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The compound 4-hydroxynonenal (4-HNE) is the ma-
jor aldehyde formed during lipid peroxidation of �-6-
polyunsaturated fatty acids and has been suggested to
regulate inflammatory responses because it inhibits
tumor necrosis factor (TNF) mRNA production in the
human monocytic cell line THP-1. Here we demon-
strate that 4-HNE inhibits TNF and interleukin-1� pro-
duction in human monocytes in response to lipopoly-
saccharide. The main action of 4-HNE occurred at the
pretranscriptional level; there was no effect on TNF
mRNA production or stability when 4-HNE was added
after stimulation. The mechanism of action of 4-HNE
appears to be downstream of lipopolysaccharide-re-
ceptor binding. In the human monocytic MonoMac 6
cell line, 4-HNE caused selective inhibition of the ac-
tivity of the mitogen-activated protein kinases p38
and ERK1/ERK2, but not JNK. However, in mono-
cytes, the activities of all three kinases were inhib-
ited, suggesting that the effects of 4-HNE were exerted
at points upstream of ERK1/ERK2 and JNK as the
levels of the phosphorylated kinases were reduced. In
contrast, p38 phosphorylation was not inhibited,
suggesting that 4-HNE affects kinase activity. 4-HNE
also inhibited nuclear factor-�B activation in mono-
cytes. In view of the roles of p38, ERK1/ERK2, JNK,
and nuclear factor-�B in inflammation, the data sug-
gest that 4-HNE, at nontoxic concentrations, has anti-

inflammatory properties, most likely through an ef-
fect on these signaling molecules, and could lead to
the development of novel treatments for inflamma-
tory diseases. (Am J Pathol 2008, 173:1057–1066; DOI:
10.2353/ajpath.2008.071150)

Lipid peroxidation has been implicated in the pathogen-
esis of many diseases including atherosclerosis. A key
feature of lipid peroxidation is the breakdown of polyun-
saturated fatty acids to yield a broad array of smaller
molecules including aldehydes. Among these, 4-hy-
droxynonenal (4-HNE) is known to be the major aldehyde
formed during lipid peroxidation of �-6-polyunsaturated
fatty acids such as linoleic acid and arachidonic acid.1,2

Previous reports have shown that a 15-lipoxygenase-
derived metabolite of arachidonic acid, 15-hydroper-
oxyeicosatetraenoic acid (15-HPETE), inhibits lipopoly-
saccharide (LPS)-induced tumor necrosis factor (TNF)
production in monocytes at both the pretranscriptional
level and by accelerating TNF mRNA degradation.3

Since it has been shown that 15-HPETE breaks down to
4-HNE through enzymatic and nonenzymatic path-
ways4–6 and previous studies showed the inhibition of
TNF production by 4-HNE,7 it is possible that 15-HPETE
may exert some of its effects through the more stable
breakdown product, 4-HNE.

At very high concentrations �100 �mol/L, 4-HNE is
acutely toxic to mammalian cells and leads to cell death
within 1 hour or less. However it is unlikely to reach such
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concentrations in cells and organs, although such con-
centrations could be built up locally in peroxidizing mem-
branes for a short time.8 It has been suggested that
4-HNE may accumulate in membranes at concentrations
of 5 to 20 �mol/L in response to oxidative insults.1,2 The
effects of such concentrations include the stimulation of
neutrophil chemotaxis, modulation of adenylate cyclase
activity, and stimulation of phospholipase C.1 Besides its
effects on neutrophils, 4-HNE has displayed various other
pro-inflammatory effects. At 0.1 to 10 �mol/L it up-regu-
lated TGF-� mRNA in J774 murine macrophages and
human U937 promonocytes differentiated with phorbol
12-myristate 13-acetate.9 The aldehyde (25 to 50 �mol/L)
also displayed pro-inflammatory activity in inducing
COX-2 mRNA in RAW264.7 murine macrophages by ac-
tivating the p38 MAPK kinase pathway10,11 and chemo-
tactic activity toward monocytes/macrophages.12 More
recently however, 4-HNE was found to inhibit nuclear
factor (NF)-�� activation in a dose-dependent manner by
inhibiting phosphorylation of the inhibitory protein, I���,
in the monocytic cell line THP-1.7 4-HNE has also been
found to inhibit the metabolism of arachidonic acid to
form cyclooxygenase and lipoxygenase metabolites,13

as well as inhibiting the production of adhesion mole-
cules ICAM-1, VCAM-1, and E-selectin.14 These results
suggest that 4-HNE plays a role in regulating the inflam-
matory reaction.

The signs and symptoms of a diverse range of such
seemingly unrelated diseases as rheumatoid arthritis,
multiple sclerosis, cancer, septic shock, and hematopoi-
etic disorders such as aplastic anemia and myelodys-
plastic syndrome can be attributed to the overproduction
of TNF. The overproduction of TNF can be acute and
intense, as in the case of sepsis, or chronic and low
grade, as in the case of chronic disorders such as rheu-
matoid arthritis. In the case of bacterial sepsis, endotox-
ins cause intense production of TNF from monocytes and
macrophages resulting in the clinical manifestations of
septic shock.15 The damaging effects of such high and
intense TNF levels are attributable to its capacity as a
master initiator of the cytokine cascade leading to the
end-organ failure that often proves to be fatal.

The major source of secreted TNF is cells of the mono-
cyte/macrophage lineage and one of the most potent
stimuli for inducing TNF release is bacterial LPS. LPS
forms complexes with the plasma protein LBP (LPS bind-
ing protein) and is transferred to the CD14 receptors a
membrane protein found specifically on monocytes/mac-
rophages. CD14 then transfers LPS to a complex of TLR4
(Toll-like receptor) and MD-2 (myeloid differentiation fac-
tor) and thereby initiates the LPS response.16,17 The main
pathways involved in the activation of monocytes/macro-
phages by LPS include the p38, ERK, and JNK MAPKs
and the IKK� pathways.16–18 These in turn activate the
various transcription factors involved in TNF expression
and monocyte/macrophage activation including Elk-1, c-
jun, c-Fos, ATF-1, ATF-2, SRF, CREB, and NF-��. The
ability of 4-HNE to inhibit monocyte/macrophage activa-
tion and subsequent TNF production has implications in
the regulation of chronic inflammatory responses in dis-

eases such as rheumatoid arthritis in which anti-TNF
antibody therapy is currently practiced.19

To gain better insights into the potential role of 4-HNE as
a regulator of pathogenesis and its relationship to the anti-
inflammatory properties of 15-HPETE, we have examined its
mechanism of action on human monocyte/macrophage
TNF production at the pre- and posttranscriptional level in
particular its effects on the MAP kinase pathways, because
these are known to play a role in production of TNF by
monocytes.20 We present evidence that its prime action is
at the pretranscriptional level involving inhibition of selective
members of the MAPK family.

Materials and Methods

Leukocytes

Mononuclear leukocytes (MNLs) were prepared from the
blood of healthy volunteers using an adaptation of the
Hypaque/Ficoll method.21 Briefly, blood was carefully lay-
ered onto a solution of Angiograffin (Schering, Munich, Ger-
many)/Ficoll400 (Pharmacia Biotech, Uppsala, Sweden)/so-
dium diatrizoate (Sigma Chemical Co., St. Louis, MO) of
density 1.114. After centrifugation at 600 � g for 30 to 35
minutes, the leukocytes resolved into two bands. The lower
density MNLs in the top band were harvested and washed
twice with RPMI medium (JRH Biosciences, Lenexa, KS).

Monocytes/macrophages were enriched from the MNL
fraction by density gradient centrifugation.22 Briefly, MNLs
were layered onto a 46% iso-osmotic Percoll gradient and
centrifuged at 600 � g for 30 minutes at room temperature.
The monocytes formed a band at the interface of the gra-
dient and the lymphocytes formed a pellet at the bottom of
the tube. Once harvested, the monocytes were washed
twice in ice-cold RPMI medium with 1 mmol/L ethylenedia-
minetetraacetic acid by centrifugation at 4°C.

The human monocytic cell line MonoMac 6 was main-
tained at 37°C with 5% CO2 air and high humidity at a
density of 1 � 106cells/ml in 250-ml culture flasks. Cells
were cultured in RPMI 1640 medium supplemented with
10% heat-inactivated fetal calf serum (JRH Biosciences),
4 mmol/L L-glutamine, 100 U/ml penicillin, 100 �g/ml
streptomycin (CSL, Victoria, Australia), 1� nonessential
amino acids solution, and 1 mmol/L sodium pyruvate
(Sigma Chemical Co.).

Stimulation of Leukocytes

MNLs/monocytes were plated on a 96-well U-bottom
plate (Nalge Nunc International, Rochester, NY) at 2 �
105 cells/well. Cells were pretreated as stated in the
figure legends, by the addition of 50 �l of MNLs (4 �
106/ml) and 50 �l of the appropriate solution of 4-HNE
(Cayman Chemical Co., Ann Arbor, MI) in RPMI 1640
medium and incubated at 37°C with 5% CO2 air and high
humidity for the appropriate time. After pretreatment with
4-HNE, cells were stimulated by the addition of 100 �l of
LPS (Sigma Chemical Co.) in RPMI 1640 medium sup-
plemented with 5% heat-inactivated AB serum. Stimula-
tion was allowed to proceed for 72 hours at 37°C with 5%
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CO2 air and high humidity. The cell-free supernatant was
removed and stored at �70°C for cytokine analysis via
enzyme-linked immunosorbent assay.

Quantitation of TNF and Interleukin (IL)-1� in
Culture Supernatants

Cytokine levels in cell-free supernatants were measured
using a four step enzyme-linked immunosorbent assay.23

Readings were made from TNF/IL-1� standards (NIBSC,
Hertfordshire, UK) on a standard curve.

TNF mRNA Measurements and Determination
of Rate of Decay

The transformation of TNF insert plasmid into competent
cells and probe purification was done as previously de-
scribed.24 MonoMac 6 cells (1 � 106) were induced as
described in the figure legends.24 In all cases, cells were
stimulated with 10 ng/ml of LPS in the presence of 10%
(v/v) heat-inactivated FCS (final concentrations). Total
cellular RNA for the slot blots was prepared by the Trizol
(Invitrogen, Carlsbad, CA) method and analyzed as pre-
viously described.24 Rates of TNF mRNA were measured

essentially as described previously using Actinomycin D
to block further transcription.3

Measurement of MAP Kinase Activation

Measurement of p38 and ERK activity was performed
as described previously.25 Briefly, precleared lysates
were incubated with anti-p38 or anti-ERK2 antibody
(Santa Cruz Biotechnology, Santa Cruz, CA). After pre-
cipitation with protein A Sepharose, kinase activity was
conducted in the presence of 32P-ATP. A solid phase
assay for JNK activity was used as described previ-
ously.25 Briefly, lysates were incubated with GST-jun (1
to 79), which is coupled to glutathione Sepharose.
After extensive washing, the beads were isolated for
kinase assays in the presence of 32P-ATP. To deter-
mine MAP kinase phosphorylation, lysates were sub-
jected to Western blotting as described.25 The blots
were probed with anti-ACTIVE ERK antibody (Promega
Corp., Madison, WI) and sequentially stripped and re-
probed with anti-ACTIVE p38 (Promega Corp.), anti-
phospho JNK (Santa Cruz Biotechnology), and finally
anti-ERK2 antibody (Santa Cruz Biotechnology), to as-
sess loading. The order in which the anti-active

Figure 1. A: The effect of 4-HNE on TNF production in
LPS-stimulated monocytes. Cells were pretreated with vary-
ing concentration of 4-HNE for 60 minutes and then chal-
lenged with 10 ng/ml of LPS. After 72 hours the culture
supernatant was collected and TNF concentrations mea-
sured by enzyme-linked immunosorbent assay. Results are
presented as percentage of TNF produced in the presence of
4-HNE relative to nontreated control. These are expressed as
a mean � SEM of four experiments. *P � 0.05, **P � 0.01.
The inset graph shows a representative experiment in
which the results are shown as pg/ml of cytokine produced.
B: The effect of 4-HNE on IL-1� production in LPS-stimu-
lated monocytes. Cells were pretreated with varying concen-
tration of 4-HNE for 60 minutes and then challenged with 10
ng/ml of LPS. After 72 hours the culture supernatant was
collected and IL-1� concentrations measured by enzyme-
linked immunosorbent assay. Results are expressed as per-
centage of IL-1� produced in the presence of 4-HNE relative
to nontreated control. These are presented as the mean �
SEM of four experiments. *P � 0.05, **P � 0.01. The inset
graph shows a representative experiment in which results
are presented as pg/ml of cytokine produced.
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MAP kinase antibodies was used varied between
experiments.

Measurement of NF-�B Activation

The activation of NF-�B was assessed by measuring the
degradation of cytoplasmic I�B-� by Western blotting.
Monocytes were pretreated with 4-HNE and stimulated
with 10 ng/ml of LPS, after stimulation (15 minutes) cells
were lysed and the level of I�B-� analyzed by Western
blotting as previously described.26

LPS Binding Assay

The binding of LPS to monocytes was measured using
flow cytometry. Monocytes were treated as described
in the figure legends before the addition of fluorescein
isothiocyanate-LPS (Sigma Chemical Co.) (1 �g/ml) for
30 minutes at 4°C. The cells were washed twice with 1
ml of Isoton II (Coulter, Brookvale, Australia) and re-
suspended in 500 �l of Isoton II. The fluorescence
intensity of the samples was measured immediately
using a flow cytometer (Becton Dickinson, Mountain
View, CA).

Statistical Analysis

All data were analyzed for significance using the Tukey or
Student-Newman-Keuls test for multiple comparisons. All
graphical and statistical analyses were done using
Graphpad Prism version 3.00 (Graphpad Software, San
Diego, CA).

Results

4-HNE Inhibits TNF and IL-1� Production in
Human Monocytes

Previously it has been reported that 4-HNE inhibited LPS-
induced TNF production in THP-1 cells.7To ensure that
this was not specific to a macrophage cell line we exam-
ined effects of 4-HNE on peripheral blood monocyte TNF
and IL-1� production. The cells were pretreated with
varying concentrations of 4-HNE (5 to 20 �mol/L) and
then stimulated with 10 ng/ml of LPS. 4-HNE was found to
inhibit the production of TNF induced by LPS in a con-
centration-dependent manner (Figure 1). 4-HNE attenu-
ated both TNF and IL-1� production with IC50 of 5.1 and
6.8 �mol/L, respectively.

4-HNE Does Not Influence TNF mRNA Stability
and Targets Pretranscriptional Pathways

MonoMac 6 cells pretreated with 4-HNE showed a similar
concentration-related inhibitory effect on TNF mRNA pro-
duction (Figure 2A) to that seen with monocytes and
MNLs, with an IC50 of 4.2 �mol/L. To ascertain whether
4-HNE also accelerated the decay of TNF mRNA, Mono-
Mac 6 cells were treated with 10 �mol/L 4-HNE for dif-
ferent times relative to LPS stimulation (Figure 2B.) The
aldehyde inhibited TNF mRNA when added before or at
the same time as LPS but not if added after LPS addition.
This suggests that it does not affect posttranscriptional
events such as TNF mRNA stability. Not surprisingly,
unlike 15-HPETE our data showed that 4-HNE had no
effect on the level of TNF mRNA if added 60 minutes after
stimulation with LPS (Figure 2C). Even when the concen-
tration of 4-HNE was increased to 50 �mol/L, there was
no effect on TNF mRNA levels. This indicates that there is

Figure 2. The effect of 4-HNE on pretranscrip-
tional and posttranscriptional events. A: Mono-
Mac 6 cells were pretreated with varying concen-
trations of 4-HNE 60 minutes before stimulation
with 10 ng/ml of LPS. After a further 90-minute
incubation the level of TNF mRNA was deter-
mined by slot blot analysis. B: The effect of
4-HNE on TNF mRNA production in relation to
time of LPS addition. Cells were treated with 10
�mol/L of 4-HNE at 60 minutes, 30 minutes, and
0 minutes before LPS addition as well as 60 min-
utes after LPS addition. C: Effect of varying the
concentration of 4-HNE after treatment on TNF
mRNA production. Cells were stimulated with LPS
and after 60 minutes were treated with 5 to 50
�mol/L of 4-HNE. D: The effects of 4-HNE on
rates of TNF mRNA decay. Cells were treated with
LPS. Ninety minutes later they were treated with
10 �mol/L of 4-HNE in the presence of Actino-
mycin D (5 �g/ml). The TNF mRNA levels were
followed. The results are expressed as percentage
of TNF mRNA levels in the presence of 4-HNE
relative to the nontreated control. These are ex-
pressed as mean � SEM of six experiments. Dif-
ferences between test and controls showed *P �
0.05, **P � 0.01, and ***P � 0.001.
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no effect of 4-HNE on posttranscriptional events, at least
at this level. To ascertain that 4-HNE did not influence
TNF mRNA stability we examined the effects of treating
LPS-prestimulated cells with 4-HNE in the presence of
Actinomycin D. Then the levels of TNF mRNA were fol-
lowed throughout time. The results in Figure 2D show that
the rates of TNF mRNA decay are the same in the pres-
ence and absence of 4-HNE.

Effect of HNE on LPS Binding to Monocytes

A starting point in dissecting the pretranscriptional effect
of 4-HNE is to examine effects at the LPS binding step.
The effects of 4-HNE on LPS binding to the human mono-
cytes was assessed. Cells were pretreated for 1 hour with
20 �mol/L 4-HNE before the addition of 1 �g/ml of fluo-
rescein isothiocyanate-labeled LPS. 4-HNE did not affect
LPS binding to the monocytes (Figure 3).

Effects of 4-HNE on p38, ERK, and JNK

LPS is known to use MAP kinases to promote the produc-
tion of TNF.20 Thus, the effects of 4-HNE on LPS-induced
activation of these intracellular signaling pathways was
examined using MonoMac 6 cells. These were pretreated
with 10 �mol/L 4-HNE for 1 hour and then stimulated with
LPS (10 ng/ml) for 15 minutes before assessing kinase
activity, measured by the radioactive kinase assay.
4-HNE was shown to significantly inhibit p38 and ERK
activity induced by LPS (Figure 4, A and B, respectively).
In contrast to this, not only was LPS-induced JNK activity
not inhibited, but at the same concentration, 4-HNE was
able to stimulate JNK activity (Figure 4C).

To determine whether the effects of 4-HNE were ex-
erted at an upstream kinase, we examined whether or not
the aldehyde affected the phosphorylation of the MAP
kinases under the same conditions as above. The results
on ERK1/ERK2 showed that LPS did not stimulate phos-
phorylation of the kinase and 4-HNE had no effect on this
(Figure 4D). The aldehyde did not inhibit the LPS-induced
phosphorylation of p38 (Figure 4E). Surprisingly, un-
stimulated MonoMac 6 cells showed a high baseline
phosphorylation of the 46-kDa form of JNK (Figure 4F).
Phosphorylation of the 54-kDa form of JNK was not ob-
served, even on prolonged exposure to the film. What is
interesting and unexplained is that JNK activity was af-
fected by the treatments without a significant change in
the degree of phosphorylation of the p46 and p54 JNK
forms (Figure 4F). Since Zhang and colleagues27 showed
that 4-HNE increased the phosphorylation of ERK1/ERK2
and p38 at earlier time points, we examined the effect of
the aldehyde at these earlier time points. The results
showed that 4-HNE also caused an increase in the levels
of phospho-ERK1/ERK2 and p38 in MonoMac 6 cells at 5,
10, and 30 minutes (data not presented). In contrast, no
change in phospho-JNK was observed (data not shown).

Because our work extended to the human peripheral
blood monocytes, it was relevant to see if these changes
in intracellular signaling were correlated in normal cells.
Interestingly with monocytes, the results showed that
4-HNE inhibited the LPS-induced increase in enzymatic
activity of all three MAP kinases (Figure 5, A–C). Although
both ERK and JNK phosphorylation induced by LPS were
inhibited by 4-HNE, there was no effect on p38 phosphor-
ylation (Figure 5, D–F). This suggests that 4-HNE may
directly inhibit p38 kinase activity in primary monocytes.
As observed with MonoMac 6 cells, there was a high
baseline phosphorylation of the p46 kDa form of JNK but
the treatments predominantly affected the phosphoryla-
tion status of the p54 kDa JNK.

4-HNE Inhibits LPS-Mediated NF-�B Activation

Although it has been previously reported that 4-HNE
inhibits NF-�B activation in THP-1 cells, it was evident
that these cells show constitutive nuclear NF-�B.28 We
found similar results with our studies on MonoMac 6 cells
(data not presented). Because this raises the issue as to
the validity of these results when relating these to normal

Figure 3. The effect 4-HNE on LPS binding to monocytes. Monocytes were
pretreated with 4-HNE (20 �mol/L) and then incubated with 1 �g/ml of
fluorescein isothiocyanate-LPS and the fluorescence intensity measured us-
ing a flow cytometer. A: Data are presented as a percentage of mean
fluorescence intensity (MFI) in the 4-HNE-treated relative to the nontreated
control. These are expressed as a mean � SEM of three experiments. B: A
representative histogram of the above results.
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cells, we examined the effects of 4-HNE on LPS-induced
NF-�B activation in monocytes, by quantitating the levels
of cytoplasmic I�B-�. Treatment with 10 �mol/L 4-HNE
significantly inhibited the LPS-induced I�B-� degradation
(Figure 6).

Discussion

Previously, studies on the effects of 4-HNE on mononu-
clear phagocyte function were restricted to the monocytic
cell line, THP-1.7 We have extended this study by show-
ing that human monocyte TNF production can also be
inhibited by 4-HNE when these cells are stimulated with
LPS, with an IC50 of �5 �mol/L for both cell types. We
also found that the inhibitory effect of 4-HNE was not
restricted to TNF because similar effects were observed

in the ability to produce IL-1�. At these concentrations
4-HNE was not toxic to either monocytes or MonoMac 6
cells.

These effective concentrations are attainable in vivo
during an inflammatory reaction suggesting that 4-HNE
may regulate monocyte/macrophage function. Under
noninflammatory conditions, sub-�mol/L levels of 4-HNE
in the plasma have been reported and are suggested to
be the resting physiological concentrations of 4-HNE.
However, it is relevant that this can reach up to 45
�mol/L during inflammation/pathophysiology,1 and 1
mmol/L in cellular membranes.2 Up to 100 �mol/L of
4-HNE has been reported in hepatocytes. Others have
estimated that 4-HNE concentrations of 150 mmol/L
are present in the lipid phase of strongly oxidized
LDL.29 Human monocytes exposed to hemozoin, a ma-

Figure 4. The effect 4-HNE on ERK (A), p38 (B), and JNK (C) activity and phosphorylation of the three kinases (D–F) in LPS-stimulated MonoMac 6 cells. Cells
were pretreated with 10 �mol/L 4-HNE for 60 minutes and then stimulated with LPS. Kinase activity was then measured by a radioactive kinase assay. For Western
blotting, lysates were fractionated on 12% SDS gels, and proteins were transferred to nitrocellulose. The blots were probed with anti-ACTIVE ERK antibody and
sequentially stripped and reprobed with an antibody against the phosphorylated forms of either p38 or JNK and finally anti-ERK2 antibody, to assess loading. The
results are expressed as percentage of the response of nonstimulated cells and as means � SEM of three to four experiments.
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larial parasite pigment, generate �50 �mol/L of
4-HNE.30 Our findings demonstrate that 4-HNE has
anti-inflammatory effects at levels generated in cells,
tissues, and fluids (5 to 20 �mol/L).

To attempt to increase our understanding of the mech-
anism involved we examined whether the action of 4-HNE
was at a pre- or posttranscriptional level. Unlike the pre-
viously reported effects of 15-HPETE,3 4-HNE acted only
at a pretranscriptional level. No evidence was found to
suggest that it acted at a posttranscriptional level, the
aldehyde had no effects on TNF mRNA stability. Thus,
although 15-HPETE can be converted to 4-HNE, it is
evident that the effects of this hydroperoxide on TNF
mRNA stability cannot be accounted for by the genera-
tion of 4-HNE. Previously Page and colleagues7 reported
that 4-HNE inhibited NF-�B activation in THP-1. Here we
demonstrate in human monocytes that 4-HNE can indeed
inhibit the NF-�B pathway, a transcriptional factor in-
volved in the production of TNF. Difficulties were encoun-

tered with measurement of NF-�B using the MonoMac 6
cell line, in that high levels of baseline activation were
detected (data not presented). Levels of cytoplasmic
I�B-� were significantly lower in MonoMac 6 cells than in
monocytes, suggesting a high level of baseline activa-
tion. The ability of 4-HNE to inhibit LPS-induced NF-�B is
likely to contribute to the inhibition of TNF production.

The research has identified other key mechanisms of
the regulation of macrophage function by 4-HNE, sum-
marized in Table 1. Consistent with previous data show-
ing that 4-HNE transiently increased p38 phosphorylation
in the murine macrophage cell line, RAW264.7,10,11 our
data show that the aldehyde caused a transient increase
in the phosphorylation of p38 and ERK1/ERK2 in Mono-
Mac 6 cells (data not presented). Although pretreatment
with 4-HNE did not affect LPS-induced p38 phosphory-
lation, the aldehyde inhibited LPS-stimulated increase in
p38 activity in the human monocytic cell line MonoMac 6.
LPS-induced increase in p38 activity in monocytes was

Figure 5. The effect 4-HNE on ERK (A), p38 MAPK (B), and JNK (C) activity and phosphorylation of the three kinases (D–F) in LPS-stimulated peripheral blood
monocytes. Cells were pretreated with 10 �mol/L 4-HNE for 60 minutes and then stimulated with LPS. Kinase activity was then measured by a radioactive kinase
assay, and lysates were blotted as described in legend to Figure 4. The results are expressed as percentage of the response of nonstimulated cells and are mean �
SEM of three to four experiments.
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also inhibited without an accompanying reduction in p38
phosphorylation. This suggests a direct inhibitory effect
of 4HNE on p38 kinase activity. Furthermore, we found
that 4-HNE inhibits LPS-stimulated ERK activity in Mono-
Mac 6 and primary monocytes. Although 4-HNE inhibited
LPS-stimulated JNK activity in peripheral blood mono-
cytes, JNK activity in MonoMac 6 cells was increased by
the aldehyde. Previous reports have established that in-
hibition of ERK1/ERK2, p38, or JNK alone is sufficient to
inhibit cytokine production.31–33 For example blocking
p38 inhibits production of TNF in monocytes. Our data
suggest that the combined effects of the inhibition of p38,
ERK, and JNK is likely to be responsible for the profound
inhibitory effect of 4-HNE on the production of TNF in
human macrophages.

It has been shown previously that 4-HNE activates JNK
in primary human hepatic stellate cells by a direct inter-
action with JNK itself.34 The current data show that
4-HNE stimulates JNK activity in MonoMac 6, perhaps by
a similar mechanism because we found that phospho-
JNK levels were not increased. This is consistent with
lack of effect of 4-HNE on JNK phosphorylation in hepatic
stellate cells,34 unlike what had been observed in the
human bronchial epithelial cell-line, HBE1.35 The data in
HBB1 cells would be consistent with the observation that
4-HNE-stimulated JNK activity by stimulating the activity

of the upstream SEK1.36 Thus, there may be a number of
ways through which 4-HNE affects JNK activity. Further
dissociation between MAP kinase activity and phosphor-
ylation was observed in MonoMac 6 cells. Although LPS
increased the activities of the three MAP kinases, only the
phosphorylation of p38 was enhanced by LPS. It is pos-
sible that the levels of phospho-ERK and phospho-p54
kDa JNK were too low to be detected by the anti-ACTIVE/
phospho-MAP kinase antibodies. Consistent with this
suggestion, the same antibodies detected the phosphor-
ylated forms of the MAP kinases in LPS-stimulated pe-
ripheral blood monocytes. The presence of ERK2 on the
blots demonstrates that there was a sufficient amount of
MAP kinase on the membrane and this is further con-
firmed by the ability to detect phospho-p38 on the same
blots. In the case of ERK, it has previously been reported
that LPS did not increase its phosphorylation in the mono-
cytic cell line, THP-1.37

Our data highlight the need to exercise reservations on
results from cell lines, as already previously reported.38

In comparison to MonoMac 6 cells, we found 4-HNE to
cause the inhibition of all three kinases in response to
LPS in monocytes. The monocytes did show an increase
in levels of phospho-ERK and phospho-p54 kDa JNK in
response to LPS. For ERK1/ERK2 and JNK the decrease
in activity caused by 4-HNE correlated with the levels of
phosphokinases, suggesting that 4-HNE acts on an up-
stream kinase. However with p38, no change in levels of
LPS-induced phospho-p38 was induced by 4-HNE. This
suggests that 4-HNE may act directly on p38 to inhibit its
activity.

Although the effects of 4-HNE could be mediated
through a depletion in the intracellular GSH pool, being
metabolized to 4-HNE-GSH conjugate,39 this is unlikely.
In human monocytes, the activation of ERK1/ERK2 by
LPS is not influenced by the intracellular GSH status,
unlike the phosphorylation of p38, which varies with GSH
levels.37,40 In fact it has been reported that subjecting
cells to H2O2, which depletes GSH41actually stimulates
MAP kinases.42

4-HNE at concentrations used in this study can inhibit the
activation of certain PKC isozymes by inhibiting the ability of
these isozymes to translocate to the membrane fraction,
most probably by interfering with the interaction between
the PKC isozymes and membrane phospholipids.43,44 An
interaction between 4-HNE and phospholipids has also
been reported44 and 4-HNE forms Michael adducts with
alkenylphospholipids, especially the O-alk-1-enyl form of

Figure 6. The effect of 4-HNE on I�B-� degradation in human monocytes.
Monocytes were pretreated for 1 hour with 10 �mol/L 4-HNE for 15 minutes
and then stimulated with LPS (10 ng/ml). After stimulation, cells were lysed,
and the level of I�B-� was analyzed by Western blotting. Inset shows band
intensity of Western blot results from a representative experimental run. Data
presented are the mean � SEM of three experiments. *P � 0.05 with respect
to stimulated cells, #P � 0.05 with respect to unstimulated cells.

Table 1. Summary of the Effects of 4-HNE on Phosphorylation and Activity Levels of ERK1/ERK2, p38, and JNK MAP Kinases in
Nonstimulated and LPS-Stimulated MonoMac 6 and Monocytes

MonoMac 6 Monocytes

MAP kinase Phospho� Activity Phospho� Activity

� �LPS � �LPS � �LPS � �LPS

ERK Undetectable � 2 � 2 � 2
P38 � � � 2 � � � 2
JNK Undetectable 1 � � 2 � 2

Undetectable, indicates that there was no observable change in the level of phosphoMAP kinase in the absence and presence of LPS; 2 indicates
that the response to LPS was depressed by 4-HNE; 1 indicates an increased basal level by 4-HNE; � indicates no change in levels.
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phosphatidylethanolamine.45 This could interfere with the
functioning of phospholipid-dependent signaling mole-
cules because of a perturbation in the microenvironment
in which these signaling molecules are activated by or
interact with their respective phospholipid regulators.
Thus, it is also likely that there are upstream signaling
molecules that are dependent on membrane phospholip-
ids for activation involved in the effects of 4-HNE. We
found no evidence that 4-HNE prevented the binding of
LPS to its receptor, suggesting that signaling molecules
proximal to TLR4 may be affected by these changes in
the lipid environment. Although there is also the possibil-
ity that 4-HNE directly modifies the MAP kinases through
a Michael addition reaction, this is unlikely to contribute to
the observed changes in MAP kinase activity in the
MonoMac 6 given that the effects of 4-HNE on the three
MAP kinases are not only incongruent but there are also
dissimilarities between MonoMac 6 and peripheral blood
monocytes for the same MAP kinases, eg, JNK kinase
activity.

Microbial invasion is likely to lead to the release of
4-HNE that could thus modify innate immunity and in this
manner even influence the adaptive immune response. It
is also widely appreciated that excessive monocyte/mac-
rophage activation and overexpression of TNF and its
relative IL-1� lies at the heart of many inflammatory dis-
eases such as rheumatoid arthritis and septic shock.
Therefore endogenous inhibitors of TNF/IL-1� production
and monocyte/macrophage activation, such as 4-HNE,
could provide a novel pathway for the development of
novel pharmaceuticals. Furthermore, the dual nature of
4-HNE in possessing both protective and destructive
properties may need to be given careful consideration
when anti-oxidant supplementation is being practiced.
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