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Background: Oxidative stress is involved in thoracic diseases and health responses to air pollution.
Malondialdehyde (MDA) is a well-established marker of oxidative stress, but it may be present in
unconjugated and conjugated forms. To our knowledge, no studies have conducted a systemic evaluation of
both free MDA (unconjugated MDA) and total MDA (the sum of both unconjugated and conjugated MDA)
across various types of human biospecimens.

Methods: Free MDA and total MDA were simultaneously measured in a range of human biospecimens,
including nasal fluid (N=158), saliva (N=158), exhaled breath condensate (N=40), serum (N=232), and
urine (N=429). All samples were analyzed using an HPLC-fluorescence method with high sensitivity and
specificity. Due to the right skewed distribution of free MDA and total MDA, we performed natural-
log transformation before subsequent statistical analyses. The relationship between the natural log of free
and total MDA was evaluated by R” of simple linear regression. T test was used for comparisons of means
between two groups. One-way analysis of variance was used in combination with Tukey’s test to compare the
natural log of the ratio of free MDA to total MDA across various types of biospecimens.

Results: For exhaled breath condensate, serum, urine, nasal fluid and saliva samples, the R* between free
and total MDA were 0.61, 0.22, 0.59, 0.47 and 0.06, respectively; the medians of the free MDA to total MDA
ratio were 48.1%, 17.4%, 9.8%, 5.1% and 3.0%, respectively; the free MDA to total MDA ratio in EBC >
serum > urine > nasal fluid > saliva (P<0.001 for pairwise comparisons).

Conclusions: For exhaled breath condensate and urine samples, using either free or total MDA can
provide information regarding the level of oxidative stress; however, that is not the case for serum, nasal

fluid, and saliva given the low correlations between free and total MDA.
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Introduction

Oxidative stress is a common pathophysiological pathway
related to many diseases including chronic obstructive
pulmonary disease (COPD), asthma, as well as the process of
natural aging (1-3). It is well known that inhalation exposure
to air pollution also increases levels of oxidative stress in
the body (4-7). As such, there have been tremendous needs
for effective biomarkers of oxidative stress in both clinical
assessment of disease status and pathophysiological research.
Malondialdehyde (MDA) is a product of lipid peroxidation
and has been used as a biomarker of oxidative stress (8,9). It
has been widely used in clinical research and environmental
epidemiological studies, especially in the evaluation of
oxidative stress as a response to air pollution exposure
(10-13). The main endogenous production of MDA arises
from the oxidation of polyunsaturated fatty acids with more
than two methylene-interrupted double bonds (14,15).
Besides the unconjugated form (free MDA), MDA can also
exist in conjugated forms by forming covalent bonds with
the -SH and -NH, groups of proteins and nucleic acids
(8,16-18). The sum of unconjugated and conjugated MDA
is often termed total MDA. Previously free MDA has been
more commonly used than total MDA as a biomarker of
oxidative stress (10,19), perhaps due to methodological
convenience as total MDA analysis requires additional
hydrolysis steps. A biological specimen may contain proteins
and nucleic acids that can conjugate with free MDA
produced via lipid peroxidation (8,9). The measurement of
total MDA, therefore, involves an acid- or base-hydrolysis
at an elevated temperature to release conjugated MDA
into free MDA. This hydrolysis procedure may introduce
artifacts through the release of additional MDA molecules
from compounds other than MDA-conjugates (8).

Because proteins and nucleic acids can scavenge free
MDA, measuring free MDA may not accurately reflect the
total amount of MDA generated from lipid peroxidation.
On the other hand, dietary intake can contribute to
conjugated MDA (8,20). Therefore, it is not clear which
of the two forms (free MDA and total MDA) is a better
biomarker of oxidative stress induced by lipid peroxidation.
The first step towards answering this question is to
understand the relationship between free and total MDA in
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biological specimens. To our knowledge, no studies have
measured both free and total MDA within the same study
to allow for a systematic evaluation.

Once produced, MDA can diffuse from its source of
production into multiple biological media such as exhaled
breath condensate (EBC) (12,21), nasal fluid, saliva (22,23),
blood (11,24) and urine (25). EBC consists of particles or
droplets aerosolized from the airway lining fluid (26) and
can be collected non-invasively using a condensation device.
MDA in EBC has been used as a biomarker of pulmonary
oxidative stress, particularly as a response to air pollution
exposure or the presence of respiratory diseases (12,21). For
the evaluation of oxidative stress in the upper airway, nasal
fluid can be collected using nasal lavage or an absorptive
sampler (27). In saliva, the concentration of MDA has been
used as an indicator of oral and systemic oxidative stress
(22,23). On the other hand, MDA in blood (plasma or
serum) and urine samples has been used as a biomarker of
systemic oxidative stress (11,25,28). Hence, in the present
study, we have examined the relationship between free
MDA and total MDA in five types of commonly used
human biospecimens. The results are expected to help with
future researchers that plan to use MDA as a biomarker of
oxidative stress.

Methods

We used banked biological samples collected in five studies
(29-32). All studies had their protocols approved by an
institutional review board (IRB), and all study participants
provided informed consent. We received biological samples
that had been de-identified and were stored in well-sealed
containers at low temperature (-80 to -20 °C) before MDA
analysis in our laboratory. However, the present study had
no access to any individual-level subject information and
detailed protocols of the original study.

Human biospecimens

In the present study, we used banked biological samples
collected in five studies (Tuble 1, Figure SI) (29-32). All
studies have had their protocol reviewed by the Ethics
Committee at the institution of the study investigators.
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Table 1 Free malondialdehyde (MDA), total MDA and the relationship between free MDA and total MDA in exhaled breath condensate, nasal

fluid, saliva, serum, and urine biospecimens from human participants

Biological media Nem  New  Unit Free MDA' Total MDA’ Riiiztfa?emeol\/ﬂx? AR
Exhaled breath condensate

Adults in UK* (29) 40 12 nM 15.2 (12.0-15.5) 30.8 (22.9-36.5) 48.1 (38.6-54.6) 0.61
Nasal fluid

Children in China* 158 43 nM 44.1 (33.7-59.0) 903.6 (584.6-1,462.0) 5.1 (3.9-6.3) 0.47
Saliva

Children in China* 158 43 nM 84.1 (70.9-107.3) 2,635.0 (1,769.0-6,995.0) 3.0 (1.6-4.0) 0.06
Serum

Adultsinthe US (30) 232 232 uM 1,529.0 (1,115.0-2,395.0) 9,531.0(7,918.0-1,112.0) 17.4(12.7-25.0) 0.22
Urine

Adults in China* (31) 50 27 uM 0.7 (0.5-1.0) 3.8 (2.8-4.7) 18.9 (16.0-24.3) 0.73

Adults in UK* (29) 114 30 uM 0.6 (0.4-0.7) 5.3 (3.8-7.6) 10.3(8.9-12.8) 0.69

Adults in the US* (32) 265 85 uM 1.1 (0.8-1.5) 13.4 (9.3-19.3) 8.5 (6.6-10.0) 0.46
Pooled 429 142 uM 0.9 (0.6-1.3) 9.1 (4.6-14.7) 9.8 (7.7-13.7) 0.59

Nsam indicates the number of biological samples; Nsuw indicates the number of subjects that provided the biological samples. *, when
multiple samples were from an individual, the average concentration for free MDA and the average concentration of total MDA were used
for the person in subsequent statistical analyses; those averages were used in the identification of the median, Q1 and Q3 of free MDA,
total MDA, and the ratio of free MDA to total MDA. #, data are presented in the format of median (Q1, Q3); &, due to the non-normal (right-
skewed) distribution of free MDA and total MDA concentrations, we took natural-log transformation of the free and total MDA before using

. . . 2
simple linear regression to calculate R'.

Informed consent was obtained from all study participants.
Biological samples had been de-identified and were stored
in well-sealed containers at low temperature (-80 to -20 °C)
prior to MDA analysis in our laboratory.

Exhaled breath condensate (EBC)

We obtained 40 EBC samples from 12 nonsmoking adults
aged 45 to 88 years old living in London, UK (29). None of
them were current smokers. Those study participants had
either ischemic heart disease (IHD), COPD, or free from
chronic diseases. The EBC samples were collected between
December 2012 and June 2014 using a Jaeger EcoScreen
condensing device (Jaeger, Wurzburg, Germany). After
collection, the aliquots of EBC samples were stored in a
-80 °C freezer and then a -20 °C freezer until analysis in
September 2015.

Nasal fluid

We obtained 158 nasal fluid samples from 43 children (5-
13 years old) with stable asthma. Each nasal fluid sample was
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collected using a mixed cellulose ester (MSE) sampling strip
(HAWGO047S6, Millipore Sigma, USA) in the size of 5 mm
(width) x 40 mm (length). The sampling strip was inserted
approximately 10 mm into the nostril. After insertion, the
study participants pinched their nose with their thumb and
index finger for 2 min. Both left and right nostrils were
sampled simultaneously. After collection, nasal fluid strips
were added with 300 pL of deionized water, vortexed for
2 min, and centrifuged for 2 min at 6,600 rpm (BSC1006-B,
Benchmark Research Products, USA). The supernatant was
aliquoted and stored at -20 °C, until analysis within two
months after collection.

Saliva

We obtained 158 saliva samples from 43 children (5-
13 years old) with stable asthma. Saliva samples were
collected using the passive drooling technique. Within
30 min before saliva collection, participants were asked
to refrain from eating and drinking. Immediately before
saliva collection, participants were asked to rinse their
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mouth with distilled water. Saliva samples were stored at a
=20 °C for 2 months before being transferred to a =70 °C
freezer. Before sample analysis, saliva samples were thawed
and centrifuged at 6,600 rpm (BSC1006-B, Benchmark
Research Products, USA) for 2 min. The supernatant was
used for MDA measurements, which was conducted within
four months after saliva collection.

Serum

We obtained 232 serum samples from 232 Hispanic adults
living in California as part of the Asthma Bio-Repository
of Integrative Genetic study (30). The study participants
consisted of 117 individuals with asthma and 115 individuals
without asthma. Their age range was between 23 to 31 years.

Urine

We analyzed 429 banked urine samples from three studies.
All study participants that provided the urine samples were
not current smokers. The first study had 50 urine samples
collected from 27 healthy adults (aged 22 to 27 years old)
living in Beijing, China (31). The second study provided
114 urine samples collected from 30 adults (aged 45 to
88 years old) living in London, UK, who had IHD, COPD,
or free from chronic diseases (29). The third study provided
265 urine samples collected from 85 adults with COPD
(aged 46 to 90 years old) living in Eastern Massachusetts,
USA (32).

Analysis of MDA

We used a fluorescence-generating agent, thiobarbituric
acid (TBA), to derivatize MDA; and then analyzed the
MDA-TBA adduct using an HPLC-fluorescence technique
described previously (11). Compared to the conventional
colorimetric analysis method for MDA-TBA adduct
detection, the use of HPLC separation of MDA-TBA
adduct in the present study minimized interference from
TBA-reactive substances (TBARS) and achieves improved
specificity and accuracy of MDA analysis (33).

For free MDA analysis, we started with TBA derivatization
by mixing a 150 pL sample aliquot with 750 pL phosphoric
acid (440 mM) and 250 pL. TBA solution (42 mM). The
mixture was then incubated at 80 °C for one hour to allow
for the formation of MDA-TBA,. This TBA derivatization
process was identical for free MDA and total MDA, while
total MDA measurement used an extra step of alkaline
hydrolysis before TBA derivatization. The alkaline
hydrolysis procedure for the serum and urine samples

© Journal of Thoracic Disease. All rights reserved.

jtd.amegroups.com

3091

involved incubating a 20 pL sample aliquot with 65 pL
IN NaOH at 60 °C for 30 min, followed by mixing it with
65 pL 1IN HCI. The hydrolysis procedure for the EBC
samples, however, was slightly different as follows. A 120 pL
EBC aliquot was incubated with 15 pL. 5N NaOH at
60 °C for 30 min, followed by adding 15 pL. 5N HCI. After
TBA derivatization, 20 pL of the resultant mixture was
injected into the HPLC system where MDA-TBA, adduct
was isolated using a Nova-Pak C18 column (Waters, USA).
The mobile phase of the HPLC system consisted of 40%
(v/v) methanol and 60% (v/v) 50 mM KH,PO, solution, its
pH was adjusted to 6.8, and then the solution was filtered
using a 0.22 pm nylon membrane (Catalog # 58522-N47,
Microsolv Tech, USA). The flow rate of mobile phase was
set at 0.8 mL/min. The MDA-TBA, adduct was quantified
using a fluorescence detector with excitation wavelength at
532 nm and emission wavelength at 553 nm. The method
detection limit, extraction recovery, and analytical precision
(measured as relative standard deviation from eight replicate
injections) were 1.8 nM, 75.9%, and 2.2%, respectively.

Statistical analyses

When multiple samples were collected from the same study
participant, the average concentrations were calculated
to represent the participant. The ratio of free MDA to
total MDA was calculated to assess the fraction of MDA
that existed in the unconjugated form. Due to the right-
skewed distribution of the free MDA concentrations, total
MDA concentrations, and the ratio of free MDA to total
MDA, we performed natural-log transformation before
subsequent statistical analyses. Data after natural-log
transformation demonstrated improved normality, indicated
by histogram and the P value of Shapiro-Wilk normality
test. Simple linear regression analysis was used to evaluate
the relationship between free MDA and total MDA. For
the comparison of MDA concentration, #-test was used to
compare means between the two groups. One-way analysis
of variance (ANOVA) was used to compare the natural
log of the ratio of free MDA to total MDA across various
types of biospecimens in combination with Tukey’s test for
post-hoc pairwise comparisons. All statistical analyses were
conducted using the R (Version 3.4.0) (34).

Results

We reported summary statistics of free MDA, total MDA,
and the relationship between free MDA and total MDA in
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Figure 1 Scatterplots and simple linear regressions (blue lines) of total malondialdehyde (MDA) against free MDA in exhaled breath

condensate (EBC), nasal fluid, saliva, serum and urine samples. When multiple samples were from an individual, the average concentration

was used for the person in all analyses. Concentrations were natural-log transformed. The gray zones represent the 95% confidence intervals

for the blue lines.

various types of biospecimens in 7uble 1. The median of the
ratio of free MDA to total MDA was 48.1% in EBC, 17.4%
in serum, 9.8% in urine samples, 5.1% in nasal fluid, and
3.0% in saliva. According to one-way ANOVA and post-
hoc pairwise comparison by Tukey’s test, the ratio of free
MDA to total MDA in EBC > serum > urine > nasal fluid
> saliva (P<0.001). The coefficient of determination (R?) of
linear regression between the natural log of free MDA and
the natural log of total MDA was 0.61 in EBC, 0.47 in nasal
fluid, 0.06 in saliva, 0.22 in serum, and 0.59 in urine samples
(Table 1, Figure 1). The R’ values were similar for the urines
samples collected by two studies (R’=0.73 and 0.69, respectively),
but was lower in the third study (R’=0.46) (Figure 2).

Discussion

Both free MDA and total MDA have been used as a
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biomarker of oxidative stress (11,21,25,35,36). In this
study, we used hydrolysis to release conjugated MDA to
measure total MDA in addition to the assessment of free
MDA in the biological specimens collected. All sample
analysis was performed following the same protocol
to facilitate comparability. Although the conventional
spectrophotometric assay was a commonly used method
of MDA quantification, we did not use it in our study.
The conventional spectrophotometric assay evaluates the
absorbance or fluoresces of the MDA-TBA adduct directly
without any specific separation steps. Thus it cannot discern
the MDA-TBA adduct from TBA adducts with other TBA-
reactive substances that exhibit absorbance or fluoresces at
the same wavelengths as MDA-TBA. This can introduce
additional “false positive” reading for MDA quantification
(8,37). In contrast to this method, we used HPLC before
fluorescence quantification to separate MDA-TBA from

J Thorac Dis 2018;10(5):3088-3097
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TBA adducts with other TBA-reactive compounds, to
achieve a higher specificity for MDA assessment.

EBC is highly dilute and has a low-protein aqueous
matrix. The protein and protein adducts in airway epithelial
lining fluid have relatively large molecular weight. Thus it is
relatively difficult for them to be collected as a constituent
of EBC (26,38). In the present study, we observed a high
fraction of unconjugated MDA in total MDA (i.e., free
MDA to total MDA ratio) in EBC (median =48.1%), which
was the highest among all biological samples examined in
this study. The concentrations of free MDA and total MDA
in EBC were significantly correlated with each other, and
the relationship between In(free MDA) and In(total MDA)
had an R’ =0.61. These findings are consistent with existing
studies, which reported a low level of MDA-reactive
substances (such as protein) in EBC (8,9,16,26). This lack
of MDA -reactive substances limited the formation of MDA
adducts and thus may contribute to the high percentage of
free MDA in total MDA, as well as the linear relationship
between free MDA and total MDA in EBC samples
examined in this study. Overall, our findings suggest that
using either free MDA or total MDA in EBC may not make
a difference in reflecting oxidative stress levels, given the
high correlations between the two forms of MDA.

Previous studies have collected nasal secretions to gain
insight into nasal pathophysiology, mainly the evaluation of
mucosal inflammation by the measurement of cytokines and
inflammatory mediators (27,39). To our knowledge, there
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have been no published studies that investigated the level
of free MDA or total MDA in nasal fluids. In our study, we
observed that the percentage of total MDA that existed as
free MDA in nasal fluid samples was relatively low (median
=5.1%). The R’ of the linear regression between In(free
MDA) and In(total MDA) was 0.47, indicating they were
not linearly correlated. Previous studies have detected a
considerable variety of proteins in nasal fluid, including
mucus glycoproteins, interleukin (IL)-1f, IL-8, tumor
necrosis factor-a, eosinophil cationic protein, and tryptase
(27,39,40). As MDA can form adducts with proteins (8),
it is understandable that most of the MDA in nasal fluid
samples examined in this study existed in a conjugated form.
The varying level of nasal mucosal inflammation caused by
stimulation from bacteria, virus, allergen and other irritants
in inhaled air may result in varying concentrations of
proteins in nasal fluid samples (27,39), thus contributing to
the observed poor correlation between free MDA and total
MDA in nasal fluid. Due to the low correlations between
free and total MDA in nasal fluid, whether free MDA or
total MDA better reflects oxidative stress levels needs to be
evaluated in future studies.

Despite the traditional perception of saliva as a digestive
fluid where its endogenous enzymes help break down
lipids and starch, studies in recent years have found that
biomarkers in saliva can reflect oral and systemic health
conditions (41,42). Previous studies have measured MDA
in saliva as indicators of oxidative stress in individuals with
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Figure 3 The percentage of free malondialdehyde (MDA) in total
MDA in human exhaled breath condensate (EBC), serum, urine,

nasal fluid and saliva samples.

oral diseases (such as chronic periodontitis) and metabolic
diseases (such as diabetes) (22,23). In our study, the saliva
samples demonstrated the lowest ratio of free MDA to
total MDA in all five types of biospecimens examined.
The R between In(free MDA) and In(total MDA) was
very low (0.06). This is consistent with the complex
composition of saliva. Previous studies reported that saliva
contains glycoproteins that protect oral health, including
the salivary mucins and proline-rich glycoproteins that
facilitate remineralization and resist demineralization (43).
Inflammatory cytokines have also been detected in saliva,
including IL-1B, IL-6, IL-8 and tumor necrosis factor (42).
The presence of those proteins facilitates the formation
of MDA adducts, thus resulting in the high proportion of
conjugated form of MDA in salivary MDA. Variation in
the concentration of those proteins may have contributed
to low correlations between free MDA and total MDA in
saliva. In addition, although the study participants rinsed
their mouth with deionized water before saliva collection, it
is possible that there might be some food residues in saliva.
Most MDA in food is in the conjugated form (8), this might
be another factor that contributes to the high proportion
of conjugated form of MDA in saliva as observed in our
study. As free and total MDA exhibited low correlations in
saliva, which one better reflects the levels of oxidative stress
remains to be evaluated in future studies.

In serum samples examined in this study, the percentage
of total MDA that existed as free MDA was relatively
low (17.4%, see Table 1 and Figure 3). This is consistent
with the observation by other researchers that free MDA
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can react extensively with serum albumin in cell culture
medium (44). Previous studies in healthy individuals also
reported that the binding of MDA with -NH, group of
proteins accounted for 83.2% of total MDA in serum, and
83.5% to 92% of total MDA in plasma, respectively (45,46).
A study by De Vecchi et 4/. [2009] compared end-stage
renal disease patients to healthy individuals and found that
plasma level of total MDA and bound MDA can be affected
by both renal clearance and albumin concentrations (47).
In this study, the relatively low R’ value (R’=0.22) between
serum free MDA and total MDA may be the result of
inter-person differences in serum albumin concentration
and renal clearance of MDA (47). As the correlations
between free and total MDA were low in the serum samples
examined in this study, whether free or total MDA in serum
better reflects systemic oxidative stress levels needs to be
evaluated in future studies.

The sources of urinary MDA included dietary
consumption of food that contained MDA adducts with
proteins and endogenous production of MDA from lipid
peroxidation and prostaglandin metabolism (14,48,49).
In the present study, the percentage of total MDA that
existed as free MDA was the lowest in urine compared
to EBC and serum (P<0.001). This was consistent with
the finding of previous studies where free MDA typically
constituted only a small proportion of urinary MDA. The
majority of urinary MDA exists in the form of adducts
with lysine, N-acetylated derivative of lysine, phospholipid
bases (serine and ethanolamine) and the nucleic acid bases
(guanine and deoxyguanosine) (8,20,50). Though dietary
intake contributes to a significant portion of urinary MDA,
increases in total MDA and free MDA in urine have been
associated with an increase in oxidative stress iz vivo (50).

Despite the relatively low proportion of free MDA in
urinary MDA, the concentration of urinary free MDA
was significantly correlated with urinary total MDA in all
three studies examined. In most urine samples examined in
this study, the relationship between the natural-log of free
MDA and the natural log of total MDA was moderately
linear. This might be due to the relatively consistent
concentration of amino acids and nucleic acids that are
typically present in urine samples. Among individuals with
uncompromised glomerular filtration and renal tubule
function, more than 99% of amino acid and nucleic acids
are reabsorbed in the proximal tubule, leaving only ~1%
in the final urine (51). This consistent amount of amino
acid and nucleic acids excreted into the final urine might
contribute to the relatively consistent percentage of bound
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MDA in total MDA, thereby resulting in the moderately
linear relationship between the natural log of free MDA
and the natural log of total MDA. The correlation between
free and total MDA was observed to be high (R’=0.73) in
urine samples from healthy study participants in China
but much lower among the COPD patients in the US
(R’=0.46). It was beyond the scope of the current study to
disentangle the effect of locality and disease status on the
correlation between free and total MDA in urine samples.
Further studies would be required to address whether the
correlation between free and total MDA in urine varies by
disease status.

Our study had certain limitations. First, the present
study is descriptive in nature. We utilized existing banked
biospecimens originally collected in several studies with
distinct aims. This limits our ability to examine the
relationships between free and total MDA in a more
mechanistic fashion. Second, these “convenient” samples
used in the present study do not necessarily represent the
general population where the study subjects came from.
Third, we did not compare the performance of free and
total MDA with a “gold standard” biomarker for oxidative
stress, such as the production rate of reactive oxygen
species (10). However, the knowledge of the relationship
between free and total MDA in different biological media
can serve as the first step towards a better understanding
of selecting free MDA or total MDA as an indicator of
oxidative stress. For future studies that investigate free
MDA and total MDA as biomarkers of lipid peroxidation,
it is also important to keep in mind that unbound MDA is
a toxic molecule that possesses mutagenic and atherogenic
potential due to its ability to form adducts with nucleic
acids and proteins (14,15,20). Hence, the levels of free
MDA and total MDA in a biological specimen and its role
in downstream toxicological pathways should be taken into
consideration.

Conclusions

For exhaled breath condensate and urine samples, using
either free MDA or total MDA as a biomarker for oxidative
stress may not make a difference given high correlations
between the two forms of MDA. Given the observed low
correlation between free and total MDA in the nasal fluid,
saliva, and serum, further studies are required to elucidate
whether the free or total MDA in those specimens best
represent oxidative stress. In addition, future research is
needed to understand the effect of disease status on the

© Journal of Thoracic Disease. All rights reserved.
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correlation between free and total MDA.
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Figure S1 Scatterplots of total MDA against free MDA in exhaled breath condensate, serum and urine samples from human participants.
When multiple samples were from an individual, the concentration in each sample was plotted. Concentrations were natural-log

transformed. COPD, chronic obstructive pulmonary disease; EBC, exhaled breath condensate; IHD, ischemic heart disease; MDA,

malondialdehyde.



