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Abstract
Oxidative stress in cells and tissues leads to the formation of an assortment of lipid electrophiles,
such as the quantitatively important 4-hydroxy-2-trans-nonenal (HNE). Although this cytotoxic
aldehyde is atherogenic the mechanisms involved are unclear. We hypothesize that elevated HNE
levels can directly inactivate esterase and lipase activities in macrophages via protein adduction,
thus generating a biochemical lesion that accelerates foam cell formation and subsequent
atherosclerosis. In the present study we examined the effects of HNE treatment on esterase and
lipase activities in human THP1 monocytes/macrophages at various physiological scales (i.e., pure
recombinant enzymes, cell lysate, and intact living cells). The hydrolytic activities of bacterial and
human carboxylesterase enzymes (pnbCE and CES1, respectively) were inactivated by HNE in
vitro in a time- and concentration-dependent manner. In addition, so were the hydrolytic activities
of THP1 cell lysates and intact THP1 monocytes and macrophages. A single lysine residue
(Lys105) in recombinant CES1 was modified by HNE via a Michael addition reaction, whereas
the lone reduced cysteine residue (Cys389) was found unmodified. The lipolytic activity of cell
lysates and intact cells was more sensitive to the inhibitory effects of HNE than the esterolytic
activity. Moreover, immunoblotting analysis using HNE antibodies confirmed that several cellular
proteins were adducted by HNE following treatment of intact THP1 monocytes, albeit at relatively
high HNE concentrations (>50 µM). Unexpectedly, in contrast to CES1, the treatment of a
recombinant human CES2 with HNE enhanced its enzymatic activity ~3-fold compared to
untreated enzyme. In addition, THP1 monocytes/macrophages can efficiently metabolize HNE,
and glutathione conjugation of HNE is responsible for ~43% of its catabolism. The functional
importance of HNE-mediated inactivation of cellular hydrolytic enzymes with respect to
atherogenesis remains obscure, although this study has taken a first step toward addressing this
important issue by examining the potential of HNE to inhibit this biochemical activity in a human
monocyte/macrophage cell line.
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1. Introduction
Oxidative stress in cells and tissues occurs when the levels of reactive oxygen species (ROS)
and reactive nitrogen species (RNS) exceed amounts that the body can detoxify. This
imbalance can lead to lipid peroxidation, a free radical chain reaction by which ROS/RNS
oxidize lipids in the cell membrane, thus leading to the formation of an assortment of
reactive aldehydes, including 4-hydroxy-2-trans-nonenal (HNE), an α,β-unsaturated
aldehyde that is a diffusible lipid electrophile [1]. Esterified ω6-polyunsaturated fatty acids,
such as arachidonic acid and linoleic acid, are particularly prone to peroxidation reactions.
HNE is one of the most abundant reactive aldehydes found in cell membranes and it is also a
toxic by-product of oxidized low-density lipoproteins (oxLDLs) [2–4]; local HNE
concentrations have been estimated to be in the millimolar range in cell membranes [5, 6]
and oxidized low-density lipoproteins [7]. Although HNE is a reactive molecule, it can
modify cellular targets far from the site of its origination, including proteins and DNA [8].
Reaction of proteins with HNE typically occurs via initial Michael addition to histidine,
cysteine, or lysine, which subsequently cyclize to yield hemiacetals. Schiff base formation
between lysine and HNE is also observed, but is less frequent than Michael addition [1].
HNE can chemically modify a large number of proteins, thereby altering their structure and
function [9], and it also significantly modulates the transcriptional program in cells [1].
Conjugation of HNE with the tripeptide glutathione (GSH) is a major pathway of
detoxification and GST A4-4 is the predominant isoform of glutathione transferase
responsible for this reaction [10]. Interestingly, a recent study indicated that GSTA4
deficient mice were prone to obesity due to their inability to detoxify endogenous HNE, thus
resulting in dysregulated lipid metabolism and weight gain [11]. Furthermore, because it is
associated with oxLDL, HNE has gained increased attention and has been linked to the
development of atherosclerosis [12–14]. For example, HNE has been shown to induce the
scavenger receptor CD36 in macrophages and to promote foam cell formation [15]. Further,
apoB-100 protein within oxLDL particles is covalently modified by HNE, which may
contribute to the atherogenic properties of these lipoproteins [16]. Although this cytotoxic
aldehyde is known to be pro-atherogenic the mechanisms that account for its pathogenicity
remain enigmatic [15, 17].

Atherosclerosis is in part a manifestation of the inflammatory response of macrophages and
lymphocytes to pathogenic lipoproteins [18, 19]. In particular, numerous studies have shown
that monocyte-derived macrophages play a major role in atherogenesis by promoting the
formation of atherosclerotic lesions via uptake of cholesterol-loaded oxLDL and subsequent
foam cell formation [19–23]. The importance of macrophages in this pathology was
underscored by Smith et al. [22] who showed that macrophage-deficient
hypercholesterolemic mice are drastically resistant to atherosclerosis. Although these
findings help explain the histological formation of lesions, they do not sufficiently elucidate
the molecular pathways that may promote or inhibit the atherogenic processes. Foam cell
formation results from an imbalance of cholesterol influx and efflux, which is in part caused
by the dysregulation of hydrolytic enzymes [24]. Hydrolytic enzymes are classified on the
basis of the substrates that they hydrolyze; for example, esterases and lipases hydrolyze
water soluble and water insoluble esters, respectively. Accordingly, in the present study we
examined the effects of the lipid electrophile HNE on esterase and lipase activities in intact
human THP1 monocytes/macrophages [25] and on recombinant carboxylesterase (CES) 1
enzyme, which is the most abundant serine hydrolase expressed in this cell line [26] and is
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proposed to regulate the levels of cholesterol and lipid glyceryl esters in macrophages [24,
27]. We examined the effects of HNE on esterase and lipase activities at various
physiological scales (i.e. pure recombinant protein, cell lysate, intact cells) and the extent of
HNE-protein adduct formation. In addition, we examined the catabolism of HNE by THP1
monocytes/macrophages and whether this reactive aldehyde could induce CES1 protein
levels. Our working hypothesis for these studies is that elevated HNE levels inactivate
esterase and lipase activities in macrophages, thus generating a biochemical lesion that
contributes to foam cell formation and subsequent atherosclerosis.

2. Materials and methods
2.1. Materials

4-Hydroxynonenal, 4-oxononenal, and the lactate dehydrogenase (LDH) cytotoxicity kit
were from Cayman Chemical (Ann Arbor, MI). Human THP1 monocytes, RPMI-1640
medium, gentamicin sulfate solution (50mg/ml), and Hanks' balanced salt solution without
calcium, magnesium and phenol red were purchased from the American Type Culture
Collection (ATCC Manassas, VA). Fetal bovine serum (FBS) was purchased from
Invitrogen (Carlsbad, CA). Trypan Blue solution (0.4%), β-mercaptoethanol, 4-
methylumbelliferyl oleate (4-MUBO), p-nitrophenyl valerate (pNPV), monoclonal
antibodies against β-actin, phorbol 12-myristate 13-acetate (PMA), and all components of
the buffers were purchased from Sigma (St. Louis, MO). The activity-based serine hydrolase
probe, fluorophosphonate-biotin (FP-biotin) was from Toronto Research Chemicals (North
York, Ontario). HPLC grade solvents were from Burdick and Jackson. Polyvinylidine
fluoride (PVDF), goat anti-rabbit IgG secondary antibody conjugated to horse radish
peroxidase (HRP), and goat anti-mouse IgG secondary antibody conjugated to HRP were
purchased from Bio-Rad (Hercules, CA). SuperSignal WestPico Chemiluminescent and
BCA protein reagents were purchased from Thermo Scientific (Rockford, IL). Anti-HNE
antibodies were purchased from Oxis (Foster City, CA). Recombinant bacterial pnbCE
protein was expressed in Escherichia coli and purified as previously described [28].
Recombinant human CES1 (isoform C) and CES2 proteins were expressed in baculovirus-
infected Spodoptera frugiperda cells and purified [29].

2.2. Culture conditions
THP1 monocytes were grown in suspension in RPMI-1640 medium supplemented with 10%
FBS, 0.05 mM β-mercaptoethanol, and 50 µg gentamicin/ml (which is defined as complete
growth medium) at 37°C and 5% CO2. The cells were grown at a density between 0.2 × 106

and 1 × 106 cells/ml, as recommended by ATCC. THP1 monocytes were differentiated into
macrophages by incubating in complete growth medium containing 100 nM PMA for 24–48
h at 37°C and 5% CO2.

2.3. Preparation of cell lysates
THP1 monocyte and macrophage cell lysates were prepared in 100 mM Tris-HCl (pH 7.4)
buffer as previously described [27]. Membrane and cytosolic fractions were obtained by
ultracentrifugation of monocyte lysate (100,000×g, 60 min, 4°C). Protein concentrations of
cell lysates and subcellular fractions were determined using the BCA reagent according to
the manufacturer's instructions.

2.4. Treatment of recombinant carboxylesterases with HNE
Recombinant pnbCE or CES1 protein was diluted to 50 µg/ml (0.83 µM) in 100 µL of 50
mM Tris-HCl (pH 7.4) containing various concentrations of HNE (0, 0.1, 0.5, and 3.2 mM)
and incubated at 37° C. HNE stock solutions were in ethanol; therefore, ethanol was used for

Borazjani et al. Page 3

Chem Biol Interact. Author manuscript; available in PMC 2012 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the vehicle control reactions (<1% v/v). At various time points (pnbCE: 0, 90, 150, 210, and
270 min; CES1: 0, 1, 2, 3, 4, 24, 48, and 96 h), a 10 µL aliquot from each reaction was
removed and diluted in 50 mM Tris-HCl (pH 7.4) buffer to measure the residual esterase
activity using pNPV as substrate [30]. The final concentrations of enzyme and substrate in
the esterase assay were 0.17 µg/ml (~300-fold dilution) and 500 µM, respectively, in a total
volume of 300 µl. Preliminary incubations of HNE and recombinant enzyme were done in
either 50 mM potassium phosphate (pH 7.4) or 50 mM Tris-HCl (pH 7.4) buffer; no
difference in the extent of HNE-mediated inhibition of carboxylesterase activity was
observed when the two buffers were compared, indicating that Tris buffer was acceptable to
use for these experiments. An additional reaction contained CES1 protein and 4-oxononenal
(1 mM), which was incubated for 1h at 37°C prior to assaying its esterase activity.
Furthermore, recombinant pnbCE and CES1 proteins were treated with HNE (3.2 mM final
concentration) or ethanol vehicle for 5 h, followed by analysis by SDS-PAGE and western
blotting for the presence of HNE-protein adducts (see below).

In a separate experiment, CES1 and CES2 proteins (0.033 µM, 0.2 µg) were treated with 1
mM HNE or ethanol vehicle in 100 µl of 50 mM Tris-HCl (pH 7.4) for 15 min at 37°C.
Because the ethanol vehicle that HNE is dissolved in can significantly inhibit CES2 activity
(data not shown), 6 µl aliquots of stock HNE solution (100 nmol) or ethanol (vehicle
control) were added to separate microfuge tubes and the ethanol was evaporated in a
vacuum centrifuge. One-hundred µl of a freshly prepared dilute enzyme/buffer solution was
then immediately added to each dried tube and incubated for 15 min (37°C) at 600 rpm. The
treated enzymes were then desalted using Zeba spin desalting columns (7kDa MWCO,
Thermo) and assayed for carboxylesterase activity using pNPV.

2.5.1. Covalent modification of CES1 and mass spectrometry—Recombinant
CES1 protein (1 µM, 5 µg) was treated with HNE (100 or 1000 µM) or vehicle (ethanol) in
50 mM Hepes (pH 7.4). The final amount of ethanol was 1.6% v/v. The reactions proceeded
for 2h (37°C) at which point HNE-protein adducts were stabilized by addition of 10 µl of
100 mM NaBH4 (dissolved in 1M NaOH) and further incubated for 30 min at 37°C. The
samples were desalted using 3kDa MWCO microfuge filters (Millipore) and buffer
exchanged 3× with 10 mM potassium phosphate (pH 7.0). The final volume of samples after
desalting/buffer exchange was ~30 µl. Samples were subjected to electrophoresis on a 10%
SDS-PAGE gel. The proteins were visualized with Coomassie blue, excised, and trypsin
digested as described [31]. After digestion, the samples were dried in a vacuum centrifuge
and the tryptic peptides solubilized in 50 µl of water containing 2% acetonitrile/0.1% formic
acid. Peptides were analyzed by LC-MS/MS by using a 75-µm i.d. × 15 cm reverse phase
column (fused-silica C18 column, Thermo) controlled by an Ultimate 3000 nanoflow HPLC
(Dionex). Peptides were eluted using a 50-minute gradient from 2%–95% solvent B (95%
acetonitrile, 0.1% formic acid) at a flow rate of 0.5 µl/min, and further introduced into an
OrbiTrap Velos mass spectrometer (Thermo Fisher). The OrbiTrap mass spectrometer was
operated in data-dependent mode, automatically switching between MS and MS/MS. Full
scan MS spectra (300–2,000 amu) were acquired with a resolution of 60,000 and analyzed
by FTMS analyzer. The five most intense ions were selected for collision-induced
fragmentation in the OrbiTrap at normalized collision energy of 35% and activation time of
10 ms. The acquired data were analyzed by Proteome Discoverer 1.1 (Thermo Fisher) using
SEQUEST algorithm and a human IPI database as well as a reversed decoy database.
Searches were done using a precursor and fragment tolerance of 0.5 Da and the following
dynamic modifications were included: HNE+Delta:H(2) (+158.131 Da) on cysteine,
histidine and lysine; oxidation on methionine; and carbamidomethylation on cysteine. The
results were filtered using normalized XCorr values for different charge states [32] and were
accepted as valid identifications only if the precursor ion mass accuracy was below 10 ppm
and the XCorr values were >1.7, >2, and >3 for singly, doubly and triply charged peptides,
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respectively. More-over, for mapping of the post-translational modifications, each spectrum
was manually inspected and accepted only if a series of at least 4 continuous y or b ions was
observed.

2.6. Treatment of THP1 cell lysates with HNE
Cell lysates of monocytes or macrophages were diluted to 500 µg protein/ml in 50 mM Tris-
HCl (pH 7.4) (for esterase assay) or 10 mM Tris-HCl (pH 7.4)/150 mM NaCl/0.01% Triton
X-100 (for lipase assay) containing different concentrations of HNE (0, 0.1, 0.5, and 3.2
mM) and incubated at 37°C (ethanol vehicle, <1% v/v). At different time points (0, 1, 2, 3,
4, and 5 h), a 50 µl aliquot (25 µg protein) from each reaction was taken to measure the
residual esterase activity of the lysate. The final concentration of protein in the esterase
assay was 16.7 µg/ml (~30-fold dilution). For the lipase assay, a 150 µl aliquot from each
reaction was diluted in lipase assay buffer (10 mM Tris-HCl, 150 mM NaCl, 0.01% Triton
X-100, pH 7.4) to yield a final protein concentration of 83.3 µg/ml (~6-fold dilution).

2.7. Treatment of intact THP1 cells with HNE
THP1 monocytes (3 × 106 cells) were placed into T-25 flasks in 5 mL of complete growth
medium. HNE from the ethanol stock solution was added to the flasks to give the desired
final concentration of compound. The final amount of ethanol in the medium in all flasks
was always 1% (v/v). The treated cells were incubated at 37°C in 95% air/5% CO2 for either
2 h or 17 h. Following the HNE exposure, cell viability was assessed using Trypan Blue
exclusion. Cells were then harvested by centrifugation (100 × g) and washed three times
with PBS to remove excess HNE. Cell pellets were then re-suspended in 100 mM Tris-HCl
(pH 7.4) and lysed by sonication. The resulting cell lysates were used in the hydrolysis
assays described below.

Alternatively, monocytes were seeded into wells of a 96-well plate in complete growth
medium supplemented with PMA (100 nM) in order to differentiate cells into macrophages
(24 h). After washing with PBS, the cells received serum-free RPMI culture medium
supplemented with HNE (indicated concentrations shown in figures) or ethanol vehicle. The
macrophages were treated with HNE for 2 h (37°C, 5% CO2), at which point the medium
was removed and the cells washed with PBS. The LDH assay was used to determine cell
viability of macrophages treated with HNE (LDH kit from Cayman Chemicals). Positive
controls (100% cell death) consisted of macrophages treated with RPMI supplemented with
0.1% Triton X-100 (2 h, 37°C, 5% CO2) and negative controls consisted of macrophages
treated only with RPMI (no supplements) (2 h, 37°C, 5% CO2).

2.8. Hydrolytic activity assays
2.8.1. Hydrolysis of p-nitrophenyl valerate (esterase activity)—Esterase assays to
measure the activity of recombinant enzyme, THP1 cell lysates or intact cells following
treatments with HNE were performed as previously described [30]. Data were expressed as
percent of vehicle (ethanol) control.

2.8.2. Hydrolysis of 4-methylumbelliferyl oleate (lipase activity)—Hydrolysis of
the fluorogenic substrate 4-MUBO by lysates of HNE-treated THP1 cells was done as
previously described [26]. Data were expressed as percent of vehicle (ethanol) control.

2.8.3. Hydrolysis of 2-arachidonoylglycerol (2AG)—Hydrolysis of 2AG and the
analysis of its product (arachidonic acid) by LC-MS were done as described previously [27].

2.8.4. Detection of serine hydrolases in THP1 cell lysates using the activity-
based protein probe, fluorophosphonate (FP)-biotin—Cytosolic and membrane
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fractions of THP1 monocytes (1 mg/ml protein in 50 mM Tris-HCl, pH 7.4) were treated
with FP-biotin (2 µM, final) and analyzed as previously described [27].

2.8.5. In situ determination of esterase and lipase activities of macrophages—
Adherent THP1 macrophages were challenged with HNE for 2 h in a 96-well format, as
described above. After 2h, the culture medium was removed and cells were washed with
PBS. Three hundred µl of 0.5 mM pNPV, prepared in PBS, was immediately added to each
well to determine the in situ esterase activity of the cells [33]. The rate of intracellular
hydrolysis of pNPV was determined by monitoring the absorbance (405 nm) caused by
release of p-nitrophenol using a plate reader (Molecular Devices). Negative control reactions
contained ethanol vehicle instead of HNE, and positive control reactions contained 10 µM
paraoxon since it can effectively inhibit CES1 activity in intact THP1 cells [26]. Data are
reported as % of control esterase activity (ethanol vehicle). For lipase activity
determinations, 150 µl of 50 mM Tris-HCl (pH 7.4) containing 0.1% v/v Triton X-100 was
added to the washed cells and the plate was incubated at room temperature for 30 min with
gentle shaking to lyse the cells. The 4-MUBO activity of the lysate was then determined by
adding 150 µl of 150 µM 4-MUBO, suspended in 10 mM Tris-HCl (pH 7.4) containing 150
mM NaCl and 0.01% Triton X-100, to each well and monitoring the fluorescence caused by
the release of 4-methylumbelliferone using λex 355 nm and λem 460 nm.

2.9. Western blot analysis
Cell lysates or recombinant proteins were subjected to SDS-PAGE as described by Laemmli
[34]. Following electrophoresis, proteins were transferred to PVDF membranes and probed
for HNE protein adducts with mouse anti-HNE antibodies. For western blot analysis of
CES1 and β-actin, PVDF membranes were probed with rabbit anti-CES1 and mouse anti-β-
actin.

2.10. Glutathione conjugation of HNE
THP1 monocytes (~1×106 cells) were suspended in 50 µl of PBS and treated with 50 µM
HNE or vehicle (ethanol) for 5 min at 37°C. The cells were lysed by adding 100 µl of ice-
cold methanol containing an internal standard (1 nmol atrazine-mercapturate, synthesized as
described in Ross and Filipov [35]) and sonicated. After brief centrifugation the supernatant
was analyzed by LC-MS (20 µl injection) using the conditions described below. In addition,
lysates of naïve monocytes and macrophages (0.5 mg protein/ml, final) were supplemented
with 5 mM GSH and 50 µM HNE in 50 mM Tris-HCl (pH 7.4) buffer, and incubated for 5
min at 37°C. The reactions were terminated with two volumes of ice-cold methanol/acetic
acid (90/10 v/v) containing 1 nmol of internal standard (atrazine-mercapturate), followed by
LC-UV-MS analysis. For LC-UV-MS, a Thermo MSQ single-quadrupole mass spectrometer
was interfaced with a Surveyor LC pump and UV detector (Thermo Fisher Scientific, San
Jose, CA). The mobile phases were a blend of solvent A (0.1% v/v acetic acid in water) and
solvent B (0.1% v/v acetic acid in acetonitrile). Samples (20 µl) were injected onto a C18
column (2.1 mm × 100 mm, Thermo) equipped with guard column, and analytes were eluted
with the following gradient program: 0 min (95% A, 5% B), 2 min (95% A, 5% B), 12 min
(10% A, 90% B), 17 min (10% A, 90% B), 20 min (95% A, 5% B), and 25 min (95% A, 5%
B). Flow rate was 0.3 mL/min and column eluate was directed into a UV detector (λ 230nm)
and mass spectrometer in tandem. Ions were introduced into the MS by electrospray
ionization in positive or negative ion modes. The MS single quadrupole was operated in
single-ion mode (SIM) to detect the following ions: GS-HNE ([M-H]− m/z 462), atrazine-
mercapturate ([M-H] − m/z 341), GS-HNE ([M+H]+ m/z 464), and HNE ([M+H]+ m/z 157).
Glutathione transferase (GST) activity of monocytes and macrophages were determined
according to the method of Habig [36] using 1-chloro-2,4-dinitrobenzene as substrate.
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2.11 Statistical analysis
Significant differences were determined by Student’s t-test or ANOVA using Tukey or
Dunnett’s post-hoc tests (SigmaStat). Significant differences are indicated by letters or
asterisks in the figures (p<0.05).

3. Results and Discussion
3.1 Inhibition of recombinant carboxylesterase activity by HNE

Bacterial pnbCE enzyme is a model CES with high sequence and structural homology to the
mammalian CES [28]. Treatment of recombinant pnbCE with increasing concentrations of
HNE caused the esterase activity of the enzyme to be inhibited in a time- and HNE
concentration-dependent manner (Fig. 1A). Nearly 90% of the pnbCE esterase activity was
inhibited following treatment with 3.2 mM HNE at 4.5 hours. Western blot analysis using
antibodies that recognize HNE adducts demonstrated that the pnbCE protein was covalently
modified by HNE when treated with 3.2 mM HNE, whereas the vehicle control-treated
protein was not (Fig. 1B). Recombinant human CES1 enzyme was also sensitive to covalent
modification and inhibition by HNE, although longer incubation times were necessary to
achieve the same degree of inhibition seen with pnbCE (Fig. 1C,D). Prolonged incubation
times at 37°C up to 96 hours were feasible with CES1 protein due to its remarkable stability,
whereas pnbCE was much less stable during extended incubations (data not shown). The
stability of CES1 may be attributed to the fact that it is a glycosylated protein, whereas the
bacterial protein is not. In addition, treatment of CES1 with 4-oxononenal (ONE; 1 mM, 1
h), another reactive aldehyde formed during lipid peroxidiation, inhibited the esterase
activity of CES1 by nearly 60% (Fig. 1C), which is markedly higher than the level of
inhibition when CES1 was treated with 1 mM HNE for the same amount of time. This result
is consistent with the greater chemical reactivity of ONE compared to HNE [37]. Fitting
HNE inhibition data in Fig. 1C to a single-phase exponential equation, %inhib = %inhibmax
(1-e−kobs*t), allowed secondary plots of the apparent first-order rate constant of enzyme
inhibition (kobs) versus [HNE] to be produced, which, assuming that the rate of adduction of
CES1 by HNE is reflected by the rate of enzyme inhibition, permits an estimate of the
second-order rate constant (kinact/Ki) for the covalent reaction of HNE and CES1 to be
estimated (i.e., 0.73 h−1mM−1; Supplementary Fig. 1). Additionally, the first-order rate
constant (kinact) that describes the maximal rate of CES1 inactivation by HNE was 0.19 h−1,
which is in line with the reactivity of human serum albumin toward HNE [38].

Human CES1 and CES2 are both members of the carboxylesterase family, but are encoded
by separate genes [39]. CES2 exhibits 48% amino acid sequence homology to CES1. The
covalent modification of CES2 protein by HNE (1 mM, 15 min, 37°C) caused an
unexpected 3.2-fold enhancement in CES2 activity (Fig. 1E). In contrast, CES1 protein
treated under the same conditions did not exhibit any difference from control. On the basis
of data shown in Fig. 1C, it was expected that CES1 activity would not be significantly
affected by 1 mM HNE after just 15 min of incubation; for example, marked inhibition of
CES1 was observed only after long incubation times (~24 h). Because prolonged incubation
of vehicle-treated CES2 at 37°C (≥1h) caused significant losses in its enzymatic activity
(data not shown), a short incubation time (15 min) was chosen in order to compare CES2
with CES1. The result suggests that CES2 activity can be activated by HNE-mediated
covalent modification, whereas CES1 activity is reduced but only after prolonged incubation
periods. The nature and location of the amino acid modified by HNE in CES2 is currently
unknown but is being investigated. Although the concentrations of HNE are relatively high
in these experiments, it is known that the levels of HNE in subcellular locales such as in
lipid membranes can reach millimolar levels during lipid peroxidation [5],[6]. This may be
particularly relevant for interactions of HNE with CES1 because this protein is found in the
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lumen of the endoplasmic reticulum and is intimately associated with the lipid membrane of
this organelle [39].

3.2 Mapping the HNE adduct in recombinant CES1
Analysis of tryptic peptides obtained from HNE-modified recombinant CES1 protein by
mass spectrometry demonstrated that a single amino acid (Lys105) was modified by the
addition of +158 amu, which is the mass addition expected following Michael addition of
HNE and subsequent NaBH4-mediated reduction of the resulting hemiacetal [38]. No
evidence of Schiff base adducts (+140 amu) was found and the sequence coverage of CES1
determined by mass spectrometry was ~60%. Fig. 2 shows the MS/MS spectra obtained for
the +158 amu modified peptide K105(HNE)ENIPLK and the unmodified KENIPLK
peptides. The HNE modification on the N-terminal lysine of KENIPLK added a mass of
158.13068 Da to all b fragment ions in the modified peptide (Fig. 2B) when compared to the
b ions in the unmodified peptide (Fig. 2A). Because the HNE modification is located on the
N-terminus of this peptide, only the N-terminal fragment ions (b ions) were affected, each
having a mass altered by +158.13068 (b2, b3, b4, b5 and b6 ions, Fig. 2B). In contrast, the
detected C-terminal fragment ions (y ions) have the same mass in both the unmodified and
modified KENIPLK peptides. This was expected because the HNE modification would
affect only the mass of the y7 ion, which was not detected in this MS/MS experiment. In
addition, extracted ion chromatograms of the modified ([M+2H]2+, 500.33) and unmodified
([M+2H]2+, 421.26) KENIPLK peptides are shown in Supplementary Fig. 2, along with
quantitative data. Lys105 is a surface exposed residue found in β-sheet 7 within the catalytic
domain of CES1; its pKa is estimated to be 10.55 according to analysis of PDB file 3K9B
(http://propka.ki.ku.dk/pka). Lys105 is not one of the residues that comprise the catalytic
triad of CES1 (i.e., Ser221, Glu354, and His468); therefore, it is uncertain whether Lys105
modification by HNE completely ablates catalytic activity or only partially inhibits it.
Interestingly, the lone reduced cysteine residue (Cys389) in CES1 was not modified by
HNE, which was somewhat surprising given that Cys residues are more reactive than either
His or Lys toward HNE [40]. However, modification by HNE is dependent not only on the
nucleophilicity of individual residues, but also on their steric accessibility [38]. The
prolonged incubation time needed for inhibition of CES1 (Fig. 1B) suggests that the kinetics
of the reaction between HNE and its putative amino acid target (i.e., Lys105) are slow.
However, CES1 is a stable protein and expressed at high concentrations in certain cells, such
as hepatocytes and monocytes; therefore, it may be continuously exposed to steady-state,
basal levels of HNE, which over time may cause a reduction in its catalytic activity. It
appears from Fig. 1A that pnbCE is more rapidly inhibited by HNE than CES1, suggesting
that multiple amino acids are targeted and that their cumulative modification results in
decreased catalytic activity. Alternatively, a critical single amino acid residue may be
present in pnbCE that is highly susceptible to covalent modification by HNE.

3.3 Inhibition of hydrolytic activity in THP1 cell lysates by HNE
Esterase and lipase activities in THP1 monocyte lysates appear to be due to different sets of
enzymes with different subcellular locations (Fig. 3A). For example, esterase activity
(pNPV) is 6x higher in the cytosolic fraction compared to membrane fraction, whereas
lipase activity levels (4-MUBO or 2AG) are 2× or 0.75× higher in cytosolic versus
membrane fractions depending on the substrate used. CES1 and an uncharacterized 31–32
kDa enzyme are the most robust serine hydrolase activity gel bands in the cytosolic and
membrane fractions, respectively (Fig. 3B). Each is a candidate enzyme that can hydrolyze
the endocannabinoid 2AG in THP1 monocytes/macrophages [27]. Using CES1 specific
inhibitors and immunoprecipitation it was previously estimated that CES1 accounted for 40–
50% of the 2AG hydrolytic activity in THP1 cells, while the remaining 2AG hydrolytic
activity was postulated to be due to the 31–32 kDa serine hydrolase [27]. This is in
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concordance with the subcellular distribution of 2AG hydrolysis activity in THP1 cells (Fig.
3A) and the subcellular localization of CES1 and the 31–32 kDa enzyme (Fig. 3B).

The esterase and lipase activities in THP1 cell lysates were inhibited by HNE (Fig. 4A,B).
Lipase activity in THP1 cell lysate appears to be much more sensitive to the inhibitory
effects of HNE than the esterase activity, suggesting that two different subsets of enzymes
are responsible for these different activities. The enzymes responsible for the lipase activity
in THP1 cells (i.e., 4-MUBO hydrolysis) are presently unknown, while 85% of the esterase
activity of THP1 monocytes is attributed to CES1 [26]. The lipase activity in lysates was
inhibited by 90% within one hour of exposure to the highest concentration of HNE, whereas
esterase activity was inhibited by 40% under the same conditions. When THP1 macrophage
lysates were treated with increasing amounts of HNE (Fig. 4C), the extent of inhibition of
esterase activity appeared to be more pronounced than seen with monocyte lysates (Fig. 4A).
The greater sensitivity of esterase activity in macrophage lysates compared to monocytes
may be due to differences in subcellular location of esterases in the two cell types.

3.4 Inhibition of hydrolytic activity in intact THP1 monocytes and macrophages following
challenge with HNE

The effects of HNE on esterase and lipase activities following treatment of intact THP1
monocytes are shown in Fig. 5. Treatment durations of two hours in serum-containing
medium did not significantly alter the esterase and lipase activities of the monocytes when
compared to vehicle controls (Fig. 5A,C). Longer durations of exposure (17 h) could inhibit
these activities (Fig. 5B,D), although cytotoxicity was noted in this instance when compared
to the 2 h exposures (Supplementary Fig. 3). As seen with HNE-treated cell lysates, the
lipase activity was more sensitive to the inhibitory effects of HNE than the esterase activity
following treatment of intact cells.

The presence of fetal bovine serum (FBS) in the culture medium may have reduced the
inhibitory effect of HNE by lowering the effective concentration of HNE in the culture
medium due to adduction reactions between serum albumin protein and HNE. This
possibility was verified by treating intact monocytes with increasing amounts of HNE (0–
100 µM) for two hours, in the presence or absence of 10% FBS, then measuring the
resulting esterase activity. It was found that the potency of HNE-mediated inhibition of
esterase activity was enhanced when FBS was absent from the medium [3.8-fold increase
when regression slopes of esterase activity vs. HNE concentration were compared;
normalized slope values: 1.0/µM HNE with FBS absent and 0.26/µM HNE with FBS
present (arbitrary units)], suggesting that more of the reactive aldehyde could penetrate the
cells and inhibit intracellular esterases.

When differentiated THP1 macrophages were treated with increasing amounts of HNE for
two hours in the absence of FBS, a concentration-dependent inhibition of esterase and lipase
activities was also found (Fig. 6A,B). Maximal inhibition of esterase and lipase activity
(~40% for each) was noted at HNE concentrations of 200 µM and 25 µM, respectively.
Thus, as with monocytes, the lipase activity in macrophages was more sensitive to the
inhibitory effects of HNE than the esterase activity. It should be noted here that cytotoxicity
was not observed in the macrophage experiments (Fig. 6) at any of the concentrations of
HNE used as assessed by the presence of LDH in the culture medium; short exposures (2 h)
to HNE are not cytotoxic to THP1 macrophages, although longer exposures are (17 h; data
not shown). Moreover, THP1 macrophages challenged with HNE for short periods of time
appear to be more resistant to cytotoxicity than undifferentiated THP1 monocytes, which
exhibit significant cytotoxicity when treated with HNE concentrations >50 µM in serum-
free medium [41].
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It should be pointed out that the concentrations of HNE needed to inhibit esterase/lipase
activity in THP-1 cells are generally higher in relation to concentrations that have been
shown to have other important biological effects on cells with roles in atherosclerosis. For
example, Go et al.[13] showed that treatment of cultured endothelial cells with low
concentrations of HNE (1–10 µM) enhanced monocyte adhesion to these cells, which is one
of the first observable events in atherosclerosis. Yun et al. [15] demonstrated that CD36
expression, a scavenger receptor, on murine J774A.1 macrophages could be robustly
induced by HNE at 10 µM. Darley-Usmar et al. [42] showed that when THP-1 macrophages
were challenged with 50 µM HNE, the cellular GSH pool was significantly depleted by 1–2
h but had rebounded by 4 h and was markedly higher than the untreated macrophages by 24
h. Therefore, HNE likely affects multiple molecular pathways that contribute to
pathophysiological processes, such as atherosclerosis, across a wide range of concentrations.

3.5 HNE-mediated damage of THP1 monocyte proteins detected by western blot analysis
It has been previously shown that several cellular proteins and DNA are covalently modified
by HNE [43–46], which can alter their cellular activities. Therefore, we examined whether
HNE-protein adducts are detectable after treating intact THP1 monocytes with HNE. Indeed,
we found that many cellular proteins were covalently modified by HNE and detected by
immunoblotting methods using antibodies that recognize HNE adducts, most noticeably
after treatment with 100 and 200 µM HNE (Fig. 7A). This result is likely due to saturation
of HNE detoxication enzymes such as glutathione transferases and aldehyde dehydrogenase
[47]. These findings might explain why the cellular esterase and lipase activities are
inactivated following HNE treatments; the enzymes responsible for these activities are likely
covalently modified by HNE and their function altered. However, it should be pointed out
that a recent proteomic study of THP1 monocytes challenged with this lipid electrophile
failed to detect HNE-modified CES1 protein [48]. Nevertheless, in this particular study, the
sixteen identified HNE-damaged proteins were primarily cytoskeletal proteins, which are
abundant background contaminants that are often detected in proteomic studies, and as such
might interfere with mass spectrometry detection of less abundant HNE targets. Therefore,
HNE-damaged CES1 protein may have escaped detection in this study and further
enrichment procedures will be necessary to obtain in-depth proteomic data.

3.6 Induction of CES1 protein in THP1 monocytes following HNE challenge
Next, we investigated whether HNE could modulate the abundance of CES1 protein in
THP1 monocytes. Indeed, we found by western blot that the amount of CES1 protein was
significantly elevated (1.4-fold) by HNE exposure (200 µM, 17 h) (Fig. 7B) when
normalized to β-actin expression. HNE is an electrophilic lipid and is known to activate the
transcription factor Nrf2 via covalent modification of its negative regulatory protein Keap 1
[16], thereby inducing the expression of several genes encoding enzymes that detoxify HNE
and reactive oxygen species. In the presence of electrophilic agents, Nrf2 is released from
Keap1 and translocates from the cytosol into the nucleus where it stimulates the
transcription of a host of genes, including CES1 [49]. Thus, while HNE may reduce esterase
and lipase activities in THP1 cells by direct chemical adduction of the enzymes responsible
for these functions, it is possible that HNE can activate Nrf2 transcriptional activity leading
to increased amounts of CES1 protein, partially compensating for deficits in enzyme activity
caused by HNE modification.

3.7 Glutathione conjugation of HNE
HNE is both non-enzymatically and enzymatically conjugated to GSH, a significant
pathway for its detoxification in cells [50]. For instance, it was previously shown that >50%
of exogenous HNE was metabolized by GSH conjugation in cultured keratinocytes [51].
When intact THP1 monocytes were challenged for 5 min with 50 µM HNE in the present
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study, GS-HNE conjugates were readily detected in combined cell/culture medium extracts
by LC-MS (Fig. 8A,B). On the basis of LC-UV chromatograms, exogenous HNE was
almost completely metabolized (>90%) by the intact monocytes in 5 min (Fig. 8A, inset)
and the rate of HNE catabolism was estimated to be 0.46 nmol/min/106 cells, which is
similar to the rate seen with isolated human polymorphonuclear leukocytes [47]. The rate of
catabolism of HNE (initial concentration, 50 µM) by THP1 monocyte and macrophage
lysates ranged from 14 to 16 nmol/min/mg protein, whereas the rates of GS-HNE
conjugation for THP1 monocyte and macrophage lysates were 6.5±0.8 and 6.3±0.1 nmol/
min/mg protein, respectively. Hence, GSH conjugation of HNE is an important mechanism
of its detoxification in both THP1 monocytes and macrophages, accounting for ~43% of the
metabolism of HNE. This metabolic rate is comparable to that described by Luckey and
Petersen [52], who estimated that GS-HNE conjugation accounted for ~30% of the
metabolism of HNE in rat Kupffer cells (macrophage-like cells). The remaining metabolism
of HNE in THP1 cells is likely due to oxidative and/or reductive pathways, which are
mediated by aldehyde and alcohol dehydrogenases [2].

3.8 Conclusions and Significance
Atherosclerosis is a disease having both oxidative and inflammatory components, and HNE
is an endogenous molecule found within atherosclerotic lesions that bridges these
pathobiological processes [16]. CES1 has been proposed to release cholesterol from
cholesterol esters stored in lipid droplets within macrophage foam cells [24]. Furthermore,
CES1 appears to regulate the levels of the endocannabinoid, 2-arachidonoylglycerol, and
prostaglandin glyceryl esters in THP1 cells [27]. Therefore, the interactions of HNE with
hydrolytic enzymes such as CES1 are important to clarify. The present study has taken a
first step toward investigating the functional importance of HNE-mediated inactivation of
cellular hydrolytic enzymes in THP1 monocytes/macrophages. Although the molecular
details remain obscure, it appears that the lipolytic activity of enzymes in THP1 monocytes
is more sensitive to inactivation by HNE than the esterolytic activity. Since CES1 appears to
be a target of HNE in vitro and its modification has been mapped by mass spectrometry to
Lys105 it would be interesting to validate this potential amino acid target in vivo and further
define the physiological significance of this modification by testing its effect on CES1’s
catalytic activity. Accordingly, the investigation of serine hydrolases in monocytes/
macrophages that are targeted by HNE and become functionally inactivated by lipid
electrophiles will be important to pursue because of the critical role of this enzyme family in
diseases such as atherosclerosis.

Highlights

• Effects of 4-hydroxynonenal (HNE) on esterase and lipase activities was
examined.

• Hydrolytic activities of pure CES enzymes and intact cells are inhibited by
HNE.

• Lysine 105 in recombinant CES1 enzyme was covalently modified by HNE.

• THP1 cells efficiently metabolize HNE and yield glutathione-HNE conjugates.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

HNE 4-hydroxy-2-trans-nonenal

CES1 carboxylesterase 1

CES2 carboxylesterase 2

oxLDLs oxidized low-density lipoproteins
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Fig. 1.
Inhibition of esterase activity of recombinant carboxylesterases (pnbCE and CES1)
following treatment with HNE (A,C) and formation of HNE-protein adducts (B,D). The
pnbCE and CES1 recombinant proteins were treated with increasing concentrations of HNE
for various times, followed by esterase assay or western blot using anti-HNE antibodies.
PVDF membranes were also stained with Coomassie blue to demonstrate equal protein
loading. (E) Comparison of CES1 and CES2 activities following treatment with 1 mM HNE
for 15 min. ONE, 4-oxononenal.

Borazjani et al. Page 15

Chem Biol Interact. Author manuscript; available in PMC 2012 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
HNE modifies Lys105 residue of CES1. Recombinant CES1 protein was treated with
ethanol vehicle (A) or 1 mM HNE (B). The modified proteins were analyzed by SDS-PAGE
and Coomassie staining, followed by tryptic digestion of the excised bands and LC-MS/MS
analysis by OrbiTrap Velos. The CID fragmentation of the KENIPLK peptide (residues
105–111), as analyzed by Fourier Transform (FT), indicates that HNE modifies Lys105 (B).
The detected b- and y- fragment ion series are shown for the unmodified (A; [M+2H]2+,
421.26 Da) and modified (B; [M+2H]2+, 500.33 Da) KENIPLK peptide.
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Fig. 3.
Specific activities of THP1 monocyte cytosolic and membrane fractions toward pNPV,
4MUBO, and 2AG. (A) The esterase (pNPV) and lipase (4MUBO and 2AG) activities of
cytosolic and membrane fractions were determined as described in the Materials and
Methods. (B) Serine hydrolase activity profile of THP1 monocyte subcellular fractions
determined with FP-biotin. heat indicates samples were boiled prior to addition of FP-biotin,
native indicates samples were not boiled. Endogenous biotin-containing proteins are
indicated by asterisks and are detected in samples that did not receive FP-biotin treatment. *,
p<0.05; Student’s t-test.
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Fig. 4.
Esterase and lipase activities in THP1 cell lysates are inhibited by HNE. (A) Inhibition of
esterase activity in monocyte cell lysate. (B) Inhibition of lipase activity in monocyte cell
lysate. (C) Inhibition of esterase activity in macrophage cell lysate. Different alphabetic
letters indicate that significant differences were noted for each HNE concentration at each
time point (p<0.05; ANOVA, Tukey test); data points denoted by the same alphabetic letter
were not significantly different at the specific time point indicated.

Borazjani et al. Page 18

Chem Biol Interact. Author manuscript; available in PMC 2012 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Esterase and lipase activities in intact THP1 monocytes challenged with different
concentrations of HNE. Inhibition of esterase activity after 2 h (A) and 17 h (B) treatments.
Inhibition of lipase activity after 2 h (C) and 17 h (D) treatment. Asterisks indicate that the
value is significantly different when compared to the control (0 µM HNE) (p<0.05;
ANOVA, Dunnett’s test).
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Fig. 6.
Inhibition of esterase (A) and lipase (B) activities in THP1 macrophage cells challenged
with increasing concentrations of HNE. Asterisks indicate that the value is significantly
different when compared to the control (0 µM HNE) (p<0.05; ANOVA, Dunnett’s test).
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Fig. 7.
Evidence of HNE-protein adducts and upregulation of CES1 in THP1 monocytes. (A)
Formation of HNE-protein adducts in THP1 monocytes treated with different concentrations
of HNE. Protein-adducts were detected using an antibody that recognizes these lesions. (B)
Expression of CES1 protein is enhanced when THP1 monocytes are challenged with 200
µM HNE. Each lane represents a separate flask of THP1 monocytes challenged with HNE.
*, p<0.05; Student’s t-test.
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Fig. 8.
THP1 monocytes produce GS-HNE conjugates when challenged with HNE. (A) THP1
monocytes were treated with HNE (50 µM) for 5 min at 37°C; culture medium (PBS) and
cells were mixed with 2 volumes of methanol (containing internal standard) and GS-HNE
conjugates were detected by LC-ESI-MS (negative ion mode, m/z 462). Inset, LC-UV
chromatograms depicting elution profiles of HNE and internal standard (I.S.) after the cells
or culture medium without cells were challenged with 50 µM HNE. (B) The stereochemical
configurations of the GS-HNE diastereomers are shown. The diastereomers (I–IV) elute as
one peak when analyzed by the gradient method (shown in A); however, separation of
diastereomers is partially enabled by using isocratic mobile phase conditions (85% water/
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15% acetonitrile containing 0.1% v/v acetic acid; flow rate, 0.3 ml/min). Assignment of
peaks is based on the study by Balogh et al. [50], which used similar stationary and mobile
phases for chromatography. Note that the stereochemistry of the hydroxyl group in the
hemiacetal is undefined.
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