefonte, 
PA). A NP solvent system of 30:40 hexane/2-propanol (solvent A) 
and 30:40:7 hexane/2-propanol/water with a final concentration 
of 1 mM ammonium acetate (solvent B) was used. The initial mo-
bile phase (46% solvent B) was held for 3 min, and a linear gradi-
ent was started from 46% solvent B to 70% solvent B in 22 min, 
followed by another linear gradient from 70% solvent B to 100% 
solvent B in 5 min. The final step was isocratic elution at 100% 
solvent B for 20 min. Using this gradient, the phosphatidylglyc-
erol (PG) lipids eluted from 4 to 5 min, the phosphatidylethanol-
amine (PE) and phosphatidylinositol (PI) lipids eluted from 8 to 
10 min, the phosphatidylserine (PS) lipids eluted from 12 to  
14 min, and the phosphatidylcholine (PC) lipids eluted from 
35 to 40 min. The phospholipid classes were well-separated, ex-
cept for PI and PE, which coeluted; however, this was not prob-
lematic in determining the mole percentages because the mass 
ranges of the PE and PI lipids did not overlap.

The HPLC system was directly interfaced to the electrospray 
source of a triple quadrupole mass spectrometer (MDS Sciex API 
3200; Applied Biosystems, Foster City, CA). Detection of both 



928 Journal of Lipid Research Volume 58, 2017

positive (PC) and negative (PI, PG, PE, and PS) ions during the 
entire chromatographic run was achieved by polarity switching 
every 3 s and full scans were obtained in both the positive and 
negative ion mode from m/z 500 to 1,100. The positive ion mode 
mass spectrometric experimental parameters in the positive ion 
mode were an electrospray voltage of 4,000 V and a declustering 
potential of 50 V and in negative ion mode were an electrospray 
voltage of 4,500 V and a declustering potential of 45 V. The 
mass spectrum across each NP chromatographic peak was inte-
grated and the molecular ion abundance was determined. The 
mole percentages reported are based on this molecular ion abun-
dance after correction for naturally occurring isotopes (26). For 
PG, PS, PE, and PI molecular species the [M-H] ion was used 
and for PC the [M+H]+ ion was used in determining the mole 
percentages of each lipid in AMs, BECs, and ATIIs. The identity of 
the phospholipids was determined by collision-induced dissocia-
tion (CID) of the [M-H] for PE, PG, PI, and PS lipids, which 
provides information about the fatty acids esterified to the glyc-
erol backbone (27), and allowed for the identification of phos-
pholipids to the fatty acyl level. Additionally, the [M-CH3]

 of PC 
lipids in the negative ion mode were collisionally activated to de-
termine fatty acyl constituents. These demethylated PC anions 
were generated by setting a high declustering potential (150 V) 
so that both acetate and chloride adduct ions were not observed.

Statistical analysis
Lipidomics data consisting of identified phospholipid molecular 

species and their mole percentages were analyzed using R-based 
statistical methods (available at the site www.metabolomicswork-
bench.org that is a resource supported by the National Institutes 
of Health Common Fund Metabolomics Program). These R-based 
methods calculate standard deviations of the observed abundance 
of each molecular species of lipid, as measured in a single sample 
(same human subject) of the three lung cell types. The standard 
error of the mean of the three samples (supplemental Tables S1–
S5) was determined by calculating the sample standard deviation 
(using n  1 as the number of samples).

Preparation of human lungs for MALDI IMS
Three chunks of lung tissue (approximately 15 × 15 mm) were 

obtained from the same three human lungs used for the isolation 
of the pulmonary cells. The human lung sections taken for imag-
ing were approximately 1.5 cm3 and were inflated by injecting  
2 ml mOCT mixture with an 18 gauge needle in several areas until 
the mOCT could be seen emerging on the surface of the tissue 
section. The degree of inflation was preserved by keeping the tis-
sue below 20°C at all times during cryosectioning. The prepara-
tion of mOCT [10% polyvinyl alcohol 6-98 and 8% PPG 2000 in 
HBSS (1×)] has been described previously (28). The pieces of in-
flated human lung were placed in standard cryomolds, covered 
with mOCT, placed at 20°C for 2 h, and stored until slicing at 
70°C. The embedded lungs were sliced at a thickness of 14 m 
with a cryostat (Reichert-Jung Cryocut 1800) at 16°C. Greater 
than six individual slices of lung tissue from each of the three hu-
man subjects were analyzed by MALDI IMS.

Matrix application
The glass coverslips containing the tissue sections were at-

tached to stainless steel MALDI plate inserts (OptiToF; Applied 
Biosystems) using copper tape and the 2,5-dihydroxybenzoic acid 
or DHAP matrix was deposited onto the tissues by sublimation 
(29). After MALDI IMS, the glass coverslip with the lung section 
was removed from the MALDI plate, dipped in methanol to re-
move the matrix and fix the tissue prior, and subject, to modified 
Giemsa staining using standard protocols.

MALDI IMS
A quadrupole-TOF tandem mass spectrometer with an orthog-

onal MALDI source (QSTAR XL; Applied Biosystems/MDS Sciex, 
Thornhill, Ontario, Canada) was used to acquire images. MALDI 
mass spectra were obtained using a solid state laser (355 nm) at a 
power of 100 J and a pulse rate of 20 Hz with an accumulation 
time of 243 ms per image spot. The MALDI plate was moved at a 
rate of 12.75 mm/min and after each horizontal line was com-
pleted, the plate was moved vertically 50 m. The mass spectro-
metric data were processed using a specialized script for Analyst 
software (Applied Biosystems/MDS Sciex) at a mass resolution of 
0.1 amu and images were visualized using TissueView software 
(Applied Biosystems/MDS Sciex). The lateral resolution of this 
MALDI IMS technique is approximately 50 m. From the mass 
spectra obtained from each pixel across the human lung tissue, an 
ion of interest can be extracted and an image of that particular 
ion distribution in the tissue can be visualized. Molecular species 
were identified in MALDI images by collisional activation in the 
negative ion mode directly from the tissue in separate experi-
ments. The [M-H] of PI, PE, PS, and PG and the [M+DHAP-H] 
of the DHAP adducts of PC yielded fatty acid ions that allowed for 
the identification of the molecular ions observed during MALDI 
IMS. Collisional activation of selected ions was carried out using a 
relative collision energy of 40 V, with argon as collision gas.

RESULTS

Lipidomic analysis of pulmonary cells
BECs, AMs, and ATIIs were analyzed by LC/MS and LC/

MS/MS protocols that were developed to specifically deter-
mine phospholipid molecular species, including determina-
tion of the fatty acyl substituents present in each lipid 
molecular species. An example is illustrated using the partic-
ularly abundant AA-containing PI lipid at m/z 885.7  
(Fig. 1). This lipid was identified by criteria that included the 
correct NP chromatographic retention time for the class 
of PI phospholipids (8–10 min) (Fig. 1A) and subsequent 

Fig. 1. Lipidomic LC/MS and LC/MS/MS analysis to identify 
phospholipid molecular species, including fatty acyl substituents in 
human pulmonary cells. A: Extraction of m/z 885.7, PI(18:0_20:4), 
from the negative ion NP-HPLC/MS analysis of the Bligh-Dyer ex-
tract of human BECs. B: CID of m/z 885.7 from the negative ion 
NP-HPLC/MS/MS analysis of the Bligh-Dyer extract of human 
BECs.
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collisional activation of the ion at m/z 885.7 (Fig. 1B). Car-
boxylate anions corresponding to AA (m/z 303) as well stearic 
acid (m/z 283) were observed in the CID spectrum of m/z 
885.7. The abundant product ions at m/z 581 and 599, which 
corresponded to the neutral loss of AA [M-H-R2COOH] 
and the loss of AA as a neutral ketene [M-H-R2C=O] , indi-
cate AA at the sn-2 position. Additionally, several specific ions 
corresponding to the inositol polar head group were ob-
served at m/z 315, 259, 241, and 223 (30). All of this informa-
tion in the CID spectrum as well as the NP retention time 
lead to identification of the ion at m/z 885.7 as PI(18:0/20:4). 
No attempt was made to assign the positions of the fatty acyl 
groups to the sn-1 or sn-2 position of the glycerol backbone 
for most other phospholipid molecular species in this study.

From the analysis of the phospholipids in BECs, AMs, and 
ATIIs, a list of molecular species of five different phospho-
lipid classes was constructed, including PC, PE, PG, PI, and 
PS that were specifically identified to the molecular species 
level. The abundance of the molecular ions derived from 
each of the individual molecular species was normalized to 
each lipid class and presented as the mole fraction of lipid 
present in that class (supplemental Tables S1–S5). These lipi-
domics data were then processed by statistical methods using 
the mole fraction abundances to calculate fold differences 
for each of the phospholipid molecular species. The output 
of a univariant statistical analysis (volcano plot) derived from 
the lipidomic analysis of BECs, AMs, and ATIIs is presented 
in Fig. 2 in which the fold change is compared with the statis-
tical significance level between the two types of cells under 
comparison. The phospholipids are labeled in Fig. 2 with the 
headgroup, total number of carbons, and double bonds in 
order to fit the labels onto the graph, but it should be noted 
that the molecular species identification had been deter-
mined for each phospholipid, as reported in supplemental 
Tables S1–S5. The extremities of the volcano plots indicate 
either highly negative or positive significant (t-test, P < 0.05) 
fold differences (log-based 2 > 1) and provide insight into 
those phospholipid molecular species that can be used to 
uniquely distinguish each of the cell types examined.

Three volcano plots were generated from the lipidomics 
data from human BECs, AMs, and ATIIs to cross compare the 
phospholipids present in these three different pulmonary 
cell types (Fig. 2). For example, Fig. 2A compares the mole 
fractions of the phospholipid molecular species in BECs to 
those observed in ATIIs. The data points in purple have a  
P value >0.05 and, therefore, are not significantly different in 
BECs compared with ATIIs, while many phospholipid mo-
lecular species were significantly different (P < 0.01) and fur-
thermore were greater than 2-fold differentially present in 
the two types of cells. For example, PI(18:0/20:4), indicated 
by a blue data point in the upper left hand corner of Fig. 2A, 
was abundant by greater than 3-fold (P < 0.003) in BECs rela-
tive to ATIIs (supplemental Table S6). In contrast, the red 
data points in the upper right hand corner of Fig. 2A reveal 
that phospholipid molecular species, such as PC(16:0_16:0) 
and PG(16:0_18:1), were significantly abundant (P < 0.05) by 
more than 2-fold in ATIIs. In addition, many other phospho-
lipids differed with a P value <0.05 and more than 2-fold 
change upon comparison of BECs and ATIIs (supplemental 

Table S6). The volcano plot in Fig. 2B compares the phos-
pholipid distribution of the AMs to the ATIIs. This figure 
demonstrates that phospholipids containing an ether link-
age to the glycerol backbone, such as PC(O-16:0_20:4) and 
PE(O-16:1_20:4), are significantly abundant (P < 0.05) by 
more than 2-fold in AMs compared with ATIIs. This volcano 

Fig. 2. Volcano plots of differentially abundant lipids in human pul-
monary cells identified by mass spectrometric lipid analysis. The 
log10 t-test P values were plotted against the fold change in mole 
fraction abundances of the phospholipid molecular species. The hori-
zontal green line represents a statistical significance of 0.05 and the 
pink vertical lines represent the phospholipid molecular species up or 
down 2-fold in the two compared cell types. The data points in purple 
have a P value >0.05 and, therefore, are not significantly different in 
the two types of cells compared, while those data points in orange  
are significantly different (P < 0.05), but have a small fold change 
(<2-fold) between the two types of cells. When comparing two types of 
cells, the blue data points indicate phospholipids that are significantly 
abundant by more than 2-fold in the first cell type and the red data 
points reveal phospholipid molecular species that are significantly 
abundant by more than 2-fold in the second cell type. BECs versus 
ATIIs (A), AMs versus ATIIs (B), and AMs versus BECs (C).



930 Journal of Lipid Research Volume 58, 2017

plot also reveals that phospholipid species that were abun-
dant in surfactant, such as PI(16:0_16:0) and PC(16:0_16:1), 
were significantly abundant by greater than 2-fold in ATIIs 
compared with AMs. Upon comparison of phospholipid mo-
lecular species in AMs compared with ATIIs, many other 
phospholipids were significantly different (supplemental Ta-
ble S7). The fold change of phospholipid molecular species 
in AMs compared with BECs is revealed in Fig. 2C. Phospho-
lipids containing an ether linkage to the glycerol backbone 
were once again significantly abundant (P < 0.05) by more 
than 2-fold in AMs compared with BECs. In contrast, phos-
pholipid molecular species, such as PC(18:0_20:4), were sig-
nificantly abundant in BECs compared with AMs. Upon 
comparison of AMs and BECs, other phospholipids also dif-
fered (supplemental Table S8).

Phospholipid species of interest identified from each of 
the volcano plots were used to generate box plots to reveal 
the median distribution of the mole percent of representa-
tive molecular species within each of the three different 
cell types (Fig. 3). Examination of the box plots for 
PG(16:0_18:1) and PC(16:0_16:0) reveals that these phos-
pholipid molecular species were most abundant in ATIIs, 
less abundant in AMs, and of lowest abundance in BECs 
(Fig. 3A, B). The box plots for PE(O-16:1/20:4) and PC(O-
16:0_20:4) indicate that these ether lipids were of lowest 
abundance in ATIIs and the most abundant in AMs 
(Fig. 3C, D). Lastly, the box plots for PC(18:0_20:4) and 
PI(18:0_20:4) reveal that these diacyl AA-containing phos-
pholipids were most abundant in the BECs (Fig. 3E, F).

Combined lipidomics and MALDI IMS data
Once the lipidomics analysis was complete, it was possi-

ble to directly interrogate MALDI IMS data of human lung 
tissue using the molecular species identified by the statistical 

analysis of the lipidomics data to generate specific images 
that would reveal the location of specific cell types within 
the MALDI image. This more focused examination of  
specific molecular species revealed from the lipidomics 
data, rather than merely mapping the tissue distribution of 
the most abundant ions observed in the MALDI IMS ex-
periment, is a more direct method of searching for the 
unique distribution of specific molecular ions. The distri-
bution of phospholipid molecular species uniquely abun-
dant in human ATIIs, AMs, and BECs in MALDI images of 
human lung tissue were quite different (Fig. 3). ATIIs were 
found to be enriched in PG(16:0_18:1) and PC(16:0_16:0) 
from the lipidomics data and the MALDI images of these 
phospholipids (Fig. 3A, B) revealed regions of low signal in-
tensity for these two lipid molecular ions along the luminal 
walls of the larger airways and blood vessels, and regions of 
higher signal intensity were interspersed throughout the 
alveolar region. Additionally, it was determined from lipi-
domics data that ether PC and PE lipids were most abun-
dant in AMs and the MALDI images of PC(O-16:0_20:4) 
and PE(O-16:1_20:4) demonstrated that these phospho-
lipid molecular species were rather uniformly present 
throughout the human lung tissue slice in alveolar re-
gions, except for a somewhat higher abundance of the 
PE-phospholipid molecular species near the adventitia of 
the larger airways (Fig. 3C, D). Furthermore, the lipido-
mics data revealed that PC(18:0_20:4) and PI(18:0_20:4) 
were most abundant in BECs and the MALDI images  
indicated that these phospholipid molecular species 
were highly abundant at the luminal edge of the larger 
airways, with a much lower abundance in the parenchyma 
(Fig. 3E, F).

The MALDI images of PG(16:0_18:1) (blue), PE(O-
16:1_20:4) (green), and PI(18:0_20:4) (red) were merged 

Fig. 3. Mole fraction abundances of specific phos-
pholipid molecular species in ATIIs, AMs, and BECs 
of interest determined from the volcano plots in  
Fig. 2 and MALDI images of the same molecular spe-
cies in human lung slices. The MALDI images for PG, 
PI, and PE molecular species are all from the same 
lung slice in negative ion mode and the MALDI im-
ages for the PC molecular species are in positive ion 
mode from an adjacent lung slice. PG(16:0_18:1) 
(A), PC(16:0_16:0) (B), PE(O-16:1_20:4) (C), PC(O-
16:0_20:4) (D), PC(18:0_20:4) (E), and PI(18:0_20:4) 
(F).



Human lung lipidomics 931

and the differences in the distribution of these molecular 
species across the lung tissue slice were distinctly high-
lighted (Fig. 4). It was clear from this merged image that, 
even though all three phospholipid molecular species, 
PG(16:0_18:1), PE(O-16:1_20:4), and PI(18:0_20:4), were 
present in the alveolar region, their distribution in the hu-
man lung slice was quite different (Fig. 4B). Most notably, 
PG(16:0_18:1) had regions of higher intensity throughout 
the entire lung slice, while PI(18:0_20:4) was of higher in-
tensity near the larger airways. Additionally, the merged 
MALDI image suggested that the ether-containing AA lipid, 
PE(O-16:1_20:4), was colocalized in a few regions with the 
diacyl AA lipid, PI(18:0_20:4), as suggested by the yellow 
regions of the larger airway adventitia (Fig. 4B). However, 
the merged MALDI image showed a high intensity of 
PI(18:0_20:4) (red) at the luminal edges of larger airways.

DISCUSSION

The phospholipid composition of individual cell types 
present in the human lung is distinct due to the complex 

nature by which phospholipid molecular species are synthe-
sized within each cell. Membrane phospholipids are the 
product of de novo synthesis by the Kennedy pathway, 
which results in saturated or monounsaturated fatty acyl 
groups esterified to the phospholipid glycerol backbone 
(31). Another mechanism for the generation of phospho-
lipids, independent of de novo synthesis, is through the 
Lands pathway, which incorporates polyunsaturated fatty 
acids into individual molecular species of lysophospholipids 
through the action of lysophospholipid acyltransferases 
(32). There are numerous genes that regulate the produc-
tion of the individual proteins engaged in this complex 
phospholipid biosynthetic pathway within cells and the cor-
responding expression of individual gene products can dif-
fer between cell types. The specificity of each of the enzyme 
types is also correlated to the number of enzymatic isoforms. 
Humans express four different lysophospholipid acyltrans-
ferases, each of which has very different substrate prefer-
ences in terms of utilization of fatty acyl CoAs to generate 
the individual phospholipid molecular species (33). For 
example, LPCAT3 (MBOAT5) is rather specific for the in-
corporation of AA into lysophosphatidylcholine and lyso-
phosphatidylserine intermediates (34). Thus, the relatively 
high expression of these enzymes within inflammatory cells, 
such as the AMs and BECs, results in a larger relative pro-
portion of AA-containing phospholipids within these cell 
types. The abundance of LPCAT1 in the type II cell results 
in a very active pathway for the production of PC(16:0/16:0) 
as a primary component of pulmonary surfactant (35). The 
current lipidomic study of ATIIs, BECs, and AMs reflects a 
unique combination of enzymatic activity within each cell 
type, including phospholipases, acyl-CoA synthetases, and 
lysophospholipid acyltransferases, that plays a major role in 
determination of phospholipid composition.

A comprehensive profile of phospholipid molecular spe-
cies present in freshly isolated human BECs has been demon-
strated for the first time. The lipid content of human BECs 
was previously examined; however, the phospholipids were 
only identified by the number of acyl carbon atoms and acyl 
double bonds, not the fatty acids esterified to the sn-1 and 
sn-2 position (21). One of the most interesting findings of 
the current study is that the human bronchial epithelium 
is highly enriched in diacyl AA-containing phospholipids 
according to both the lipidomics and MALDI IMS data 
(Figs. 2, 3). These results suggest that the bronchial epithe-
lium could be a source of eicosanoids, potent lipid mediators 
derived from AA, in the lung. Eicosanoid production is initi-
ated by the release of AA from membrane phospholipids by 
a calcium-dependent cytosolic phospholipase A2 (cPLA2) 
(36). The 15-lipoxygenase (LO), which has been implicated 
in the pathogenesis of bronchial asthma, is an enzyme that 
uses AA as a substrate and is highly expressed in the bron-
chial epithelium (37, 38). The major AA metabolite formed 
via 15-LO is 15-HETE and increased amounts of this eico-
sanoid have been found in the BALF of antigen-challenged 
asthmatic patients, as well as in the sputum samples of asth-
matic subjects (37, 39). Additionally, 15-HETE can also be 
esterified to PE in the bronchial epithelium, which results in 
increased mucus production (40). Cyclooxygenase (COX)-1 

Fig. 4. Comparative localization of phospholipid molecular spe-
cies in a human lung slice. A: Modified Giemsa stain of the human 
lung slice after MALDI IMS in negative ion mode. B: Merged nega-
tive ion MALDI image of PE(O-16:1_20:4) (green) at m/z 722.6, 
PI(18:0_20:4) (red) at m/z 885.6, and PG(16:0_18:1) (blue) at m/z 
747.6.
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and COX-2 are enzymes also present in the bronchial epithe-
lium that utilize AA released from phospholipids by cPLA2 
as a substrate for the production of prostaglandins (41). Pros-
taglandins have been found to mediate both bronchocon-
striction (PGD2 and PGF2) and bronchoprotection (PGE2 
and PGI2) (42). The level of prostaglandins in BALF is in-
creased in asthma (43) and enhanced expression of COX-2 
in the airways of asthmatics has been observed (44). The 
5-LO is another enzyme that metabolizes AA and results in 
leukotrienes. Leukotrienes play a central role in asthma and 
mediate mucus secretion, bronchoconstriction, neutrophil 
recruitment to the airways, and pulmonary edema. Addition-
ally, elevated levels of leukotrienes have been detected in 
BALF and sputum from subjects with asthma (45). One study 
has reported that primary BECs isolated from human airways 
express an inducible form of 5-LO (46), but it is generally 
considered that the major source of leukotrienes in the lung 
is from cells of myeloid origin, like the AMs or recruited in-
flammatory cells (47). While the current study does not iden-
tify the phospholipid source of eicosanoids, it is possible that 
the bronchial epithelium or AMs, which were found to con-
tain a high mole percentage of AA-containing phospholipids, 
could be a source of lipid mediators and are at a location 
where these mediators could exert profound effects.

AMs are found in the alveolus and extend from the alveo-
lar walls into the airway lumen, which results in the continu-
ous exposure of these cells to inhaled matter (48). The 
current study is also the first to provide a detailed profile of 
the phospholipids present in freshly isolated human AMs. In 
particular, this lipidomic study indicated that PE and PC 
ether phospholipid molecular species were highly abundant 
in AMs compared with BECs and ATIIs (Figs. 2, 3). These 
ether phospholipids could be plasmalogen lipids that previ-
ously have been reported to be present in high abundance in 
inflammatory cells (49). One of the suggested roles of plas-
malogen lipids is to act as antioxidant molecules within cel-
lular membranes (50). This antioxidant activity is a result of 
the low dissociation energy of the hydrogen atoms adjacent 
to the vinyl ether bond, which results in preferential oxida-
tion of plasmalogen lipids over diacyl phospholipids when 
exposed to reactive oxygen and nitrogen species. Due to the 
location of the AMs, the plasmalogen phospholipids that are 
present in this particular cell type are likely one of the initial 
targets of inhaled reactive gases (ozone, cigarette smoke, and 
nitric oxides) or endogenous reactive oxygen species made 
by inflammatory cells, and have the ability to impede these 
reactive oxygen species from causing further oxidative dam-
age to cellular proteins or lipids.

The alveolar region of lungs is comprised of type I and 
type II alveolar epithelial cells. The ATIIs are responsible for 
epithelial reparation upon injury and for the production of 
pulmonary surfactant and contribute to lung host defense by 
the secretion of antimicrobial factors (18). Pulmonary surfac-
tant, which regulates alveolar surface tension for efficient 
ventilation and alveolar stability, is stored in lamellar bodies 
in ATIIs upon synthesis, where it is stored until exocytosis. 
The composition of pulmonary surfactant is unique in that it 
contains 90% lipid and 10% protein. The most abundant 
class of phospholipids found in pulmonary surfactant is PC 

(80%) (51). The major PC molecular species present in 
human surfactant contain either saturated or monounsatu-
rated fatty acids, with PC(16:0_16:0) as the most abundant 
(52). Additionally, PG lipids are present in relatively high 
amounts (10%) compared with their distribution in other 
tissues and fluids, with PG(16:0_18:1) as the most abundant. 
Because ATIIs are the source of pulmonary surfactant that is 
stored until exocytosis, it is expected that the lipidomic analy-
sis of ATIIs somewhat reflects that of pulmonary surfactant. 
In fact, both PC(16:0_16:0) and PG(16:0_18:1) were found 
to have the highest relative mole percentage in ATIIs, as com-
pared with the human AMs and BECs in this study (Figs. 2, 3). 
Until the current study, there was little information as to the 
lipid distribution in freshly isolated human ATIIs. Postle et al. 
(20) have reported the lipids present in fetal human ATIIs 
cultured in vitro under basal and hormone stimulated condi-
tions. AMs contain an intermediate amount of surfactant lip-
ids, such as PC(16:0_16:0) and PG(16:0_18:1), most likely 
because the phagocytic AMs participate in the turnover of 
surfactant components from the airspace.

The examination of phospholipid molecular species and 
their distribution within tissues and cell types remains a 
challenging task. The new lipidomics approach proposed 
in the current study to examine the localization of phos-
pholipid molecular species in the human lung is based on 
LC-MS and LC-MS/MS analysis of freshly isolated human 
ATIIs, BECs, and AMs combined with MALDI IMS of hu-
man lung tissue from the same donor. The integrated data 
obtained from these complementary techniques provides 
unique information as to the lipid content and localization 
in lung tissue. This study provides the first in depth and 
comprehensive lipidomic analysis of freshly isolated ATIIs, 
BECs, and AMs from the same individuals. The method 
used herein could be useful for the characterization of 
lipid changes in inflammatory pulmonary disease states, 
such as asthma, COPD, and cystic fibrosis in order to gain a 
better understanding of disease pathogenesis.

The authors thank the families of the de-identified organ 
donors and the Institute for the Advancement of Medicine, who 
made this research possible.
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