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Abstract. Lipid peroxidation is associated with several meta-
bolic diseases. Lipid peroxidation causes cellular damage 
through reactive aldehyde species such as 4-hydroxyonenal 
(4-HNE). The exact mechanism(s) by which 4-HNE causes 
damage in the intravascular compartment is not yet exactly 
understood. Using an in vitro system, the damage induced by 
4-HNE on the blood was investigated by measuring protein 
carbonyl groups and thiobarbituric acid reactive substances 
(TBARS) following 4‑HNE treatment. The findings demon-
strated that treatment with 4-HNE increased the carbonylation 
of protein and the formation of TBARS in the blood plasma. 
It was also tested whether phenelzine, a scavenger of aldehyde 
species, or U-83836E, a scavenger of lipid peroxy radicals, 
attenuated the damage caused by 4-HNE. It was demonstrated 
that phenelzine or U-83836E both mitigated the effects of 
4-HNE on the proteins and the lipids of the blood plasma. 
The findings of the current study suggest that phenelzine, 
U-83836E or functionally similar therapeutics may prevent or 
treat diseases that involve an increased production of 4-HNE 
in the intravascular compartment.

Introduction

Reactive oxygen species (ROS) are considered to be normal 
by-products of cellular respiration and inflammation (1), 
nonetheless, extensive evidence has accumulated over the 
last four decades that links the excessive production of ROS 
with cellular pathology and tissue damage (1-4). Cells exhibit 
several mechanisms to antagonize the cytotoxic effects of 
ROS, but these mechanisms can be overwhelmed, producing 

what is known as ‘oxidative stress’ (5), which is a state that 
contributes to the pathogenesis of a number of chronic disease 
conditions including Alzheimer's disease (6,7), traumatic brain 
injury (8), diabetes (9,10) and ageing (11).

The well-established role ROS serves in disease etiology 
has provided rationale for research aiming to elucidate 
the exact mechanism(s) by which ROS can initiate and/or 
propagate cellular pathology (12-14). Although this remains 
to be completely understood, there is evidence which indicates 
that ROS can produce cellular damage by: i) Peroxidation of 
polyunsaturated fatty acids (PUFA) of cellular membranes (15), 
ii) inducing mutations through the nitration and deamination 
of DNA (16,17), and iii) disrupting cellular function through 
protein nitration and carbonylation (18). The above effects may 
be triggered by ROS directly or through the decomposition of 
ROS into other highly reactive and cell damaging radicals (1).

Lipid peroxidation refers to the process by which the 
hydrogen atom of the double bonds of PUFAs is attacked by 
oxygen radicals (primarily the hydroxyl and hydroperoxyl 
radicals) (19,20). The consequence of this attack is the forma-
tion of a lipid radical, which can directly react with oxygen 
to form a lipid peroxyl radical (20). The lipid peroxyl radical 
formed from the above reaction is highly reactive and can 
remove another hydrogen from the double bond of a neigh-
boring PUFA, resulting in a chain reaction (20). The above 
self-propagating chain of events may be terminated by natural 
antioxidants like vitamin E that can donate protons to lipid 
peroxyl radicals thereby forming lipid hydroperoxides (21). 
The resulting vitamin E free radical can react with yet another 
lipid peroxyl radical to form non-radical species. Lipid peroxyl 
radicals formed in this way can also cyclize into cyclic peroxide 
species and finally be converted into secondary aldehyde 
species like malondialdehyde (MDA) and 4-hydroxynonenal 
(4-HNE) (22).

The detrimental effects caused by lipid peroxidation can 
be attributed to the loss of membrane integrity described 
above with the resulting lack of control over ion trafficking and 
cellular osmolality (23), or cytotoxic and mutagenic properties 
of the secondary aldehyde species (MDA and 4-HNE) that 
result from lipid peroxidation chain reactions (23). In particular, 
the role of 4-HNE has received considerable interest in recent 
years and has been the target of extensive research (19,24,25). 
One mechanism by which 4-HNE produces cell toxicity is 
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believed to involve the reaction of 4-HNE with the thiol and 
amino groups of macromolecules (19). Another mechanism 
involves a potential role that 4-HNE serves as a secondary 
messenger of lipid peroxidation where it modulates gene 
expression through regulating the effect of a number of tran-
scription factors (26,27). Nonetheless, the exact mechanism 
by which 4-HNE produces its effect is not yet completely 
understood.

Using blood plasma and isolated platelets as a model 
system, the present authors previously performed an in vitro 
assay that recapitulated the effects of peroxynitrite, a reactive 
nitrogen species, on protein oxidation and lipid peroxida-
tion (13). Notably, it was demonstrated that using drugs that 
catalytically decompose peroxynitrite-derived free radicals 
(nitrogen dioxide, carbonate and superoxide) mitigates the 
oxidative damage mediated by peroxynitrite treatment (13). In 
the present study, using the in vitro system described above, 
it was hypothesized that by using different antioxidant agents 
that target different steps of the lipid peroxidation reac-
tions triggered by 4-HNE, the mechanism by which 4-HNE 
produces oxidative damage may be elucidated. The present 
study reports the protective effects of U-83836E (a scavenger 
of lipid peroxyl radicals) and phenelzine (a scavenger of reac-
tive aldehyde species) against the 4-HNE-mediated oxidative 
damage of blood proteins and lipids. The mechanism by which 
4-HNE induces oxidative damage is discussed in the context 
of the above observations.

Materials and methods

Subject characteristics and blood sample collection. The 
present prospective study was approved by the Institutional 
Review Board affiliated with the Jordan University of Science 
and Technology (JUST; Irbid, Jordan).

Recruitment of study participants took place at the Family 
Medicine Clinics of King Abdullah University Hospital 
(KAUH). KAUH is a tertiary hospital affiliated with JUST. 
Study participants were initially interviewed with a clinical 
research coordinator who explained the research and its objec-
tives. Relevant medical history was collected into a structured 
data collection sheet by the research coordinator. To be eligible 
to participate in the study, the study participants needed to be of 
Jordanian descent and 22-25 years of age. Individuals who were; 
i) habitual cigarette or water pipe smokers, ii) suffered from 
hypertension, type 1 or type 2 diabetes mellitus, atheroscle-
rosis or dyslipidemia as indicated by their medical history; or 
iii) received anti‑histamines or nonsteroidal anti‑inflammatory 
drugs up ≤2 weeks prior to the interview were excluded from 
participating in the study. Following the application of the 
eligibility criteria explained above, 2 male and 1 female subjects 
consented to participate and were thus recruited to the study.

Following providing informed written consent, 500 ml 
blood was collected from the subject by a certified phleboto-
mist into a 250 ml Citrate-Phosphate-Dextrose with Adenine 
(CPDA1) bag. The blood was then divided into ten individual 
CPDA1 tubes for the purpose of separating the blood plasma 
and platelets, and to receive different treatments.

Isolation of plasma and platelets from whole blood. Plasma 
and platelets were isolated as previously described (13). Briefly, 

whole blood was centrifuged at 450 x g for 6.20  min at room 
temperature to recover platelet-rich plasma. The platelet-rich 
plasma recovered from the previous step was then subjected to 
centrifugation at 2,500 x g for 5.40 min at room temperature; 
leading to sedimentation of a platelet-rich pellet. The pellet 
recovered from the previous step was then washed twice with 
Tyrode's buffer (Sigma-Aldrich; Merck KGaA, Darmstadt, 
Germany) and re-suspended in the same buffer. The final 
platelet number was measured with a hemocytometer and 
accordingly adjusted to 109 platelets/ml suspensions.

Sample treatment. The experimental design and sample treat-
ments were previously described (13). Briefly, the plasma and 
isolated platelets were randomly divided into 6-well plates 
and treated with either vehicle (DMSO) or an increasing dose 
of 4-HNE (0.1, 1 or 10 µM). In another 6-well plate, samples 
were treated with a combination of 4-HNE (10 µM) with the 
following doses of either phenelzine (25, 50 or 100 µM; MP 
Biochemicals, LLC, Santa Ana, CA, USA) or U-83836E (25, 
50 or 100 µM; Biomol International; Enzo Life Sciences, Inc., 
Farmingdale, NY, USA).

Estimation of total plasma proteins. The total protein content 
of plasma samples was estimated using a Pierce™ BCA 
Protein Assay kit (cat. no. 23225; Thermo Fisher scientific, 
Inc., Waltham, MA, USA) according to the manufacturer's 
protocol. Absorbance was determined at 562 nm on an ELx800 
ELISA reader (BioTek Instruments, Inc., Winooski, VT, USA).

Detection of carbonyl group and thiobarbituric acid reactive 
substances (TBARS). The methods used for the detection of 
carbonyl groups and TBARS were previously detailed (13). 
Final measurement of the content of carbonyl groups in each 
sample was performed using a Protein Carbonyl Content Assay 
kit (cat. no. ab126287; Abcam, Cambridge, UK). Absorbance 
was measured at 375 nm on an ELx800 ELISA reader (BioTek 
Instruments, Inc., Winooski, VT, USA). Final measurement 
of TBARS concentration was performed spectrophotometri-
cally using a Lipid Peroxidation Assay kit (cat. no. MAK085; 
Sigma-Aldrich; Merck KGaA). Absorbance was measured at 
530  nm on an ELx800 ELISA reader.

Statistical analysis. Statistical analysis was performed using 
SPSS version 17 (SPSS, Inc., Chicago, IL, USA). Data were 
expressed as the mean ± standard deviation. A one-way 
analysis of variance was used to compare data in the different 
experimental groups followed by Fisher's post hoc test. P<0.05 
was considered to indicate statistically significant differences.

Results

The concentration of protein carbonyl groups and TBARS 
in blood plasma and platelets is increased by 4‑HNE. In a 
previous study, the present authors described an in vitro assay 
that allowed investigation of the oxidative damage induced by 
the reactive nitrogen species peroxynitrite in blood lipids and 
proteins (12). Prior to attempting to understand the mechanism 
of 4-HNE-induced oxidative damage in the present study, 
the aim was to quantitatively evaluate the oxidative damage 
induced by 4-HNE using well-established assays. To achieve 
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this goal, blood plasma and platelet samples were treated with 
4-HNE (0.1, 1 or 10 µM) and the concentration of carbonyl 
group formation (a biomarker of protein oxidative damage) and 
TBARS (a biomarker of lipid peroxidative damage) induced 
by 4-HNE treatment was then measured. It was indicated that 
treating blood plasma (Fig. 1A) or platelets (Fig. 1B) with 1 
or 10 µM 4-HNE significantly increased carbonyl group 
concentration. Likewise, treatment of blood plasma (Fig. 2A) 
or platelets (Fig. 2B) with 1 or 10 µM 4‑HNE significantly 
increased TBARS concentration. Treatment with 0.1 µM 
4‑HNE induced a significant increase in TBARS concentra-
tion in platelets, but not in blood plasma samples.

Phenelzine antagonizes the effect of 4‑HNE on blood plasma 
and platelet proteins and lipids. Following quantitatively 
measuring the oxidative damage induced by 4-HNE at two 
end points (protein carbonyl and TBARS formation), the aim 
was to elucidate the mechanism by which 4-HNE produces 
these effects. Phenelzine is a drug that contains a hydrazine 
moiety that allows it to function as an aldehyde scavenger (28), 
and 4-HNE is an aldehyde free radical species that results 
from lipid peroxidation (29). It was therefore hypothesized 
that phenelzine could reverse the oxidative damage produced 

by 4-HNE if these effects were associated with its chemical 
character as a free aldehyde radical. As such, plasma and 
platelet samples were treated with 4-HNE accompanied 
with an increasing dose of phenelzine, and protein carbonyl 
and TBARS formation was measured in the treated samples. 
Notably, phenelzine partially reversed the protein carbonyl 
(Fig. 3A) and TBARS (Fig. 3B) formation produced by 4-HNE 
treatment in blood plasma and platelet samples. These findings 
suggest that the oxidative damage caused by 4-HNE is at least 
partially due to its aldehyde free radical character.

U‑83836E antagonizes the effect of 4‑HNE on blood plasma 
and platelet proteins and lipids. Lipid peroxidation proceeds 
through the formation of a lipid radical followed by the 
generation of a lipid peroxyl radical. If the oxidative damage 
caused by 4-HNE treatment depends on initiating secondary 
lipid peroxidative damage, it may be concluded that limiting 
the concentration of lipid peroxyl radicals would reduce 
the oxidative damage triggered by 4-HNE. To explore this, 
plasma and platelet samples were treated with 4-HNE alone 
or in combination with the lipid peroxyl radical scavenger, 
U-83836E (30), and protein carbonylation and TBARS forma-
tion were estimated. Treatment with U-83836E antagonized 

Figure 1. Treatment with 4-HNE induces carbonyl group formation in plasma 
proteins and platelets. (A) Plasma and (B) platelets were treated with vehicle 
control or 4-HNE (0.1, 1 or 10 µM) at room temperature for 20 min. The 
samples were then collected, and protein carbonyl formation was measured 
using a colorimetric based method. The results are expressed as nMole of 
protein carbonyl group formation per mg of total protein. The results are 
representative of three independent experiments performed in triplicate. 
Data are expressed as the mean ± standard deviation. *P<0.05 vs. V. 4-HNE, 
4-hydroxyonenal; V, vehicle control group.

Figure 2. 4-HNE treatment induces TBARS formation in plasma proteins 
and platelets. (A) Plasma or (B) platelets were treated with vehicle control or 
4-HNE (0.1, 1 or 10 µM). All treatments were performed at room tempera-
ture for 20 min. The samples were subsequently collected, and the formation 
of (TBARS) was measured using a colorimetric based assay. The results are 
expressed as µM concentration of TBARS and are representative of three 
independent experiments performed in triplicate. Data are expressed as the 
mean ± standard deviation. *P<0.05 vs. V. 4-HNE, 4-hydroxyonenal; TBARS, 
thiobarbituric acid reactive substances; V, vehicle control group.



MUSTAFA et al:  MECHANISM OF 4-HYDROXYNONENAL MEDIATED OXIDATIVE DAMAGE IN THE BLOOD 2135

the effects of 4-HNE on protein carbonylation and TBARS 
formation in blood plasma (Fig. 4A) and platelet (Fig. 4B) 
samples. These results suggest that the oxidative damage 
induced by 4-HNE treatment is associated with the formation 
of lipid peroxyl radicals; radicals known to be produced in 
lipid peroxidation reactions.

Discussion

The findings of the present study provide a mechanistic link 
between a reactive aldehyde species (4-HNE) produced from 
lipid peroxidation of biological membranes and increased 
oxidative stress in the intravascular compartment. The results 
also highlight several pathways that may be pharmacologi-
cally targeted to antagonize the impact of 4-HNE production. 
Furthermore, the correct interpretation of these results aids 
in the understanding of the exact mechanism(s) by which 
4-HNE produces its pathophysiological effects whether in 
the intravascular compartment or in other biological niches. 
Pharmacological mitigation of the effects of 4-HNE may 
be useful for the therapeutic intervention of several chronic 
diseases such as traumatic brain injury, Alzheimer's disease 
and diabetes.

Notable in the present study was the observation that 
4-HNE, considered an end product of lipid peroxidation, 
leads to secondary lipid peroxidative damage as evidenced 
by an increase in TBARS formation (a biomarker of lipid 

peroxidation) in blood plasma and isolated platelets treated 
directly with 4-HNE. A direct causal relationship between 
increased 4-HNE concentration and the peroxidative damage 
of membrane lipids is supported by the ability to reverse 
TBARS formation induced by 4-HNE treatment via the use 
of a scavenger of reactive aldehyde species, phenelzine. As 
4-HNE is a reactive aldehyde species, phenelzine will presum-
ably reduce the concentration of 4-HNE available to induce the 
peroxidation of biological membranes. In another experiment, 
TBARS formation induced by 4-HNE treatment was reduced 
via the use of the lipid peroxyl radical chelator, U-83836E. 
Lipid peroxyl radicals are produced during lipid peroxidation 
following the reaction of oxygen with lipid radicals, which are 
themselves produced as a result of the abstraction of a proton 
from the double bonds of PUFAs of biological membranes 
by oxygen radicals (hydroxyl and hydroperoxyl radicals). As 
4-HNE is not an oxygen radical itself, it is unlikely to directly 
cause the formation of lipid radicals. However, it seems that an 
increase in the concentration of 4-HNE can indirectly cause 
an increase in the concentration of oxygen radicals, which may 
initiate a new cycle of lipid peroxidation. In accordance with 
the above tentative series of events is the finding that 4‑HNE 
can deplete the sulfhydryl groups of glutathione (31), which 
would presumably increase the concentration of hydrogen 
peroxide, which can in turn decompose to hydroxyl radicals.

In addition to demonstrating that 4-HNE direct treatment 
causes secondary peroxidative damage of blood and platelet lipids, 

Figure 3. Phenelzine reduces the ability of 4-HNE to induce protein carbonyl and TBARS formation in plasma and platelet proteins and lipids. (A) Plasma and 
(B) platelet samples were treated with 10 µM 4-HNE alone or in combination with phenelzine (25, 50 or 100 µM). Protein carbonylation or TBARS formation 
was later measured using colorimetric based assays. The results are representative of three independent experiments performed in triplicate. Data are expressed 
as the mean ± standard deviation. *P<0.05 vs. the control group (0 µM phenelzine). 4-HNE, 4-hydroxyonenal; TBARS, thiobarbituric acid reactive substances.
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it was also demonstrated that 4-HNE induced oxidative damage 
of blood and platelet proteins in the form of increased protein 
carbonylation. This is not surprising as it is well documented that 
electrophiles such as 4-HNE can react in Michael addition with 
side chains of cysteine and histidine and cause increased protein 
carbonylation (32). The direct role of 4-HNE in increasing protein 
carbonylation can be further validated through the present finding 
that reducing the effective concentration of 4-HNE in via chelating 
it with phenelzine decreased protein carbonylation. It was also 
demonstrated that interrupting the cycle of lipid peroxidation by 
scavenging lipid peroxyl radicals with U-83836E reduced the 
effect of 4‑HNE on protein carbonylation. These findings suggest 
that 4-HNE treatment can induce secondary lipid peroxidation 
reactions, which can lead to the formation of increasing amounts 
of 4-HNE (and other reactive aldehyde species), which may cause 
yet more protein carbonylation.

In addition to the role of 4-HNE in inducing its oxidative 
damage on lipids and proteins in the context of secondary 
lipid peroxidation reactions; several observations indicate 
that 4-HNE can also act as a cell-signaling molecule (33). 
Alteration of cell signaling pathways, including the 
mitogen-activated protein kinase (34) and nuclear factor 
(erythroid-derived 2)-like 2 (35) pathways, may contribute 
to the mechanisms which allow HNE to mediate oxidative 
damage, or they may have their own independent effect. The 
role of these pathways in 4-HNE mediated oxidative damage 
is an active area of research for the present authors.

In conclusion, the present findings demonstrated that 
4-HNE treatment increased the rate of peroxidation of lipids, 

and the oxidative damage of proteins in the blood and in 
isolated platelets. The data indicates that this may be miti-
gated by chelating 4-HNE, or any other reactive aldehyde 
species, with phenelzine or by scavenging lipid peroxyl 
radicals with U-83836E. The data presented is in accordance 
with a model in which 4-HNE is associated a chain reaction 
that results in secondary lipid peroxidation and progressively 
increasing amounts of 4-HNE. Based on these results, it 
appears that the therapeutic options to mitigate the cytotoxic 
effects of 4-HNE in the intravascular compartment should 
involve approaches that reduce 4-HNE itself, interrupt 
the lipid peroxidation process, or involve both methods in 
combination.
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