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A new analytical method has been developed for profiling lipophilic reactive carbonyls (RCs) such as
aldehydes and ketones in biological samples using liquid chromatography/electrospray ionization tan-
dem mass spectrometry (LC/ESI-MS/MS) with selected reaction monitoring (SRM). The method consists
of several phases, including (1) extraction of lipophilic RCs with a chloroform/methanol mixture; (2)
derivatization of the extracted RCs with dansyl hydrazine (DH); and (3) SRM detection of the charac-

'éey w:rds: bon] teristic product ion of the 5-dimethylaminonaphthalene-1-sulfonyl moiety (m/z 236.1). The analytical
A;e;;:l;;/deecar ony results were expressed as RC maps, which allowed for the occurrence and levels of different lipophilic

Dansyl hydrazine RCs to be visualized. We also developed a highly reproducible and accurate method to extract, purify and
LC/ESI-MS/MS derivatize RCs in small volumes of biological specimens. This method was applied to the detection of free
SRM RCs in mice plasma samples, and resulted in the detection of more than 400 RCs in samples obtained from
Lipid peroxidation C57BL/6] mice. Thirty-four of these RCs were identified by comparison with authentic RCs. This method
could be used to investigate the levels of RCs in biological and environmental samples, as well as studying
the role of lipid peroxidation in oxidative stress related-disorders and discovering new biomarkers for

the early diagnosis of these diseases.

© 2015 Published by Elsevier B.V.

1. Introduction

A wide variety of aldehydes and ketones (i.e., reactive car-
bonyls; RCs) can be found in human tissues and the environment,
and these compounds are generally formed by the lipid peroxida-
tion (LPO) of phospholipids (PLs), triacylglycerols (TGs), cholesterol
and cholesteryl esters. For example, polyunsaturated fatty acids
(PUFAs), which can be used to form PLs or TGs, can be oxidized to
form lipid hydroperoxides | 1], which can subsequently decompose
to give a variety of different RCs, including alkanals, alkenals, 4-
hydroxyalkenals and alkadienals [2-4]. RCs react with the amino
groups in proteins, amino acids, nucleic acids, and PLs such as

Abbreviations:  AA, arachidonic acid; DH, dansyl hydrazine; DHA, docosa-
hexaenoic acid; 2,4-DDE, 2,4-decadienal; EDE, 4,5-epoxy-2-decenal; 2,4-HxXDE,
2,4-hexadienal; 2,4-HpDE, 2,4-heptadienal; HNE, 4-hydroxy-2-nonenal; IS, inter-
nal standard; LA, linoleic acid; LC/ESI-MS/MS, liquid chromatography/electrospray
ionization tandem mass spectrometry; LPO, lipid peroxidation; 2,4-NDE, 2,4-
nonadienal; ONE, 4-oxo-2-nonenal; PLs, phospholipids; PUFAs, polyunsaturated
fatty acids; RCs, reactive carbonyls; RSD, relative standard deviation; SRM, selected
reaction monitoring; TGs, triacylglycerols.
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1570-0232/© 2015 Published by Elsevier B.V.

phosphatidylethanolamine and phosphatidylserine, to give the cor-
responding Schiff base adducts [4-8]. o,B-Unsaturated aldehydes,
in particular, are highly reactive and readily undergo Michael
addition reactions with amino and thiol groups to give the corre-
sponding 1,4-addition products {9,10]. Increased levels of RCs such
as acrolein, 4-hydroxy-2-nonenal (HNE) and malondialdehyde in
human tissues have therefore been associated with elevated risks of
cardiovascular disease and cancer, as well as several other chronic
diseases, because they can react directly with proteins and nucleic
acids and have an adverse impact on their structure, function and
overall utility {4,5,11,12]. However, information pertaining to the
occurrence and levels of various RCs in complicated biological spec-
imens, as well as our general knowledge and understanding of their
roles in diseases, remains limited.

A broad range of different analytical methods has been reported
for investigating RCs. For example, the physiological and pathologi-
callevels of RCs can be analyzed by GC/MS following the conversion
of the RCs to the corresponding O-pentafluorobenzyl-oxime (PFB-
oxime) derivatives, and the subsequent conversion of the hydroxy
moieties in the resulting oximes to the trimethylsilyl (TMS) ether
derivatives [ 13}]. 2,4-Dinitrophenylhydrazine (DNPH) has also been
used to derivatize the RCs present in a variety of biological and envi-
ronmental samples. The DNPH derivatives can be analyzed by HPLC
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Fig. 1. Chemical structures of the RCs derivatized with DH, and the product ion with
an my/z value of 236.1 formed by CID.

with UV detection or LC/MS {14,15]. Unfortunately, however, these
methods lack the sensitivity and specificity required for the com-
prehensive analysis of trace amounts of the different RCs present
in complicated biological and environmental samples.

Dansyl hydrazine (DH) is a fluorescent derivatization reagent
that has been used for fluorescence detection as well as enhancing
the ionization characteristics of aldehydes and ketones {16-18].
There are several advantages associated with the use of DH over
other derivatizing agents. Most notably, the dimethylamino group
of DH can be readily protonated under acidic conditions [19],
and the resulting positively ionized DH derivatives can generate
a product ion with an m/z value of 236.1 by collision-induced
dissociation (CID). The detection of a product ion with an m/z
value of 236.1 is therefore consistent with the formation of a 5-
dimethylaminonaphthalene-1-sulfonyl moiety from the cleavage
of the parent DH derivative (Fig. 1). Furthermore, the product ion
spectra of the DH derivatives of RCs are generally simple and clear.

The aim of the current study was to develop a sensi-
tive and specific method for the simultaneous detection of
numerous lipophilic RCs using DH as a derivatizing agent. Ver-
ification experiments revealed that the product ion for the
5-dimethylaminonaphthalene-1-sulfonyl moiety (m/z 236.1) gen-
erated from the positively ionized RC-DH derivatives during the
CID process could be measured over specific transition ranges. In
this way, the mass spectral data could be used to provide unique
signatures for the different RCs present in biological samples. The
presence and quantity of various RCs in the different samples could
then be compared by creating “RC maps” that consisted of the
LC/MS retention times, m/z values, and relative peak intensities of
the potential RCs. This approach allowed for the comprehensive
detection of avariety of different RCs over a wide range of molecular
weights, including those with unknown structures. Furthermore,
this method was found to be highly sensitive and repeatable for
the measurement of a range of RCs, as well as being applicable to
different biological and environmental samples. This newly devel-
oped method was also validated for the quantification of free RCs
present in the plasma of C57BL/6] mice.

2. Material and methods
2.1. Materials

Dansyl hydrazine (DH) was purchased from Invitrogen
(Carlsbad, CA, USA). p-Toluenesulfonic acid (p-TsOH) and the
RCs, including propanal, pentanal, butanal, 2-hexenal, hexanal,
2-heptenal, heptanal, octanal, 2-nonenal, nonanal, decanal, unde-
canal, dodecanal and tridecanal, were obtained from Sigma-Aldrich
(St. Louis, MO, USA). Glyoxal, crotonaldehyde, 2,4-nonadienal
(NDE), 2,4-decadienal (DDE), heptadecanal, hexadecanal, octade-
canal, pentadecanal and tetradecanal were purchased from
Tokyo Chemical Industry (Tokyo, Japan). 4-Hydroxy-2-hexenal
(HHE), 4-hydroxy-2-nonenal (HNE), 4-oxo-2-nonenal (ONE) and

4,5-epoxy-2-decenal (EDE) were purchased from Cayman Chem-
ical Company (Ann Arbor, MI, USA). p-Benzyloxybenzaldehyde
(p-BOBA) and all of the other chemicals used in the current study
were purchased from Wako Pure Chemical Industries (Osaka,
Japan). Secosterols A and B were synthesized according to the
procedure reported by Wentworth et al. [20], and their purities
were verified by TLC and 'H NMR analyses. Stock solutions of the
RCs and an internal standard (IS) (p-BOBA 10 uM) were prepared
separately in acetonitrile and stored at —20°C prior to their use.

2.2. Profiling of the RCs in plasma

Frozen mouse plasma samples (stored —80°C) were thawed on
ice to 0°C. Immediately after being thawed, a portion of the plasma
sample (20 p.L) was added to a solution consisting of 80 p.L of dis-
tilled water, 2 wL of 10 M IS (p-BOBA) and 200 p.L of a mixture
of chloroform/methanol (2:1, v/v), and the resulting mixture was
vigorously agitated for 1 min. The mixture was then centrifuged
at 15,000rpm for 10 min and the organic phase was collected.
The remaining precipitate and aqueous phase were then mixed
with 200 pL of a mixture of chloroform/methanol (2:1, v/v), and
the resulting mixture was centrifuged at 15,000 rpm for 10 min to
give the organic phase. The combined organic phases were then
subjected to a derivatization reaction with DH according to the
procedure described below.

2.3. DH derivatization

The samples were mixed with 100 L of acetonitrile containing
50 pg of DH and 10 pg of p-TsOH, and the resulting mixtures were
incubated for 4 h at ambient temperature in the absence of light.
The mixtures were then evaporated to dryness in vacuo to give
the corresponding derivatized residues, which were individually
dissolved in 200 L of acetonitrile. Aliquots (5 wL) of these stock
solutions were analyzed seven times by LC/ESI-MS/MS as described
below.

2.4. LC/ESI-MS/MS

The LC/ESI-MS/MS analyses were performed on an Agilent 1200
series HPLC system (Agilent Technologies, Santa Clara, CA, USA)
using a TSKgel Super-Octyl column (2.3 um, 100 mm x 2.0 mm,
TOSOH, Tokyo, Japan) and an Agilent G6410B triple quadrupole
tandem mass spectrometer with an electrospray ionization device
running in the positive ion mode. The detector conditions were as
follows: capillary voltage at 4000V, source temperature of 300°C,
drying gas flow rate of 7 L/min, nebulizer gas at 20 psi, fragmentor
at 200V and collision energies of 13 eV (m/z 275-349), 20eV (m/z
350-449) and 29 eV (m/z 450-949). Nitrogen was used as the col-
lision gas. The RC-DH derivatives were detected using the selected
reaction monitoring (SRM) mode. This strategy was designed to
detect a specific product ion with an m/z value of 236.1 by CID. This
product ion was assigned to the 5-dimethylaminonaphthalene-1-
sulfonyl moiety derived from the positively ionized DH derivatives.
The RC-DH derivatives were therefore detected with high sensi-
tivity by monitoring their transmitting [M+H]* — 236.1 transitions
(Fig. 1). A total of 675 SRM transitions were monitored for each
DH-derivatized sample, with the transitions ranging from m/z
275 — 236.1t0 949 — 236.1, and a total of 100 channels were mon-
itored simultaneously for each sample injection. One channel from
each injection was reserved for monitoring the transition of p-
BOBA-DH (IS) at m/z 460 — 236.1. Each sample was injected seven
times to complete the monitoring of the 675 SRM transitions.

In order to verify whether the peaks of DH-derivatives were
derived from aldehydes, ketones or other artifacts, mixtures of
standard RCs or mice plasma samples were reduced by treatment
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for 1h at 37°C with 0.1 M sodium borohydride (NaBH,). NaBH,4
can convert aldehydes and ketones to corresponding primary
and secondary alcohols, which are not derivatized with DH. After
the reduction of standard RCs or mice plasma samples with
NaBHy, the peaks corresponding to DH-RCs were not detected
by LC/ESI-MS/MS (SRM) except for those which were derived
from DH reagents (data not shown). Some of the solvents used
in this study were found to be contaminated with RCs. Therefore,
it was necessary to calculate the amounts of RCs by subtracting
the redundant (background) peaks such as the spike noises and
artifactual DH derivatives derived from solvents and reagents.

In terms of the mobile phases used for the LC/ESI-MS/MS anal-
yses, solvent A consisted of a 0.1% (v/v) solution of formic acid in
water, whereas solvent B consisted of a 0.1% (v/v) solution of formic
acid in acetonitrile. The DH derivatives were eluted from the col-
umn using a linear gradient, which started at 80% solvent A and 20%
solvent B, and progressed to 100% solvent B over a period of 10 min.
The system was then eluted with 100% solvent B for 10 min before
being returned to the initial conditions over a period of 10 min to
allow for the equilibration of the column. The system was operated
at a constant flow rate of 0.2 mL/min for all of the analyses.

2.5. Stabilities of RCs during storage

Plasma samples were obtained from five 10-week-old male
C57BL/6] mice (body weight ~27 g). The plasma samples (100 pL)
were spiked with five representative RCs, including 4-hydroxy-2-
alkenal (HNE), 2-alkenal (2-hexenal) and 2,4-alkadienal (2,4-NDE),
as well as a short chain alkanal (hexanal) (5 pmol each) and a long
chain alkanal (hexadecanal) (100 pmol). The spiked samples were
then stored on ice for 0~60 min or stored at —80°C for 4 weeks.

2.6. LOD and LOQ

The limit of detection (LOD) was defined as the calculated con-
centration at a signal to noise ratio of >5 (S/N=5). The limit of
quantification (LOQ) was based on a signal to noise ratio of >10
and validated at a concentration measured with an RSD <20%.

2.7. Recovery

The plasma samples (20 L) were spiked or left unspiked (con-
trol) with a mixture containing several RC standards at 2 or 10 pmol.
The samples were then extracted with a chloroform/methanol (2:1,
v/v) mixture and the organic phases were analyzed according to the
procedure described above. The estimated recoveries were calcu-
lated as follows:

Recovery =[(concentrations of extracted total RCs — concentra-
tions of extracted endogenous RCs)/concentrations of spiked RCs
standards] x 100 (%)

2.8. Calibration curves for RCs

Calibration and validation studies were conducted involving
the addition of several different RCs to the mice plasma. Vary-
ing amounts of the RCs (i.e,, 0.1, 0.2, 0.5, 1, 2, 5, 10, 20, 50 and
100 pmol for each RC species)and a fixed amount of the IS (20 pmol)
were spiked into the mouse plasma (20 L), and the resulting
mixtures were extracted, derivatized and subjected to LC/ESI-
MS/MS analysis. Calibration curves were constructed by plotting
the peak area ratios [i.e., (total RCs — endogenous RCs)/IS against
the concentration of RCs}. All of the determinations at the different
concentrations were performed in triplicate.

2.9. Assay precision and accuracy (analytical recovery)

The accuracy and precision levels of the assay were determined
based on intra- and inter-day variations in the results obtained
using the method described above.

Plasma samples (20 pL) were spiked with RCs at concentra-
tions of 0, 50, 100, 500 and 1000 pmol/mL, respectively, n=3. IS
(20 pmol) was then added to each sample, and the resulting mix-
tures were extracted, derivatized and analyzed by LC/ESI-MS/MS.
The intra-day precision values for the different concentrations
were also calculated from determination experiments, which were
conducted in triplicate. The inter-day precision was evaluated by
analyzing the same sample over a 5-day period, and the precision
was determined as the relative standard deviation (RSD, %). The
accuracies (analytical recoveries) of the RCs were defined as the
total concentration of RCs in the spiked samples/(the concentration
of RCs detected in the unspiked samples+the spiked concentra-
tion) x 100 (%).

3. Results and discussion
3.1. RCs derivatization with DH

We initially derivatized 36 authentic RCs with DH and analyzed
the resulting products by LC/ESI-MS/MS. All of the derivatized RCs
gave the corresponding [M+H]* mass ions, as well as the common
production with an m/z value of 236.1, which was assigned to the 5-
dimethylaminonaphthalene-1-sulfonyl moiety generated from the
cleavage of the DH derivatives during CID (Fig. 1). On the basis
of these results, we developed a global analytical method for the
comprehensive profiling of the lipophilic RCs present in biolog-
ical samples using LC/ESI-MS/MS with SRM. The SRM assay was
designed to detect the characteristic product ion with an m/z value
of 236.1, which was derived from the positively ionized RC-DH
derivatives transmitting the [M+H]" — 236.1 transition over 675
SRM transitions, ranging from transitions of m/z 275 — 236.1 to
949 - 236.1. For each sample injection, a total of 100 channels
were monitored simultaneously. We compared the sensitivities
(S/N ratio) of LC/MS detection by SRM and precursor ion scan (PIS)
of DH-RC standards (Supplementary Table 1). The sensitivities of
SRM were 1.6- to 110-fold better than the PIS. These results indi-
cate that the SRM can be used for the sensitive detection of various
RCs by MS.

Supplementary Table 1 can be found, in the online version, at
http://dx.doi.org/10.1016/i.jchromb.2015.02.036.

Typical SRM chromatograms for the DH-derivatives of the 36
RCs and IS (p-BOBA) are shown in Fig. 2. These results effectively
confirmed that the developed SRM assay could be used detect all
of the RCs tested in the current study, with the RCs giving the cor-
responding [M+H]" ions as well as the common product ion of the
5-dimethylaminonaphthalene-1-sulfonyl moiety by CID. Although
4-hydroxy-2-alkenals such as HNE and HHE possess a chiral center
at their C4 position, the syn- and anti-isomers of their DH deriva-
tives could not be separated in this condition, and it was therefore
not possible to detect the different isomers as single peaks. Further-
more, despite using an excess of DH, dicarbonyl compounds such
as glyoxal and ONE only reacted to give the mono-DH derivatives
under the current derivatization conditions. lons corresponding to
bis-DH derivatives were therefore not observed under these SRM
conditions (data not shown).

3.2. Validation of the proposed method using biological samples

This method was validated based on the recovery data and cal-
ibration curves of the different RCs that had been spiked into the
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Table 1

Linearity, limit of detection (LOD), limit of quantification (LOQ) and recovery values of the LC/ESI-MS/MS assay for the RCs.

Compounds MW (intact) [M+H]* (DH tg (min) LOD (fmol)? LOQ (fmol)® Calibration Linear equation Linearity (r2) Recovery (%)
derivatives) range (fmol)
p-BOBA(IS) 212.21 460 11.8 1 1 - - - 1014
Acrolein 56.06 304 9.3 1 2.5 25-1000 y=0.0004x +0.0052 0.9996 95.5
Glyoxal 58.04 306 8.4 20 50 50-2500 y=0.0014x+0.0872 0.9991 100.3¢
Propanal 58.08 306 93 10 25 25-1000 y=0.0008x —0.0043 0.9978 70.3
Crotonaldehyde  70.09 318 9.8 1 25 5-250 y=0.0018x+0.0015 0.9996 93.8
Butanal 72.11 320 10.1 1 25 25-1000 y=0.0008x+0.0245 0.992 88.4
Pentanal 86.13 334 10.8 10 25 25-1000 y=0.0012x+0.0107 0.9986 86.0
2,4-HxDE 96.14 344 10.8 1 25 5-250 y=0.0024x+0.0224 0.9944 82.1
2-Hexenal 98.14 346 11.1 1 25 5-250 y=0.0027x - 0.002 0.9999 914
Hexanal 100.16 348 113 10 25 25-1000 y=0.0024x+0.0211 0.999 93.5
2,4-HpDE 110.17 358 11.2 1 25 5-250 y=0.0021x+0.015 0.995 83.6
2-Heptenal 112.17 360 116 1 25 5-250 y=0.0003x — 0.0009 0.9997 89.8
HHE 114.14 362 8.9 1 2.5 5-250 y=0.0008x — 0.0021 0.9998 92.5
Heptanal 114.18 362 11.8 10 25 25-1000 y=0.0022x+0.0059 0.9996 82.5
2-Octenal 126.2 374 12.0 1 25 5-250 y=0.0139x+0.103 0.9952 94.2
Octanal 128.21 376 12.2 10 25 50-2500 y=0.0034x—0.1748 0.9994 111.8¢
2,4-NDE 138.22 386 12.1 1 2.5 5-250 y=0.0041x+0.0259 0.9962 73.6
2-Nonenal 140.22 388 124 1 25 5-250 y-0.0046x — 0.0051 1 89.6
Nonanal 142.24 390 126 20 50 50-2500 y=0.0028x - 0.3148 0.9977 89.04
2,4-DDE 152.21 400 12,5 1 25 5-250 y=0.0032x +0.0225 0.9951 84.6
HNE 156.22 404 10.8 1 25 5-250 y=0.0006x — 0.0029 0.9999 93.7
Decanal 156.27 404 13.0 20 50 50-2500 y=0.004x — 0.8092 0.9971 94.6¢
EDE 168.23 416 113 1 25 5-250 y=0.0023x - 0.0075 0.9998 86.6
2-Undecenal 168.28 416 13.1 1 25 5-250 y=0.0153x+0.0599 0.9932 88.9
Undecanal 170.29 418 133 10 25 25-1000 y=0.0004x — 0.1044 0.9986 92.0
Dodecanal 184.32 432 13.6 20 50 50-2500 y=0.0039x — 0.0099 0.9983 83.2d
Tridecanal 198.34 446 139 10 25 25-1000 y=0.0025x - 0.0013 0.9995 76.6
Tetradecanal 212.37 460 143 10 25 50-2500 y=0.0055x ~ 0.1422 0.9989 81.24
Pentadecanal 226.4 474 14.6 10 25 25-1000 y=0.0013x+0.0051 0.9997 84.8
Hexadecanal 240.43 488 14.8 10 25 50-2500 y=0.0029x+0.0112 0.9999 82.8¢
Heptadecanal = 254.45 502 15.1 1 25 5-250 y=0.002x — 0.0056 0.9982 85.7
Octadecanal 268.48 516 154 10 25 50-2500 y=0.0012x+0.074 0.9964 80.14
Secosterol-A 418.34 666 14.4 1 25 5-250 y=0.0008x ~ 0.0006 0.9994 99.3
Secosterol-B 418.34 666 14.8 1 2.5 5-250 y=0.0002x — 0.0002 0.9998 77.3

3 These values were estimated at a S/N ratio of 5.
b These values were estimated at a S/N ratio of 10.
¢ n=5, spiked 2 pmol or 910 pmol.

C57BL/6J mice plasma samples (Table 1). Overall, this method was
found to be sensitive, reproducible, accurate and specific for the
RCs tested in the current study.

The stability properties of the some typical RCs (i.e., 2-hexenal,
hexanal, 2,4-NDE, HNE and hexadecanal) that had been added to
the mice plasma were determined experimentally (Fig. 3A, B, Sup-
plementary Fig. 1). Samples of the mouse plasma were spiked with
5 or 100 pmol of specific RCs, and the resulting mixtures were kept
on ice for 60 min. Subsequent analysis revealed that almost all of
the o,-unsaturated RCs tested (i.e., 2-hexenal and HNE) disap-
peared rapidly, whereas the other RCs tested (i.e., hexanal, 2,4-NDE
and hexadecanal) disappeared at a much slower rate, with about
half of the amounts added remained after an incubation period
of 60 min on ice (Fig. 3A). On the other hand, Fig. 3B shows that
there were no significant differences between the recoveries of
the RCs added to the mouse plasma before and after the samples
had been stored 4 weeks at —80°C. These results suggest that it
is necessary to extract the RCs as quickly as possible following
thawing of frozen plasma samples to obtain their high recoveries.
In addition, in order to analyze unstable aldehydes more accu-
rately, new methods, for example adding stable isotope-labeled
aldehydes as IS immediately after sampling, may be further devel-
oped and validated. The RCs appeared to react with glutathione or
the amino groups of the proteins, amino acids, nucleic acids, and
PLs, such as phosphatidylethanolamine and phosphatidylserine, to
give the corresponding Schiff base adducts [4-8]. a,-Unsaturated
aldehydes, in particular, are highly reactive and readily undergo
Michael addition reactions with amino and thiol groups to give
the corresponding 1,4-addition products [9,10]. Compounds of this

type can also be metabolized enzymatically into other compounds.
For these reasons, in order to evaluate the occurrence and biolog-
ical reactivities of a,3-unsaturated aldehydes, methods to analyze
their adducts with amino acids, proteins, DNA and PLs in biological
samples should be further developed.

Supplementary Fig. 1 can be found, in the online version, at
http://dxdoiorg/10.1016/].jchromb.2015.02.036.

Based on the stability results of five representative RCs (Fig. 3A),
we proceeded to evaluate the recoveries of several standard RCs
that had been added to mouse plasma samples. The recover-
ies of the RCs tested in the current study were in the range of
70.3-111.8% (Table 1). The corresponding calibration curves, which
were obtained by plotting the peak area ratios of the 33 different
RCs tested in the current study (tests were conducted at six dif-
ferent concentrations in the range of 2.5-2500 fmol) relative to IS
exhibited good linearities (r2 >0.9964) (Table 1). The LOD values
(§/N=5) were found to be in the range of 1-20fmol, and the LOQ
values (S/N=10) were in the range of 1-50fmol on column. The
assay precision was examined using mouse plasma samples spiked
with two different concentrations of the RCs (Table 2). The RSD
values were found to be <19.3% for the intra- and inter-day pre-
cision measurements, and the accuracy rates ranged from 75.4 to
119.9% (Table 2). These results effectively indicated that the cur-
rent method is highly accurate and reproducible. Furthermore, the
good linearity, sensitivity, recovery and precision properties of this
method suggested that it could be used for the analysis of other
human and animal tissue samples.

RCs are organic compounds that are widespread in biological
samples. Compounds of this type can be formed from fatty acids,
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Table 2

Accuracy (analytical recoveries) and precision of the assay used for the determination of the RCs in mice plasma.

Compound Added Measured RSD (%) Accuracy Compound Added Measured RSD (%) Accuracy
(pmol/mL)  (pmol/mL)* (%) (pmol/mL) (pmol/mL)? (%)
Acrolein Intra-day - 14654 13.0 8.9 - Nonanal Intra-day - 652.0 +7.9 1.2 -
100 235.24:20.5 8.7 88.7 500 1073.9 + 59.5 55 844
500 680.44:36.2 5.3 106.8 1000 1518.8 184 12 86.7
Inter-day - 15364263 171 - Inter-day - 653.6 + 27.1 4.1 -
Glyoxal Intra-day - 520413 24 - 2,4-DDE Intra-day - 94 + 1.1 11.8 -
50 108.3 +4.2 3.9 112.8 50 64.9 1.2 1.8 110.1
100 158.1:4+4.4 2.8 106.1 100 110.1 £ 3.3 3.0 100.7
Inter-day - 56.3::3.0 53 - inter-day - 92+ 1.1 123 -
Propanal Intra-day - 58.3:+3.8 6.5 - HNE Intra-day - 16.8 & 1.0 6.1 -
50 1782429 1.6 119.9 50 68.2 + 1.5 23 102.7
100 29114 1.4 0.5 116.4 100 120.8 4+ 2.0 1.6 104.0
Inter-day - 59.7:£4.0 6.8 - Inter-day - 16.6 £ 0.4 24 -
Crotonaldehyde Intra-day - 148+ 1.7 114 - Decanal Intra-day - 493.0 + 246 5.0 -
50 68.141.3 1.9 106.6 500 869.9 + 36.1 4.1 754
100 118.3+0.6 0.5 103.5 1000 1442.4 4+ 30.1 2.1 94.9
Inter-day - 154+ 1.8 11.6 - Inter-day - 492.2 + 352 72 -
Butanal Intra-day - 101.4+£105 10.3 - EDE Intra-day - 1.7 401 3.9 -
100 202.1:£10.0 5.0 100.7 50 49.2 + 0.6 12 95.0
500 605.5478.8 13.0 100.8 100 103.0 + 3.2 3.1 101.1
Inter-day - 97.04 16.0 16.5 - Inter-day - 1.7 + 0.1 3.9 -
Pentanal Intra-day - 65.0:48.1 12.4 - 2-Undecenal  Intra-day - 4.3+ 05 11.5 -
50 121.0£135 11.2 112.0 50 57.1+ 1.8 3.2 105.8
100 155.9+8.6 5.5 90.9 100 105.6 & 2.5 2.4 101.4
Inter-day - 66.8+6.6 9.9 - Inter-day - 1.7 £ 05 15.9 -
2-HxDE Intra-day - <LOQ - - Undecanal Intra-day - 106.3 + 9.1 8.5 -
50 53.0:£5.7 10.8 105.9 100 189.0 + 7,4 39 82.7
100 102.0+4.3 4.2 102.0 500 622.0 + 6.7 1.1 103.1
Inter-day - <LOQ - - Inter-day - 105.6 + 7.6 7.6 -
2-Hexenal Intra-day - 4.4+04 9.0 - Dodecanal Intra-day - 740.5 + 44.6 6.0 -
50 53.841.6 3.0 98.7 500 1209.6 £ 215 1.8 93.8
100 108.1+1.6 1.5 103.7 1000 1622.8 + 45.1 2.8 88.2
Inter-day - 46404 8.4 - Inter-day - 745.1 £ 42.6 5.7 -
Hexanal [ntra-day - 60.0£3.2 5.3 - Tridecanal Intra-day - 151.0 +£ 5.0 3.0 -
50 119.9:423.2 193 119.7 100 2378 £ 6.2 2.6 86.8
100 155.1:+13.9 9.0 95.1 500 6314 + 104 1.7 96.1
Inter-day - 58.74+5.7 9.7 - Inter-day - 146.7 £ 7.0 4.7 -
2-HpDE Intra-day - 4,74+0.8 169 - Tetradecanal Intra-day - 1743 £ 186 10.7 -
50 59.6+4.0 6.7 109.8 100 2721 £ 205 7.5 97.8
100 106.0:£7.1 6.7 101.3 500 708.9 + 12.1 1.7 106.9
Inter-day - 55406 103 - Inter-day - 1775 + 8.4 4.7 -
2-Heptenal Intra-day - 51+£04 71 - Pentadecanal Intra-day - 188.7 £ 12.8 6.8 -
50 56.5+0.7 1.2 102.9 100 280.1 + 235 8.4 91.4
100 106.6 4.1 3.8 101.5 500 664.9 + 20.7 3.1 95.3
Inter-day - 4.8+02 35 - Inter-day - 186.4 + 13.3 7.1 -
HHE Intra-day - 7.1+£0.5 6.5 - Hexadecanal Intra-day - 630.8 4- 43.6 6.9 -
50 57.9+26 4.5 101.5 500 11109 £ 29.8 2.7 96.0
100 107.9+4.3 4.0 100.8 1000 1521.3 + 42.0 2.8 89.1
Inter-day - 7.0+£0.1 1.6 - Inter-day - 634.5 4+ 42.8 6.7 -
Heptanal Intra-day - 55.1:+4.2 7.5 - Heptadecanal Intra-day - 31.2 £ 3.7 119 -
50 102.2+9.0 8.8 94.2 50 84.9 £ 6.7 7.9 107.3
100 1499+6.2 4.2 94.9 100 131.2 £ 10.1 7.7 100.0
Inter-day - 55.746.7 119 - Inter-day - 31.0+33 10.6 -
2-Octenal Intra-day - 9.0+0.7 8.1 - Octadecanal Intra-day - 300.8 + 28.1 9.3 -
50 589+3.2 5.4 99.9 500 729.6 + 17.1 2.3 85.8
100 101.3+4.3 4.2 92.3 1000 1113.5 4 26.9 2.4 813
Inter-day - 89+15 16.5 - Inter-day - 3025 £275 9.1 -
Octanal Intra-day - 134.7+£11.0 8.1 - Secosterol-A  Intra-day - 23 +£02 74 -
100 218.9+6.0 2.8 84.8 50 484 + 1.3 2.8 92.1
500 624.6+21.8 35 98.0 100 95.3 + 6.7 7.1 93.0
Inter-day - 1325+134 10.1 - Inter-day - 23+0.1 25 -
2,4-NDE Intra-day - 3.8+02 5.8 - Secosterol-B  Intra-day - 59+ 04 6.1 -
50 52.6+£28 53 97.5 50 49.7 £2.5 49 87.6
100 103.1+3.2 3.1 99.2 100 99.4 + 2.9 29 93.5
Inter-day - 3.8+0.2 6.0 - Inter-day - 57+02 38 -
2-Nonenal Intra-day - 20.2+1.7 8.6 -
50 67.5+14 2.1 94.6
100 116.7+3.4 3.0 96.4
Inter-day - 202+14 6.9 -
A n=3.

amino acids, and aromatic compounds, as well as several other
compound classes. The results of a growing number of studies
have suggested that RCs could be involved in the development of
oxidative stress related disorders, such as cancer, cardiovascular

disease, neurodegenerative disease and diabetes, as well as sev-
eral other diseases associated with aging. Our newly developed
method would allow for the exploration of different RCs regardless
of their chemical structure, and represents a particularly powerful
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Fig. 2. LC/ESI-MS/MS (SRM) chromatogram of a standard mixture of the RC-DH
derivatives (0.5 pmol each). The SRM assay detected the characteristic product
ion of the 5-dimethylaminonaphthalene-1-sulfonyl moiety (m/z 236.1), which
was derived from the positively ionized RC-DH derivatives transmitting the
[M+H]" — 236.1 transition. The peak numbers indicate the names of the RCs
as follows: (1) formaldehyde (tr:7.5 min, m/z 278); (2) acetaldehyde (tg:7.5 min,
m/z 292); (3) acrolein (tz:9.3 min, m/z 304); (4) glyoxal (tg:8.4min, m/z 306);
(5) propanal (tg:9.3min, m/z 306); (6) crotonaldehyde (tg:9.8 min, m/z 318);
(7) butanal (tg:10.1 min, m/z 320); (8) pentanal (tz:10.8 min, m/z 334); (9) 2,4-
HxDE (tz:10.8 min, m/z 344); (10) 2-hexenal (tg:11.1 min, m/z 346); (11) hexanal
(tr:11.3 min, m/z 348); (12) 2,4-HpDE (tr:11.2min, m/z 358); (13) 2-heptenal
(tr:11.6 min, m/z 360); (14) HHE (tz:8.9 min, m/z 362); (15) heptanal (tz:11.8 min,
m/z 362); (16) 2-octenal (tg:12.0 min, m/z 374); (17) octanal (tg:12.2 min, m/z 376);
(18) 2,4-NDE (tg:12.2min, m/z 386); (19) 2-nonenal (tg:12.4 min, m/z 388); (20)
nonanal (tr:12.6min, m/z 390); (21) 2,4-DDE (tg:12.5min, m/z 400); (22) ONE
(tr:11.5 min, m/z 402); (23) HNE (tr:10.8 min, m/z 404); (24) decanal (tz:13.0 min,
m/z 404); (25) EDE (tr:11.3 min, m/z 416); (26) 2-undecenal (tg:13.1 min, m/z 416);
(27) undecanal (tg:13.3 min, m/z 418); (28) dodecanal (tg:13.6 min, m/z 432); (29)
tridecanal (tg:13.9min, m/z 446); (30) tetradecanal (tg:14.3 min, m/z 460); (31)
pentadecanal (tg:14.6 min, m/z 474); (32) hexadecanal (fz:14.8 min, m/z 488); (33)
heptadecanal (tg:15.1 min, m/z 502); (34) octadecanal (tg:15.4 min, m/z 516); (35)
secosterol-A (tr:14.4 min, m/z 666); (36) secosterol-B (tr:14.8 min, m/z 666); (IS)
p-BOBA (fz:11.8 min, m/z 460).

analytical platform for studying the roles of RCs in the development
and progression of oxidative stress related-disorders.

3.3. Comprehensive analyses of the lipophilic RCs present in
mouse plasma samples

Our newly developed method was used to analyze the RC pro-
files of plasma samples obtained from C57BL/6] mice (10 weeks of
age). Fig. 4 shows SRM chromatograms typical of those obtained for
the free RCs detected in the mouse plasma samples. Fig. SA shows
the corresponding RCs maps, where all of the free RCs detected in
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Fig. 3. Stabilities of the RCs in mice plasma. The plasma samples (100 L) were
spiked with five representative RCs, such as 4-hydroxy-2-alkenal (HNE), 2-alkenal
(2-hexenal), and 2,4-alkadienal (2,4-NDE), as well as a short chain alkanal (hexanal)
(5 pmol each)and along chain alkanal (hexadecanal) (100 pmol). The spiked samples
were stored on ice for 0-60 min (A) or stored at —80°C for 4 weeks (B). The open and
closed bars represent the recoveries of the RCs, which were determined immediately
before and after being stored at —80°C for 4 weeks.

the mouse plasma samples were plotted as circles as a function
of their retention times (horizontal axis) and m/z values (vertical
axis). The areas of the circles represent the intensities of peaks for
the detected RCs relative to that of IS.

Four hundred and five peaks were detected in the plasma sam-
ples obtained from the normal C57BL/6] mice (based on an average
of five determinations) following the elimination of the redundant
peaks from the spectra, including the spike noise and artifactual
DH derivatives (e.g., some of the solvents used in the current study
were found to be contaminated with RCs). The RCs detected in the
mouse plasma samples using this method were considered to be
free RCs or those liberated from unstable Schiff base adducts.
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Fig. 4. Representative SRM chromatograms of the RC-DH derivatives, which were
detected in the plasma samples obtained from normal C57BL/6] mice.

Fig. 5B is an enlarged view of Fig. 5A, showing m/z values in
the range of 250-650, together with the names of some of the RCs
identified through a comparison of their data with those of the
authentic RCs. A series of low molecular weight aldehydes, includ-
ing formaldehyde (tg: 6.8 min, m/z 278), acetaldehyde (tg: 7.5 min,
m/z 292), acrolein (tg: 9.3 min, m/z 304), glyoxal (tg: 8.4 min, m/z
306) and propanal (tg: 9.3 min, m/z 306) are shown in the bottom
left corner in Fig. 5B. Several large circles also appeared side by side
on the diagonal in the center of the figure. As the retention times
increased, the molecular weights of these peaks increased in m/z
increments of 14. Based on a comparison of these peaks with those
of the authentic RCs, it was established that they corresponded to
several fatty aldehydes, including hexanal (CgH120, tg: 11.3 min,
m/z 348), nonanal (CgH;50, tr: 12.6 min, m/z 390) and hexade-
canal (CygH3,0, tg: 14.8 min, m/z 488). Dodecanal (Ci,H,40) was
determined to be the most abundant peak in the chromatogram
with a retention time of 13.6 min and an m/z value of 432. Low
concentrations of HHE (tg: 8.9 min, m/z 362), NDE (tg: 12.1 min,
m/z 386), DDE (tg: 12.5 min, m/z 400), ONE (tg: 11.5 min, m/z 402),
HNE (tg: 10.8 min, m/z 404) and EDE (tg: 11.3 min, m/z 416) were
also detected. These RCs are known oxidation products, which are
derived from PUFAs, such as linoleic acid (LA), arachidonic acid (AA)
and docosahexaenoic acid (DHA). Acrolein can be derived from the
oxidation of either DHA or AA, whereas hexanal and HNE can be
derived from the oxidation of AA and LA. HHE is the major product
of the oxidation of DHA and other w-3 PUFAs [21-28].

A variety of fatty aldehydes between C1 (formaldehyde) and
C18 (octadecanal) were detected in the plasma samples obtained
from normal C57BL/6] mice (Fig. 5), with some of these fatty
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Fig. 5. RC maps of the plasma samples obtained from normal C57BL/6] mice (A).
An enlarged view showing the names of some of the RCs identified through a com-
parison of their data with those of the authentic standards in Fig. 5A (B). In the RC
map, the different RCs detected are shown as circles as a function of their LC reten-
tion times (horizontal axis) and m/z values (vertical axis). The area of each circle
represents the relative intensity of the RC to that of IS.

aldehydes being detected in large concentrations. Fatty alde-
hydes have been reported to undergo further biotransformations
to afford fatty acids and alcohols [4,26,28-31]. Hexadecanal has
been reported to form as one of the major products of the
sphigosine-1-phosphate lyase-mediated degradation of dihydro-
sphingosine-1-phosphate (DHS1P) [32].

The peak with a retention time of 10.5 min and an m/z value of
334 was attributed to 2-methylbutanal, which has been reported to
be formed by the oxidation of the aliphatic amino acid L-isoleucine
with a myeloperoxidase-H,0,-chloride system [33].

Our newly developed method can be used to detect a large num-
ber of different free lipophilic RCs (regardless of their structure)
including alkanals (e.g., hexanal and hexadecanal), 2-alkenals (e.g.,
2-nonenal) and 4-hydroxy-2-alkenals (e.g., HNE and ONE), as well
as structurally unknown RCs.

During the course of the current study, Siegel et al. [ 34] reported
a similar method for the quantification and identification of various
RCs in biological samples. Siegel's method involved the derivati-
zation of RCs with p-toluensulfonylhydrazine and the subsequent
detection of the derivatives by ultrahigh-performance liquid chro-
matography with ESI-MS. We believe that our newly developed
method is comparable with that of Siegel et al. [34] in term of its
specificity, sensitivity and repeatability properties for the analysis
of a wide variety of RCs.
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4. Conclusion

We have developed a novel analytical method for profiling the
wide variety of different lipophilic RCs present in biological sam-
ples using LC/ESI-MS/MS with SRM. The method was found to be
sensitive, reproducible, accurate and specific for RCs, and the ana-
lytical results obtained in the current were expressed as RC maps,
which allowed for the types and levels of the different lipophilic
RCs to be readily visualized. The results revealed that a large num-
ber of unidentified RCs were present in the mice plasma samples,
and further studies are therefore needed to identify the structures
of these compounds. This newly developed approach could be very
useful for establishing the RC profiles of biological and environmen-
tal samples, as well as for studying the roles of lipid peroxidation in
oxidative stress related-disorders and discovering new biomarkers
for the early diagnosis of these diseases.
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ARTICLE INFO ABSTRACT
Article history: There is rising interest in non-enzymatic cholesterol oxidation because the resulting oxysterols have bio-
Available online 9 January 2014 logical activity and can be used as non-invasive markers of oxidative stress in vivo. The preferential site of
oxidation of cholesterol by highly reactive species is at C; having a relatively weak carbon-hydrogen
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1. Introduction

Oxysterols are derivatives of cholesterol containing one or more
oxygen atoms, other than the OH group on Cs, as hydroxyl, keto,
epoxide or peroxyde group - that is mounted on the A and B ring
or on the side chain. Oxysterols can be generated either enzymat-
ically, mainly by the group of cytochrome (CYP) P450 family, or by
autoxidation [1]. In brief, in biological systems oxygenation on
side-chain is almost exclusively enzymatic, while that on the A
and B ring can occur both enzymatically and by autoxidation.

Oxysterols arising from enzymatic synthesis can be used as
markers of their respective cytochrome activity. Circulating 7o~
hydroxycholesterol (74-OHC), a starting intermediate in the bio-
synthesis of bile acids [2], correlates with the activity of CYP7A1
[3], 7a-hydroxy-4-cholesten-3-one, a conversion product of 7o~
OHC is formed by the microsomal 3p-hydroxy-A>-C,,-steroid
oxidoreductase (C27 3B-HSD) [4], 4B-hydroxycholesterol can be
used as an endogenous marker of CYP3A4 and CYP3AS5 activity
[5], 24S-hydroxycholesterol (24-OHC) is the product of the
brain-specific cholesterol 24-hydroxylase (CYP46A1) {6,7],
27-hydroxycholesterol (27-OHC) is formed by the mitochondrial
enzyme sterol 27-hydroxylase (CYP27A1), which is widely dis-
tributed in tissues [8,9]. Examples of oxysterols forming enzymes
different than the cyt450 family are cholesterol 25-hydroxylase
{10] and oxidosqualene cyclase [11], which produce 25-hydroxy-
cholesterol and 24(S),25-epoxycholesterol, respectively, and cho-
lesterol epoxide hydrolase that converts 5,6-epoxydes into
cholesterol-triol {12].

The susceptibility of cholesterol to non-enzymatic oxidation
has generated considerable interest in oxysterols as potential
markers for the non-invasive study of oxidative stress in vivo.
Additional interest in oxysterols stems from the biological activity
of many oxysterols that is useful to elucidate pathophysiological
pathways in human diseases and for pharmacological purposes
[13]. Cholesterol autoxidation proceeds via two distinct pathways,
a free radical pathway driven by a chain reaction mechanism (type
[) and a non-free radical pathway (type II), which is driven
stoichiometrically by highly reactive oxygen species |13,14]. The
unique cholesterol double bond between carbons 5 and 6 is the
most vulnerable site for oxidation by free radicals and highly
reactive species [15].

2. Cholesterol autoxidation

Type [ autoxidation involves initiation and propagation reac-
tions. Free radicals provide the initiation step by hydrogen abstrac-
tion, formation of a carbon centered radical and subsequent
oxygen capture. Afterwards, the process advances through free
radical intermediates - including, peroxyl radicals (LOO") and alk-
oxyl radicals (LO°) - that in turn recruit additional non-oxidized
molecules and provoke the spreading of the process via a chain-
reaction, the propagation phase.

Despite the hydrogen bond-dissociation energy of C;-choles-
terol is higher than the hemolytic cleavage of allylic hydrogens in
polyunsaturated fatty acids {16}, entropic factors determine a pre-
dominant role of cholesterol oxidation in cellular membranes [17].

A multitude of oxysterols can be formed upon type I autoxida-
tion, but analytical issues restrain the number of species usable as
markers of oxidative stress in biological matrices. The species that
actually perform well on GC/MS, which is the gold standard for
oxysterols measurement, are: 4o~ and 7B-hydoxycholesterol,
50,60~ and 5B,6B-epoxides, and 7-ketocholesterol [13]. Recent
studies from Porter and co-workers have established the product
distribution of several oxysterols obtained through the free radical

chain oxidation of the cholesterol precursor 7-dehydrocholesterol
[181

In type II autoxidation the main molecules that are involved in
cholesterol oxidation are the non-radical species singlet oxygen
and ozone. Singlet oxygen is formed by an input of energy, such
as photoactivation, the Russell mechanism, based on the decompo-
sition of lipid hydroperoxides, and by the reactions of hypochlo-
rous acid and hydrogen peroxide. The following primary species
are possible in the reaction of cholesterol with singlet oxygen
via ene addition: 5a-cholesterol-hydroperoxide (50-Chol-OOH),
5B-cholesterol-hydroperoxide (5B-Chol-OOH), 6a-cholesterol-
hydroperoxide (6a-Chol-OOH),  6B-cholesterol-hydroperoxide
(6B-Chol-O0OH), and Chol-1,2-dioxetane. The formation of 5o~
Chol-OO0H is highly favored at a rate of approximately one order
of magnitude higher than that of 6a-Chol-OOH and 6p-Chol-OOH
[19]. Minor products of ozone-driven cholesterol oxidation are
5a,60- and 5B,6B-epoxides, which have been found to form in
ethyl acetate [20], but their participation in a physiological envi-
ronment is not reported. The 70~ and 7B-Chol-OOH are formed
during the reaction of singlet oxygen with cholesterol and gener-
ated indirectly by the allylic rearrangement of 50-Chol-OOH [21],
which takes place at high peroxidation levels but is negligible
under limited cholesterol oxidation (<5%) [22]. Cholesterol hydro-
peroxides are susceptible to 1 e~ reduction that gives rise to alk-
oxyl- and peroxyl-radical intermediates that, in turn, can trigger
chain reactions and amplify the free radical cascade of cholesterol
oxidation and the oxidative damage. All cholesterol hydroperox-
ides are expected to be equally susceptible to 1 e~ reduction in
the presence of metal catalysts. Similar rate constants have been
reported for the reduction of 5u-Chol-OOH and 6a-Chol-OOH for-
mation during incubation with an iron-based redox cycling system
in a homogeneous solution in which cholesterol was the only
chain-carrying species {19]. The potency of 50-Chol-OOH and
7a-Chol-OOH as chain initiators is comparable [23]. Cholesterol
hydroperoxides (Chol-OOHs) are resistant to direct 2 e~ reduction
that is catalyzed by Se-dependent glutathione peroxidase [24].
This means that Chol-OOHs have a potential long half-life in cells.
The only enzyme capable of catalyzing the reduction of Chol-OOHs
to stable diols, is the phospholipid-hydroperoxide glutathione per-
oxidase (PHGPx) [25]. However, the reduction of Chol-OOH by
PHGPX is 6 times slower compared to the reduction of phospho-
lipid hydroperoxides |26}, and shows different rate constants rang-
ing from 0.8 x 102 min~! for 50-Chol-OOH to ~6 x 10% min~! for
60-Chol-O0H and 6B-Chol-OOH {19]. Thus, 5a-Chol-OOH results
the most abundant product of singlet oxygen reaction with choles-
terol, and the least resistant to detoxification via PHGPx. The for-
ward products arising from type-II cholesterol autoxidation are
cholesterol aldehydes.

3. Cholesterol aldehydes: ozone or not ozone?

3B-Hydroxy-5-0x0-5,6-secocholestan-6-al (sec-A), the major
cholesterol ozonolysis products [20], is unstable in physiological
aqueous conditions, such as culture medium containing serum,
and is readily converted to its aldolization product 3B-hydroxy-
5p-hydroxy-B-norcholestane-6B-carboxaldehyde (sec-B) (Fig. 1)
[27]. In part, sec-A and sec-B are further converted to their oxi-
dized forms 3B-hydroxy-5-oxo-secocholestan-6-oic acid (secA-
COOH) and 3B-hydroxy-5p-hydroxy-B-norcholestane-6-oic acid
(secB-COOH) in culture media and probably in vivo [27]. Recently,
ozonolysis products of the major cholestery! fatty acid esters trans-
ported in human LDL have been reported {28]. Under a flux of
ozone, cholesteryl palmitate gives rise to palmitoyl-sec-A and pal-
mitoyl-sec-B. Instead, ozonolysis of cholesterol esterified with
unsaturated fatty acids oleate and linoleate admits the initial
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Fig. 1. Schematic representation of secosterols formation during the inflammatory response. Phagocytic cells recruited after a bacterial insult, are activated to produce highly
reactive oxygen species through two enzymatic systems, i.e. NADPH-oxidase (NADPH-o0x) and Myeloperoxidase (MPO) that contribute to bacterial killing. The formation of
ozone by an antibody catalyzed reaction that uses singlet oxygen as substrate, has been proposed by Wentworth et al. [32,70,71] as an ancestral primary immune-response
mechanism additional to the well-known superoxide-hydrogen peroxide-HOCI system. Ozone (03) and singlet oxygen (' Ag0,) may catalyze the formation of secosterols by

promoting cholesterol autoxidation.

isolation of cholesteryl-9-oxononanoate and the subsequent
appearance of both the fatty acid and cholesteryl moiety oxidation
products, i.e. 9-oxononanoyl-sec-A and 9-oxononanoyl-sec-B [28].
These compounds derived from cholesterol/cholesterol esters
ozonolysis exert potent biological activities including the denatur-
ation of proteins and strong cytotoxicity in different cells lines (see
below). High levels of sec-A and sec-B have been detected in hu-
man atherosclerotic plaques [29] and tissues samples of brains af-
fected by neurodegeneration, such as Alzheimer’s disease and
Lewy body dementia |30,31], suggesting that increased formation
of these compounds may be associated with inflammation-related
diseases. Wentworth et al. {29] conducted pioneering works on
secosterols and advised sec-A and sec-B as potential diagnostic
markers of endogenous ozone production. They proposed a novel
mechanisms for the unprecedented formation of ozone in vivo con-
sisting of reactive oxygen species cascade (Fig. 1): (a) superoxide
generation by activated neutrophil, (b) dismutation into hydrogen
peroxide, (c¢) hypochlorous acid (HOCI) formation by myeloperoxi-
dase (MPO), (d) singlet oxygen generation by the reaction of HOCI
and hydrogen peroxide, and afterwards (e) formation of ozone
from the singlet oxygen in an antibody-catalyzed water oxidation
pathway [32,33]. A similar mechanism for the production of
ozone-like reactive species from singlet oxygen in an amino
acids-catalyzed water oxidation pathway was also reported [34].
However others have argued against the ozone-dependent mecha-
nism of sec-A formation in vivo [35-37], and pointed out an alter-
native pathway for the formation of sec-A and sec-B. Uemi et al.
[38] proposed a mechanism based on the Hock cleavage of 5o~
Chol-OOH or a Chol-1,2-dioxetane intermediate formed by the
reaction of cholesterol with singlet oxygen. Others provided evi-
dence for sec-A and sec-B generation by the reaction of cholesterol
with singlet oxygen produced by 1-methylnaphthalene-4-endo-
peroxide in phosphate buffer [39], and by the MPO-H,0,-Cl sys-
tem [39]. Taken together these data point to a duplicate
mechanism of sec-A and sec-B formation involving either ozone

or singlet oxygen. Garner et al. [40] recently reported the develop-
ment of a specific fluorogenic probes for ozone detections that,
eventually, may help to investigate the role of ozone in pathophys-
iology. Being sec-B the predominant species formed during singlet
oxygen-mediated cholesterol oxidation (sec-B is about 5-10 times
higher than sec-A), the ratio sec-A to sec-B has been proposed as a
surrogate measure to decipher the ozone-dependent and indepen-
dent oxidation of cholesterol [39]. On the other hand, sec-A occurs
as the dominant species formed by ozone in aqueous buffer system
141], and by phorbol-12-myristate-3-acetate-activated neutrophil
in culture [27]. In addition, we were able to observe a time-depen-
dent elevation of sec-A and sec-B in plasma after injecting lipop-
olysaccaride to C57BL/6j mice, but not in MPO-deficient mice.
Besides, basal levels of sec-A and sec-B in the plasma of MPO-defi-
cient mice were lower than the value found in wild type mice, but
sec-A was barely detectable [27]. Sec-B was shown to be formed by
aldolization of sec-A and, also, in an ozone-independent pathway
via 50.-O0H-Chol or cholesterol-1,2-dioxetane [38]. Sec-B detected
in the plasma of MPO-deficient mice, therefore, could be formed by
the reaction of cholesterol with singlet oxygen generated in vivo,
although its exact origin is currently unknown. Taken together
these findings advise the occurrence of ozone-mediated reaction
in vivo even if no conclusive evidences so far could be drawn for
ozone production in vivo.

4. Biological activity of secosterols

The aldehydic function of secosterols is highly reactive and effi-
ciently forms Schiff bases with €- or N-terminal amino groups of
proteins and with phosphatidylethanolamine, relevantly con-
nected with atherosclerosis and a number of diseases associated
with protein misfolding.

Wentworth et al. [29] reported that incubation of human LDL
with either sec-A or sec-B led to time-dependent changes in the
circular dichroism spectra of apoB-100, consistent with an altered
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secondary structure, and increased atherogenicity, e.g. the secos-
terol-modified LDL was avidly taken up by macrophage leading
to foam cell formation. Sec-A was shown to randomly modify the
6 different Lys residues of ApoC-II, as well as apolipoprotein that
in the absence of lipids has conformational instability and under-
goes fibrillization {42]. Sec-A accelerated ApoC-II polymerization
with concurrent increase in thioflavin fluorescence [42], a signa-
ture of amyloidogenesis [43]. Interestingly, secA-COOH, which
lacks the aldehydic functionality and is unable to form Schiff bases,
was also able to accelerate ApoC-lI fibril formation, albeit at a les-
ser extent, suggesting that non-covalent mechanisms may support
secosterol-dependent ApoC-II amyloidogenesis [42]. These find-
ings are relevant to the mechanisms of atherosclerosis because
amyloid deposits are present in 50-60% of atherosclerotic lesions
[44] and ApoC-Il is a prominent component of these deposits
[45]. Concentrations of secosterols are reportedly elevated in the
cortex of patients with Lewy body dementia [31], a disease associ-
ated with intra-neuronal accumulation of a-synuclein in the form
of amyloid fibrils or Lewy bodies. Sec-A, sec-B, and secoA-COOH
have been shown to accelerate a-synuclein aggregation in vitro,
and more interestingly secA-COOH was even more potent in for-
warding the process [31]. Amyloidogenicity of amyloid-B (AB) is
considered a crucial player of Alzheimer disease but an open ques-
tion is the 2-3 order of magnitude disparity between the critical
concentration to induce aggregation, which is in the micromolar
range, and the actual concentration of Ap at tissue level, which is
in the nanomolar range [46]. Secosterols have been shown to effec-
tively reduce below 100 nM the critical concentration of Ap to
aggregate [30,47]. Among the AB adducts with secosterol, Lys-16
AB modification formed amorphous aggregates fast and at very
low concentrations of A (20 nM), followed by the Lys-28 and
Asp-1. Besides, the aggregates resulting from Lys-secosterols ad-
ducts were more toxic to primary rat cortical neuron [48]. Sec-A
and sec-B in brain samples of patients affected by neurodegenera-
tive disease approach concentrations of up 1 uM [30.49] that are
suitable to covalently modify AB and increase its amyloidogenicity
[30,31,47,50,51]. Sec-A and sec-B have been reported to induce
structural change to myelin basic protein (MBP) relevant to the
context of demyelinating diseases [52]. MBP accounts for approxi-
mately 30% of the total myelin protein, and is responsible for adhe-
sion and stabilization of the intracellular surfaces of myelin layers.
By reacting with MBP, secosterols have been shown to increase the
surface exposure of the immunodominant epitope, decrease the
surface exposure of the cathepsin D binding, and reduce the size
and structural stability of MBP-induced aggregates. As a conse-
quence of these alterations in the structure and function, MBP is
unable to maintain the integrity of the myelin sheath and becomes
vulnerable to autoimmune attack. In line to that which is observed
with secosterol-initiated misfolding of AB and a-synuclein, sec-A
and sec-B have been reported to induce misfolding of wild-type
p53 [53]. The tumor suppressor protein p53 functions to maintain
the integrity of the genome, and its activation in response to DNA
damage promotes cell-cycle arrest in G1 phase or apoptosis. Upon
incubation with secosterols, p53 undergoes polymerization that
anticipates the formation of amyloid fibrillary aggregates. This
misfolding renders p53 unable to bind to DNA and to induce trans-
activation of p21 [53]. Given that inflammation is the fuel for
secosterols formation and that inflammation functions in all stages
of tumor development, secosterols provide a chemical link to
understand cancer carrying inactive p53.

Light-chain deposition disease is a severe, often fatal, clinical
condition in which amyloid or amorphous deposits, as a conse-
quence of antibody light chain aggregation, accumulate in the
heart and/or kidney. Sec-A and sec-B have been reported to accel-
erate aggregation of human antibody kappa and lambda light
chains in vitro under physiologically relevant conditions, causing

an amorphous-type aggregation that is thioflavin and Congo red
negative for both the kappa and lambda light chains [54]. Given
the inflammatory microenvironment of secosterol production and
its association with antibodies, the secosterol-induced protein mis-
folding is consistent with a pathophysiological role in light-chain
deposition disease.

While the above reported studies show secosterols as playing
deleterious roles by promoting misfolding of varied proteins, sec-
B has unexpectedly been shown to inhibit the misfolding of a trun-
cated murine mutant prion protein. Incubation of sec-B with a
murine prion protein, paradoxically, induced stabilization of the
native form of the prion and inhibited the generation of the dis-
ease-causing scrapie form [55]. The inhibition was specific for
sec-B, where structural analogues were ineffective, offering a
promising tool to develop new pharmacological active compounds
to treat prion disease.

Additionally, secosterols have been reported to affect mem-
brane and enzyme function. It was shown that secosterols bound
phosphatidylethanolamine and phosphatidylserine via Schiff base
formation, and also reduced biophysical parameters of membrane
stability, which could be associated with various pathogenic in-
sults [56-58). Recently Genaro-Mattos and co-workers [59] re-
ported that sec-B covalently bound and anchored cytochrome ¢
to mitochondrial mimetic membranes, although its physiological
role is still under investigation. Sec-A, but not sec-B, reportedly
inhibited endothelial- and neuronal-type of nitric oxide synthase
(NOS) activities, probably mediated by adduct formations with ly-
sine residues on these enzymes [60]. The biochemical and biophys-
ical properties of secosterols could be associated with their
noxious activity on cells. Several studies have found that sec-A
and sec-B induce cell death in various cell lines, including human
B-lymphocytes (WI-L2), T-lymphocytes (Jurkat), vascular smooth
muscle cells (VSMC), abdominal aorta endothelial cells (HAEC),
murine tissue macrophages (J774.1), and an alveolar macrophage
cell line (MH-S) {29]. Sathishkumar et al. [61] reported that sec-A
exerted about 2-fold higher cytotoxicity than 5,6B-epoxy-Chol in
hypothalamic neuron GT1-7 cells. Several pathways have been
postulated for secosterol-triggered cell death, including the cas-
pase-3/7-dependent pathway and the mitochondrial and death
receptor pathway in cardiomyocyte H9c2 cells {62,63], the reactive
oxygen species-dependent pathway in hypothalamic neuron GT1-
7 cells [61,64], a mitochondrial death pathway in macrophage J774
cells, and the mitogen-activated protein kinase pathway in hepato-
carcinoma HepG2 and Huh?7 cells [65]. Moreover, secA-COOH and
secB-COOH showed strong cytotoxic activities in human acute pro-
myelocytic leukemia HL-60 cells [66]. Recently, it has been re-
ported that 9-oxononanoyl-secA and 9-oxononanoyl-secB -
ozonolysis products of cholesteryl-oleate and cholesteryl-linoleate
present in human LDL ~ exert potent cytotoxicity towards HL-60
cells [28]. Their activity is stronger than other cytotoxic oxysterols,
exhibiting EC50s of 10-20 puM, which were very similar against
various cell lines tested.

5. In vivo detection

An overview of methods, biological samples investigated and
levels of secosterols reported to date in the literature is shown in
Table 1. For the analysis of sec-A and sec-B in biological or clinical
samples, HPLC separation with UV, fluorescence, or MS detection
have been widely employed. In general, lipid extracts of blood or
tissue samples containing sec-A and sec-B are derivatized with
hydrazine derivatives, such as dinitrophenylhydrazine (DNPH)
[29,67,72]. To perform higher sensitivity detection, derivatization
with dansyl hydrazine (DH, LOD = 1 fmol in [27,31,39]), 1-pyreneb-
utyric hydrazine (PBH; LOD = 10 fmol in [68]), Girard P (GP) hydra-
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Table 1
Detections of sec-A and sec-B in biological samples.
Tissues/fluids Species Forms Equipments Concentrations N Ref
Sec-A-DNPH ND
Lung Rat (SD) exposed to ozone Sech HPLC-UV 72
Sec-B-DNPH ND
Atherosclerotic plaque Human : : Sec-A-DNPH HPLC-UY and LC-MS 6.8 -61.3 pmol/mg n=11 2
Plasma Human (atherosclerotic patients) Sec-B-DNPH 70 - 1690 oM n=8
Brain Human (Alzheimer patients) Sec-A-DNPH + Sec-B-DNPH HPLC-UV and LC-MS 0.44 pmol/mg n=4 30
Human (Control) Sec-A-DNPH + Sec-B-DNPH 0.35 pmol/mg n=7
-] B o | > .i s AL N e . ‘2 =
Brain Human (Lewy body dementia) Sec-A-DNSL + Sec-B-DNSI HPLC-F 0.21 uM n=15 1
Age-matched control Sec-A-DNSL + See-B-DNSL, 0.09 uM n=18
Rat Sece-A-GP ~100 pg/mg
Brain ’ Sec-B-GP LC-MS$ ~300 pg/mg 49
Human Sec-A-GP + See-B-GP 150 pg/mg
Mouse (CS7BL/G) See-A-DNSL 05 x02 M n=8
Sec-B-DNSL 1Ll =03 M n=8
Plasma Sec-A-DNSL 0.03 x 0.1 M 7
cc-A- 03 =01 n n=
Mouse (C57BL/6 MPO-KO, LC-MS/MS wi BC-see-A + HCosee-B 27
( ) oo DN C MS with IS ("C-scc-A + " C-see-B) YT Yy -
Liver Mouse (C57BL/G) Sec-B-DNSL 126.0 = 42,7 pmol/g n=8
Mouse (C57BL/6 MPO-KO) See-B-DNSL 622 = 21.6 pmollg n=7
Sec-A-HMP 23.6 = 16.6 nM n=|0
Human (healthy volunteers)
Sec-B-HMP 273 £ 41.0 nM n=10
Plasma
Sec-A-HMP t4 +07 pmollg n=3
Sec-B-HMP 43 = 0.8 pmol/g n=3
. Sce-A-HMP ; 104 + 16.3 pmoV/, n=3
Brain VS LCMSIMS with 15 (1 'Cosec- 1 PCosee ) oot g T 69
Sec-B-H A .6 =13
Mouse (CSTBLIG) PIE
Liver Sce-A-HMP 34.1 + 21.6 pmoll/g n=3
Sec-B-HMP 161.5 = 56.3 pmol/g n=3
Sec-A-HMP 29.1 = 1.3 pmol/g n=3
Lung
Scc-B-HMP 804 = 14 pmolig n=3

zine (LOD=2.7 fmol in [49]), or 2-hydrazino-1-methylpyridine
(HMP; LOD=10-50 amo! in [69]). Using these derivatizing
reagents, sec-A and sec-B present in blood or tissues were detect-
able as secosterol-hydrazone derivatives by HPLC-fluorescence
detector and LC-MS (Table 1). Griffiths and co-workers reported
levels of sec-A and sec-B in rat brain of ~100 pg/mg (240 pmol/g)
and ~300pg/mg (720 pmol/g), respectively, determined after
derivatization with GP hydrazine [49]. Sec-A and sec-B in human
brain were also analyzed by HPLC-UV or LC-MS after derivatiza-
tion with DNPH resulting in levels of (sec-A + sec-B) 0.44 pmol/
mg in Alzheimer's patients (n=4) and 0.35 pmol/mg in control
subjects (n=7) [30]. In addition, increased levels of secosterols
(sec-A +sec-B) were observed in the cortex of brain affected by
Lewy body dementia (0.213 uM, n=15) compared to those of
age-matched controls (0.093 pM, n=18) in analysis done by
HPLC-fluorescence detector and LC-MS after DH derivatization
[31]. Wentworth and co-worker analyzed DNPH-derivatives of
sec-A and sec-B in organic extracts of human atherosclerotic pla-
que by LC-MS, and found them in the ranges of 6.8-61.3 pmol/
mg plaque [29]. Elevated levels of sec-B were also observed in
the plasma of these patients (70-1690 nM) compared to those of
controls subjects {29]. We have recently developed a highly sensi-
tive isotope dilution method to detect sec-A and sec-B as HMP
derivatives by LC-ESI-MS/MS, and using 34-'>C-sec-A and
3,4-'3C-sec-B as internal standards [69]. We found levels of sec-A
and sec-B of 23.6 +16.6 nM and 27.3 +41.0 nM, respectively, in
human plasma (n = 10). The levels of sec-A and sec-B were respec-
tively 1.4+0.7 and 43 +0.8nM in the plasma, 10.4+16.3 and
1109+ 10.6 pmol/g in the brain, 34.1+21.6 and 1615%
56.3 pmol/g in the liver and 29.1+1.3, and 80.4 + 1.4 pmol/g in
the lung of C57BL/6j mice (n = 3). In addition, ozonolysis products
of cholesteryl-oleate and cholesteryl-linoleate, 9-oxononanoyl-
sec-A and 9-oxononanoyl-sec-B, were found in human LDL at lev-
els of 16.5£5.4 and 11.3 + 3.9 pmol/mg LDL protein, respectively
[28]. Notably, the values of cholesterol aldehydes in biological
samples differ widely among the different laboratories. As sec-A

is very unstable, at least the use of stable-isotope labeled internal
standards in secosterol analysis is mandatory.

Although formation mechanisms of secosterols are not still fully
unveiled, elevated levels of secosterols have been observed in var-
ious tissues collected from different inflammatory diseases. Sec-A,
sec-B, and other related compounds including secA-COOH, secB-
COOH, and 9-oxononanoyl secosterols exert strong biological
activities compared to other oxysterols. Further studies are war-
ranted to elucidate the mechanisms of secosterols formation
in vivo and their pathological roles in relation to pathogenesis of
several inflammatory diseases.
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ABSTRACT — The ciliated tracheobronchial epithelium plays an important role in the excretion of
inhaled dust. While many reports indicate that inhaled multi-walled carbon nanotubes (MWCNT) induce
inflammation and proliferative changes in the lung and pleura, their effects on the upper airway have not
been reported. Two different types of MWCNTs, MWCNT-L (8 um in length and 150 nm in diameter)
and MWCNT-S (3 pm in length and 15 nm in diameter), were examined for their effect on the trachea as
well as the bronchus and lung. /n vitro, the movement of the cilia of primary tracheal epithelial cells was
impaired by treatment with the 2 MWCNTs. Rats were treated with 0.3 ml of a 250 pg/ml suspension of
MWCNTs on days 1, 4, and 7, and sacrificed on day 8. Extensive loss of ciliated cells and replacement by
flat cells without cilia was observed in the trachea. Deposition of MWCNTs and occasional squamous cell
metaplasia were found in the regenerative granulation tissue. The proportion of the lesion to the transverse
section of the trachea was vehicle, 0; MWCNT-L, 27.2 & 10.5; MWCNT-S, 32.1 & 15.8 (both MWCNTs,
p < 0.001 vs vehicle). The amount of cilia showed significant decrease in the MWCNT-L treated rats
(p < 0.05). In contrast to the trachea lesions, the number of inflammatory foci in the lung was greater in
the MWCNT-S than in the MWCNT-L treated rats. Our results indicate that both MWCNTs caused exten-
sive damage to the ciliated epithelium of the trachea. This damage may prolong the deposition of inhaled
MWNCT in the lung.

Key words: MWCNT, Tracheal damage, Ciliated epithelium, Rat

INTRODUCTION

Multi-walled carbon nanotubes (MWCNT) are a new-
ly developed material with potential applications in many
fields including the biomedical field. The high aspect ratio
of MWCNT is similar to that of asbestos and has led to
concern that exposure to MWCNT might cause asbestos-
like lung diseases (Bonner, 2010; Donaldson et al., 2010;
Nagai and Toyokuni, 2010). Many reports have indicat-
ed that exposure of rats to MWCNT induces inflamma-
tion, fibrosis and oxidative stress in the lung and pleura
(Mercer et al., 2010, 2013; Xu et al., 2012). To date,
in vivo studies have focused on the toxicity of MWC-
NT in the lung and pleura, and nothing has been report-
ed regarding the effect of MWCNT on the epithelium of

the trachea.

The tracheal and primary branch of the bronchial epi-
thelium is mainly composed of ciliated cells and some
goblet cells. The ciliated cells are responsible for carry-
ing out inhaled dust particles in the throat by their cili-
ary transportation movement. Thus, the ciliated cells play
a pivotal role in the defense of the airway against inhaled
particle matter. Several environmental factors such as
cigarette smoke (Simet et al., 2010) and diesel gas par-
ticles (Li et al., 2011) have been shown to impair ciliat-
ed cell functions, resulting in increased pulmonary dep-
osition. Zinc oxide nanoparticles have been reported to
induce proliferation of airway epithelial cells and gob-
let cell hyperplasia (Cho ef al., 2011) and transient epi-
thelial hyperplasia of the terminal bronchiole (Xu ez al.,
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2014). Although several reports indicate that MWCNT
have some toxic cffects on bronchial epithelial cells in
vitro (Hirano et al., 2010; Lindberg et al., 2009; Rotoli
et al., 2008), the effect on the upper airway in animals
remains unknown. In the present study, we investigated
the effects of MWCNT on the tracheal epithelium in vitro
and in vivo and the bronchus and lung in vivo after short-
term exposure.

MATERIALS AND METHODS

Animals

8-12 week old C57BL/6N male mice (Japan SLC
Inc., Shizuoka, Japan) and 6-7 week old Wistar/ST rats
were obtained from Japan SLC Inc. Rats were housed
in the Animal Center of Nagoya City University Grad-
uate School of Pharmaceutical Sciences and main-
tained on a 12 hr light/12 hr dark cycle and received
Oriental MF basal diet (Oriental Yeast Co. Ltd., Tokyo,
Japan) and water ad libitum. The study was conduct-
ed according to the Guidelines for the Care and Use of
Laboratory Animals of Nagoya City University Grad-
uate School of Pharmaceutical Sciences, and the exper-
imental protocol was approved by the Nagoya City
University Animal Care and Use Committee (H24-p-12).

Preparation of MWCNT and Fluorescent
Microspheres (FMS)

We used two types of MWCNTs, MWCNT-L and
MWCNT-S, which are grown in the vapor phase. Accord-
ing to the manufacturer’s information, the primary size
of MWCNT-L is 150 nm in mean diameter and 8 pm
in mean length, and the primary size of MWCNT-S is
15 nm in mean diameter and 3 pm in mean length. Five
milligrams of MWCNT-L or MWCNT-S were suspended
in 20 ml of saline containing 0.5% Pluronic F68 (PF68,
non-ionic, biocompatible amphiphillic block copolymers,
Sigma-Aldrich, St Louis, MO, USA) and homogenized
for 1 min at 3,000 rpm in a Polytron PT1600E bench-
top homogenizer (Kinematika AG, Littau, Switzerland)
4 times. The suspensions were sonicated for 30 min short-
ly before use to minimize aggregation. The concentration
of the MWCNTs was 250 pg/ml. Both MWCNT-L and
MWCNT-S dispersed well in the vehicle solution. MWC-
NT-L showed single fibers with a needle-like shape under
scanning electron microscope (SEM) observation, but
gradually formed agglomerates over time. Since MWC-
NT-S are tangled fibers, it showed cotton-like aggregation
in suspension under SEM observation. However, they did
not form larger agglomerates: incubation in suspension
up to 7 days (data not shown). Fluorescent Microspheres
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(FMS) were purchased from Invitrogen (TetraSpeckTM
microspheres, 500 nm in diameter) and suspended by son-
ication at 250 pg/ml in saline containing 0.5% PF68.

Isolation of single ciliated cells

Isolation of single ciliated cells was as previously
reported (Ma et al., 2006). Briefly, the tracheal epitheli-
um was separated from the cartilage and cut into pieces
of approximately 0.1 x 0.1 cm. The tissue was incubated
in phosphate-buffered saline containing NaCl 137 mM,
KCl1 2.7 mM, CaCl, 0.9 mM, MgCl, 0.5 mM, Na,H-
PO, 8 mM, KH,PO, 1.47 mM and d-glucose 5 mM,
pH 7.4 (PBS-g) supplemented with 13 U/ml papain
(Sigma), 1 mg/ml bovine serum albumin (Sigma-Aldrich)
and | mg/ml 1,4-dithiothreitol (Wako Chemicals Co. Ltd.,
Osaka, Japan). Cells were then dispersed several times
with a fire-polished Pasteur pipette and re-suspended in
PBS-g and used immediately.

In vitro study

The isolated mouse tracheal epithelial cells were
maintained in high glucose Dulbecco’s modified Eagle’s
medium (DMEM, Sigma) supplemented with 10% fetal
bovine serum (FBS), 1 U/ml penicillin G, and 0.1 mg/ml
streptomycin sulfate, at 37°C, 5% CO,. The cells were
then exposed for 10 min to vehicle, FMS, MWCNT-L,
or MWCNT-S in FMS or MWCNT suspensions to a final
concentration of 10 pg/ml. Media was then replaced by
fresh media. The cells were observed 10 min and 12 and
18 hr after addition of fresh media and the proportion of
cells with ciliary movement per total ciliated cells was
determined. For each group, approximately 500 cells per
dish in three separate dishes were counted.

Rat study

Male Wistar rats aged 6-7 weeks were treated with
0.3 ml of 250 pg/ml MWCNT-L or MWCNT-S (3 rats
each) suspended in PF68 vehicle on days 1, 4, and 7.
The suspension was administered by a microsprayer
(series IA-1B Intratracheal Aerosolizer; Penn-century,
Philadelphia, PA, USA) with the tip of the microsprayer
just inside the entrance of the trachea (Xu et al., 2012).
Administration was done in synchronization with sponta-
neous inhalation. The rats were sacrificed 24 hr after the
last dosing (day 8) under deep anesthesia with isoflurane.
The trachea, bronchus and lung were excised and fixed
in 4% paraformaldehyde solution. The trachea was trans-
versely cut into 3 pieces, upper, middle and lower parts,
and the tracheal sections and the bronchus and lungs were
routinely processed for paraffin embedding, sectioning
and histological examination.
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Histology and Immunostaining

Haematoxylin-Eosin (H&E) stained slides of the tra-
chea; bronchus and lung were examined by board pathol-
ogists. The epithelial lesions in each tracheal section were
measured with the image analyzing function (Nikon,
Tokyo, Japan) and expressed as the ratio of the length of
the lesion to the whole length of the tracheal section. The
number of granulation foci of the lung sections were count-
ed and expressed as number/cm? lung tissue. Localization
of MWCNT fibers in the trachea and lung tissue were
determined with polarized light microscopy (Olympus
BX51N-31P-0, Tokyo, Japan) at x 400 and x 1,000 mag-
nification. Immunostaining of acetyled tublin, a specific
marker for cilia, was performed using mouse polyclonal
anti-acetyled tublin antibody (Sigma Aldrich). The anti-
body was diluted 1:1,000 in PBS containing 5% goat albu-
min and applied to deparaffinized and blocked slides, and
the slides were incubated at 4°C overnight. The next day,
the slides were washed 3 times in PBS and then incubated
for 2 hr with Alexa 488-conjugated goat anti-mouse IgG
(Molecular Probe, Eugene, OR, USA) diluted 1:1,000.
After washing 3 times in PBS, the slides were counter-
stained with DAPI (Vector laboratories, Burlingame, CA,
USA). Immunostained sections were observed using an
A1R laser scanning confocal microscope (Nikon). The
ratio of the fluorescent intensity of acetyled tublin in the
top layer of cells of the tracheal ciliated epithelium to the
fluorescent intensity of DAPT in the underlying submu-
cosal tissue was measured. This ratio was used to com-
pare the intensity of acetyled tublin fluorescence in the
different samples. Fluorescence intensity was determined
with NIS Elements software (version 3.10; Nikon).

Statistical Analysis

Statistical significance was examined using Tukey’s
test. P values less than 0.05 were considered to be statis-
tically significant.

RESULTS

In vitro study

Cultures of ciliated cells were incubated in growth
media with vehicle (PF68), fluorescent microspheres
(FMS), or MWCNT for 10 min. During the 10 min incu-
bation in media containing FMS, FMS in contact with the
cilia and/or cell surface could readily be located (white
arrow in Fig. 1A in bottom panel), however, 10 min
after replacing the FMS containing media with standard
growth media, cell-associated FMS could no longer be
found. In contrast, ten min after replacing the MWCNT

10 min after
washing
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Fig. 1. Exposure of MWCNT to isolated tracheal ciliated cells

in vitro. A, Images of ciliated cells exposed to fluores-
cent microsphere (FMS), MWCNT-L, and MWCNT-S;
left, before exposure; middle, during exposure; right,
after media change. FMS (white arrow) was clearly re-
moved. MWCNTSs were not removed (black arrows).
Bars equal 5 pm. B, Percentage of cells with active
cilia at time 0 and 12 and 18 hr after media change.
n=23;* p <0.05 vs vehicle control, #* p < 0 .05 vs FMS
control.

containing media with standard growth media, MWC-
NT-L and MWCNT-S fibers were not detached from the
ciliated cells and could be observed associated with the
cilia and/or cell surface (black arrows in Fig. 1A). In the
cilia activity test, FMS did not reduce the percentage
of cells with active cilia compared to the vehicle group
(Fig. 1B). However, the percentage of cells with active
cilia in the MWCNT-L treated group was significantly
reduced (2.73 = 1.37; n = 3, p < 0.05) compared to the
vehicle (18.7 +4.28) and FMS (16.57 + 0.65) groups after
12 hr. Although not significant, a similar decrease was
also observed in the MWCNT-S group.

Rat study
The majority of the epithelium of the trachea is com-
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