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Thyroid hormane regulates food intake. We previously reported that rats with triodothyronine (T3 )-induced
thyrotoxicosis display hyperphagia associated with suppressed circulating leptin levels, increased hypothalamic
neuropeptide Y { NPY ) mRNA and decreased hypothalamic pro-opiomelanocortin | POMC ) mRNA. AMP-activated
kinase (AMPK) is a serine/threonine protein kinase that is activated when cellular energy 15 depleted. We
hypothesized that T3 causes an increase in hypothalamic AMPK activity, which in tum contnbutes to the
development of T3-induced hyperphagia. Rats that were given s.c. injections of T3 (4.5 nmal/kg) had increased

:2?:1ﬁkg food intake 2 h later without alterations in NPY and POMC mRNA levels. but with increased hypothalamic
Hypothalamus phosphorylated AMPK ( 169%) and phosphorylated acetyl-CoA carboxylase | 194% ) To determune the more chronic
Leptin effects of T3, rats were given & daily s.c. injection of T3 or the vehicle. Food Intake was significantly increased.
Neurapepiides Multiple T3 injections increased hypothalamic phosphorylated AMPK (278%) and phosphorylated acetyl-CoA
Thyroid hormone carbaxylase (335%) compared to the controls. Intracerebroventricular administration of compound C, an AMPK
inhibitor, blocked the food intake induced by a single or multiple injections of T3, Taken together, these results
suggest that enhanced hypothalamic AMPK phosphorylation contributes to T3-induced hyperphagia

Hypothalamic AMPK plays an important role in the regulation of food intake and body weight.
0 2008 Elsevier B.V. All rights reserved.
1. Introduction dose of T3 that we used could stimulate food intake without altering

Thyroid hormone stimulates many metabolic processes, including
energy expenditure and the metabolism of lipids, carbohydrates,
proteins, and minerals, These stimulatory actions, especially the
increase in energy expenditure, contribute to the clinical manifesta-
tions of thyrotoxicosis. Therefore, thyrotaxicosis causes weight loss
and promotes increases in food intake in both humans and rodents
|1.2]. We previously reported that rats with tniodothyronine (T3)-
induced thyrotoxicosis display hyperphagia associated with sup-
pressed circulating leptin levels, increased hypothalamic neuropeptide
¥ (NPY) mRNA levels and decreased hypothalamic pro-opiomelano-
cortin (POMC) mRNA levels, The decrease in plasma leptin observed in
T3-induced thyrotoxicosis suggests that leptin is the most important
peripheral signal regulating food intake |3]. Recently, Kong et al. [4]
demonstrated that both acute and chronic administration of the low-
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plasma leptin levels. These results suggested that T3 directly affects
food intake. However, the mechanism for the direct regulation of food
intake by T3 is not clear.

Some lines of evidence indicate that AMP-activated protein kinase
(AMPK) regulates food intake |5-7|. AMPK is a major regulator of
energy utilization. It has been reported that AMPK is activated by
metabolic stresses that deplete cellular ATP |8.9]. When ATP levels are
depleted, there is a corresponding increase in intracellular AMP levels
and AMPK is activated by phosphorylation of the catalytic subunit (o)
by at least one upstream AMPK kinase (AMPKK). AMPK s expressed in
the hypothalamic neurons involved in the regulation of food intake
|5), where it may act to restore the depleted energy. Therefore,
hypothalamic AMPK has an important role in the central regulation of
food intake and energy homeostasis.

We hypothesized that the hypothalamic AMPK-fatty acld synthetic
pathway is activated by peripheral administration of T3, T3 may cause
an increase in hypothalamic AMPK activity, which in turn contributes
to the development of T3-induced hyperphagia. The aim of this study
is to elucidate the role of the AMPK-fatty acid synthetic pathway in
food intake in T3-treated rats. We investigated the role of hypotha-
lamic AMPK and acetyl-CoA carboxylase (ACC) phosphorylation in
promating the increase in food intake in T3-treated rats. Furthermore
we tested the central administration of compound C, a selective
inhibitor of AMPK, in T3-treated rats to determine whether the AMPK-
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fatty acid synthetic pathway contributes to the increased food intake
in T3-treated rats.

2. Materials and methods
2.1. Animal care and mainrenance

Male Sprague Dawley rats (240-260 g; Saitama Experimental
Animal Supply Co. Ltd., Saitama, Japan) were housed in air-
conditioned animal guarters, with lights on between 0800 and
2000 h, and were given food and water ad libitumn. The experiments
were conducted according to the principles and procedures outlined
in the NIH Guide for the Care and Use of Laboratory Animals. The
protocol was approved by the Nippon Medical School Animal Care
Research Committee.

2.2, Preparation of T3 for peripheral administration

T3 was prepared as 3,3'.5-triiodo-L-thyronine (T3) (4.5 nmol/kg;
Aldrich Chemical Co., Milwaukee, WI) dissolved in 5 mM NaOH.
Control rats received a parallel injection with an equal volume of
5 mM NaOH. In the study of the acute effects of T3 on food intake,
animals received a s.c. injection of either T3 (4.5 nmol/kg) or the
vehicle (5 mM NaOH) (n=7 per group). Food, body weight and
adiposity were weighed at 2-h and 4-h post-injection. In separate
study, animals were killed by decapitation after 2-h post-injection for
collection of trunk blood as described (n=7) [5]. In the chronic study,
animals(n=7 per group) were given a s.c. injection of T3 or the vehicle
daily for 6 days. Food intake and body weight were measured daily. On
day 6, animals were decapitated after 2-h post-injection of T3. Trunk
blood was collected on day 6 and the plasma was separated by
centrifugation and stored at =80 °C until assayed, The hypothalami
were dissected as previously described | 10] and both were stored at
~80 °C until assayed. Epididymal, retroperitoneal and inguinal far
pads, and interscapular brown adipose tissue (BAT) were dissected
and weighed. Brains were removed and the hypothalami were snap
frozen for subsequent measurement of neuropeptide mRNA expres-
sion by Northern blot and Western blot analyses (see below).

2.3. Intracerebroventricular cannulation

The animals were anesthetized with an i.p. injection of a mixture of
Ketalar (ketamine HCl, 60 mg/kg: Pfizer. Tokyo, Japan) and Rompun
(xylazine, 12 mg/kg; Bayer, Tokyo, Japan), and a 23-gauge stainless-steel
cannula was implanted into the right lateral ventricle using a stereotaxic
apparatus as previously described [10]. The upper incisor bar was set
3.3 mm below the interauricular line, and bregma was taken as A-P zero.
The cannula tip was placed at A-09,L- 1.2 and V - 3.6 mm and secured
in place with dental acrylic. Only those rats whose cerebrospinal fluid
overflowed through the cannula were used for the experiment. They
were kept in individual cages and habituated by handling every day.
Injections of the peptide were performed 10 days after placement of the
cannula, Compound € (100 nmol in 10 ul of RPMI1640 [RPMI; Invitrogen,
Carlsbad, CA]) was a gift from Merck & Co., Inc. (Whitehouse Station, NJ)
[11}. In the acute study, compound C or vehicle (RPMI) was injected
intracerebroventricularly (i.c.v.) just before s.c. treatment with T3. In the
chronic study, compound C or RPMI was injected i.cv. every 24 h for
6 days to control and T3-treated rats, and food intake was determined.
Rats were treated 1 h before the onset of the dark cycle with either the
vehicle or compound C in the chromic study.

2.4, RNA extraction and Northern blot analysis
Total tissue RNA was extracted with the TRizol reagent (Life

Technologies, Inc., Gaithersburg, MD). The protocol for Northern blot
analysis has been described previously [ 12,13). Briefly, samples (10-20 ug

of RNA per lane) were electrophoresed through a 1.5% agarose gel
containing 22 M formaldehyde. and then transferred by capillary
blotting onto a nylon membrane (Hybond-N+, Amersham Biosciences,
Piscataway, NJ). Membrane blots were prehybridized in | M NaPO4, 20%
SDS and 0.1% BSA for 2 h at 65 “C. 32P-Labeled specific riboprobes for
NPY, agouti-related protein (AGRP), POMC or j3-actin were added and the
membranes were hybridized overnight at 65 'C. The membranes were
washed at 65 °C in 2X S5C for 30 min; 2X S5C and 0.1% SDS for 30 min;
and 0.5% 55C and 0.1% SDS for 30 min. and then exposed to Kodak XAR
film at =70 “C for either 72 h for NPY and POMC, or 24 h for (4-actin. The
hybridization signal was determined [rom the autoracdhograms using an
NIH image analysis system.

2.5, Western blot analysis

In separate experiments, another pair of hypothalami were
homogenized in lysis buffer (50 mM Tris-HCl [pH 75|, 250 mM
sucrose, 5 mM sodium pyrophosphate, 50 mM NaF, | mM EDTA, | mM
dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, 0.1 mM benza-
midine, 50 pg/ml leupeptin, and 50 pg/mi soybean trypsin inhibitor
Protein concentration was determined with the DC protein assay (Bio-
Rad Laboratories, Hercules, CA). The samples (40 pg) were mixed with
2X Laemmli sample buffer and then SDS was added to a final
concentration of 0.2%. The lysates were boiled for 5 min, size separated
on 4-15% Tris-HCl SDS Ready Gels (Bio-Rad laboratories), and
electrophoretically transferred to Hybond enhanced chemilumines-
cence nitrocellulose membranes (ECL, Amersham Biosciences). The
blots were blocked in 5% nonfar dry milk (wt/vol) dissolved in
phosphate-buffered saline containing 0.1% Tween 20 (PBS-T) and then
washed four times for 5 min each in PBS-T. The blots were incubated
overnight with primary antibodies against phospho-AMPKw (@] and
2, Thr'"*)(1:1000; Cell Signaling, Danvers, MA), phospho-ACC [Ser™)
(1:1000, Cell Signaling), anti-ACC (ACC1, 1:1000; Upstate Biotechnol-
ogy, Lake Placid, NY) and anti-AMPKa (1:1000; Cell Signaling ) in PBS-T
and 5% BSA. The blots were washed and incubated with horseradish
peroxidase-conjugated goat anti-rabbit 1gG for phospho-AMMK w«,
AMPKa, phospho-ACC, and ACC (Amersham Biosciences; 1:20,000
dilution in PBS-T) for 1 h, washed again and then exposed for | min to
the ECL Western Blotting Detection Reagent (Amersham Biosciences ).
Blots were exposed to Hyperfilm ECL (Amersham Biosciences) and
developed. The films were developed, scanned and the image was
analyzed using an NIH image analysis system.

2.5.1. Plasma hormaone measurements

Plasma leptin [13], T3, thyroxin (T4), and thyroid stimwlating
hormone (TSH) [5] were measured with radioimmunoassays as
previously described. Plasma desacyl and acyl ghrelin were measured
with an ELISA (SCET1, Tokyo, Japan).

2.6, Dara analysis

All data are presented as the mean+SEM. Statistical analyses were
carried out using an ANOVA, with the post hoc Fisher's Least Significant
Difference method or an unpaired r-test (SigmaStat Ver. 3.5: Systat
Software, Inc,, Richmaond, CA). '~ 0.05 was considered significant.

3. Results
3.1 Acute effects of T3 injection on food intake and plasma hormones

To examine the acute effect of T3 on food intake, rats received a
single injection of T3. Two hours after the s.c. injection of 13, food
intake increased (2.540.5[T3| vs. 0.4+ 0.8 g [control|, P- 0.05) (Fiz 1A).
The arexigenic effect of T3 was time-dependent and was no longer
evident when assessed at 4 h after the administration of T3 (27+ 1.1
T3] vs. 0.5£0.9 g [control 1. There was no difference in body weight
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A v (106£5.2% [T3] vs. 100£4.4% |control]) or hypothalamic POMT mRNA
h * levels (104£6.2% [T3] vs. 100£9.7% |control]) were unchanged
o compared to the control animals. This was also true for 6 daily
= 28§ injections of T3. Following 6 daily injections of T3, hypothalamic NPY
:: == mRNA levels (99+10.1% [T3] vs. 100£7.2% [control]), hypothalamic
= = AGRP mRNA (108+9.5% [T3] vs. 10045.7% [control]) or hypothalamic
§ 1.5 POMC mRNA levels {98+£3.9% (T3] vs. 100£3.3% |control]) were
E L4 unchanged compared to the control animals
% us .
34. Acute effects of T3 on phosphorvlation of hypothalamic AMPK
0.0 _ and ACC
\‘& <
o Fig. 3 shows the acute effects of T3 on the phosphorylation of
hypothalamic AMPK and ACC, We determined the effect of T3
B o treatment on the levels of phosphorylation of the ol and o2 catalytic
= * subunits | 14| of AMPK in the hypothalamus, which correlates with its
& 20 activity. A single injection of T3 increased the levels of phosphorylated
E AMPK in the hypothalamus compared to the levels of phosphorylated
ENE AMPK in the vehicle-treated control animals [ 169+ 10.2% | T3] vs. 1002
s 4.2% [control}, P<0.05: Fig. JA). A single injection of T3 also increased
g 1w the levels of phosphorylated ACC in the hypothalamus [194£19.0%
= t T3] vs. 100£6.4% |control], P<0.05; Fig. 3B
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Fig. 1. Peripheral admimstranon of T3 increases food intake. Rats fed ad (ibitum received
4 single s injection of 4.5 nmol/kg T3 or the vehicle (control] (n=7 ammals/group)
Food intake was monitored (A} Food intake is alfected by acute LoV, reatment with
compound C. Male rats (n=7 animals/group) received a s.c injection of an equal volume
of 5 mM NaOH with or without T3, and food intake was momitored. Rats recewved an 1ev
injection of 10 pl of saline with or without compound € { 100 nmol/rat), and food intake
was manitored (B), The results are the meansSEM. *, P<0.05 vs. the contral group, 1,
P<0.05, compared to the T3-treated group
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and adiposity after the acute treatment with T3, Plasma leptin levels

were unchanged 2 h following T3 treatment (28+05 |T3| vs. 3.7+ - l
0.6 ng/ml [control]). However, plasma T3 was higher in the T3-treated ; 0 | 2 3 4 5 "
group compared to the control group (4.241.1 [T3] vs. 1.2£0.1 ng/ml

|control], P<0.001), but was still within the normal range. There was

no difference in plasma T4 (4.0£0.4 |T3] vs. 3.820.2 pg/dl [control]) or B n
TSH(1.8+08 T3] vs. 1.3£0.3 ng/ml [control]) in the T3-treated animals x :.""""' N
compared to the controls. o) B4 comp & T ’| .
18 == & untrvl = comp &

3.2 Chronic effects of T3 injection on food intake, body weight and
body adipostty

To determine the more chronic effects of T3, rats received 6 daily s.c.
injections of T3 or the vehicle. At the end of the experiment, food intake
significantly increased in the T3-treated rats compared to the vehicle-
treated controls (Fig. 2A). There was no difference in body weight and
adiposity after the chronic treatment with T3. Plasma leptin levels were
unchanged after 6 daily injections of T3 (3.520.3 [T3] vs. 45204 ng/ml ~
|control]). Plasma T3 levels did not change in the T3-treated group :
compared to the control group(1.340.9 T3] vs. 0.840.1 ng/ml |control ). a ' " ) F " .
There was no difference in plasma T4 (3.7£0.2 [T3] vs. 4.020.3 pg/di
|control]) or TSH (1.4+0.5 [T3] vs. 3.4+0.8 ng/ml [control]) in the
T3-treated rats compared to the control rats, Fig. 2. Changes in daily food intake in rats. Male rats (=7 ammalsjgroup | rocened 2 5.0

injection of an equal volume of the vehicke |5 mM NaOH) with or without T3 The 3
3.3. Effects of ocute and chronic T3 treatment on the expression of represent the meant =7 animals/group) (A} and effect chronic trearment with
hypathalamic neuropeptides mRNAs compound C in the T3 chaily lowid intake in rats

Foanil initabe (L)

T3-treated hyperphagic rat. Change
njected | ey, with compouand C | 100 nmolfrat] Bath control and T3-Treated rals were
injected Loy, with an equal volume of RPMI as the vehicle (B, The data reprosent the

Following a single injection of T3, hypothalamic NPY mRNA IeVels  meanSEM (n? animals/group). *. P 0.05 v the cortrol group. (P 0.05 compatisd
(102+3.0% [T3] vs. 100£2.6% [control]), hypothalamic AGRP mRNA to the T3-treated group
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Fig. 3. Effects of acute treatment with T3 in rats on phesphorylanon of hypothalamic AMPK and ACC
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34.1. Chronic effects of T3 on phosphorylation of hypothalamic AMPK
and ACC

Fig. 4 shows the chronic effect of 6 daily s.c. injections of T3 or the
vehicle. T3 increased the levels of phosphorylated AMPK in the
hypothalamus compared to the vehicle-treated controls (278£33.3%
|T3] vs. 100%12.4% [control], P<0.01; Fig. 4A). T3 also increased the
levels of phosphorylated ACC in the hypothalamus (335£45.4% [T3] vs.
100 + 16.8% |control], P<0.01; Fig. 4B).

3.5, Acute administration of compound C reserves the orexigenic effect
of T3

To determine whether the enhanced hypothalamic AMPK activity
is the cause of T3-induced hyperphagia, compound C, an AMPK
inhibitor | 11], was administered i.c.v. (100 nmol/rat) to the T3-treated
rats. Animals that received the T3 treatment had a significantly
increased food intake at 2 h compared to the vehicle-treated animals.
Treatment with compound C significantly reversed the effect of the
treatment with T3 on food intake (1.9£0.2 [RPMI[T3], 0.46£0.02
|compound C[T3), P<0.05, RPMI(T3 vs. control, Fig. 1B). At 2-h post-
injection of T3, there was no difference in food intake between
the vehicle [NaOH)-treated compound C administered rats [com-
pound C/NaOH] and the control animals [RPMI/NaOH| (0.4+0.02

[RPMI/NaOH), 0.45:0.04 |compound C/NaOH]l Plasma T3
elevated in T3-treated RPMI administered animals and T3-trea
compound C administered animals compared to control animals (<4
1.2 [RPMI/T3], 39409 |compound C/T3]. 1.2£¢0.0 ng/ml [control|
P<0.001, RPMI/T3 vs. control, compound C/T3 vs. control ), However,
T3 levels were stll within the normal range among the three groups
There was no difference in the plasma levels of desacly ghrelin
(136.5£40.1 [RPMI/T3], 148.1£26.3 |[compound C/T3], 30362
70.5 pg/ml |control]). In addition, there was no difference in plasma
levels of acyl ghrelin (149,02 34.3 [RPMI/T3], 116.0£17.9 [compound
C/T3), 1615495 pg/ml [control]). There was no difference in the
plasma levels of T4, leptin, and TSH in the T3-treated rats compared
to the control rats.

3.6. Chronic administrarion of compound C reserves the orexigenic effect

of T3

There was no difference in daily food intake between the
compound € administered control animals |[compound C/NaOH| and
control animals |RPMI/NaOH|. At & days post-injection, there was no
difference in body weight among the three treated groups
Chronic treatment with T3 did not change the plasma levels of T3, T4
leprin, TSH, desacyl ghrelin or acyl ghrelin. Chronic administration of

A PAMPE [ H B PACC L
AMPKa a - ACE — -
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Fig. 4. Effects of chrame treatment with T3 in rats on phesphorylation of hypothalamic AMPK and ACC
unphosphorylated AMPK (AMPKa ) (AL and phosphorylated ACC [pACC) and unphosphorylated ACC (ACT) (B) i extracts o
in the hypothalamus after multiple s.c. injections of T3 are expressed as pAMPK/AMPKa (C) and pACCACC (D), respectively, The dara, which are ¢

Reproesentative i blots of phosp

othalamus

group, represent the meanzSEM (n=7 ammals/group). **, P<0.01, compared to the control group
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Tabie 1

Comparisons of food intake, body weight, fat weight, plasma T3, plasma T4, plasma TSH,
and vanous adipose fissue weights in rats treated with T3 plus compound € {comp C) or
the vehicle for 6 days

Control LE] T3+compC
Initial Food intake (g/24 h) 264111 269209 267213
Final Food intake (g/24 h) 245212 296108 252211
Final body weight (g) 377+78 37094 362290
ABody weight (g) 20211 1M:30 6:05
Epididymal fat weight (g) 39205 32204 33104
Retroperitoneal fat weight (g) 31208 2005 24107
Inguinal far weight (g) 310103 28203 29:03
BAT weight (g) 1L7¢02 19202 16202
Plasma leptin (ng/mi) 45204 35:03 40206
Plasma T3 (ng/ml) L1201 17£02 0.7:01
Plasma T (ng/mi) 46204 17203 18202
Plasma TSH {ng/ml) 34212 1003 08202
Plasma desacyl ghrelin ( pg/ml) 25252692 11452215 9172216
Plasma acyl ghrelin (pg/mi) 18232474 19752185 189.32505

Rats fed ad hiinom were injected s once daily with 4.5 nmol/kg T2 or the vehicle
Compound C or RFMI 1640 was injected i.c.v. every 24 h for 6 days to the control and
T3-treated rats (n=7 animals/group}, The results are the mean £ SEM.

*, P<0,05, vs. the control group.

T3 did not alter epididymal fat, retroperitoneal fat, subcutaneous fat,
and BAT weight (Table 1).

4. Discussion

In the present study, we used a substantially lower dose of T3 than
the dose used in our earlier study to determine whether hypothalamic
AMPK plays an important role in the regulation of food intake. We
previously showed that T3-treated rats are markedly hyperphagic. The
decreased plasma leptin levels could contribute to the hyperphagia in
T3-induced thyrotoxicosis associated with increased hypothalamic
NPY and decreased hypothalamic POMC gene expression |3]. How-
ever, recently Kong et al. |4] reported thar the dose of T3 (4.5 nmol/kg)
that was used in our study could stimulate food intake independently
of plasma leptin levels, and did not change either hypothalamic NPY or
hypathalamic POMC gene expression. Consistent with the report by
Kong et al,, in the present study, rats that received a single injection of
T3 had increased food intake without alterations in NPY, AGRP and
POMC mRNA levels, but did have increased hypothalamic phosphory-
lated AMPK and hypothalamic phosphorylated ACC. To determine the
more chronic effects of T3, rats received 6 daily s.c. injections of T3 or
vehicle. Although food intake increased without significant alterations
in plasma leptin levels or in hypothalamic NPY, AGRP or POMC mRNA
levels, multiple T3 injections did increase hypothalamic phosphory-
lated AMPK and phosphorylated ACC. Furthermore, we demonstrated
that compound C, an AMPK inhibitor, administered i.c.v. effectively
blocked the food intake induced by a single or multiple injections of
T3. These data suggest that hypothalamic AMPK plays an important
role in the regulation of food intake in T3-treated rats. In this study, we
showed an increased food intake in rats but human studies have not
proven a role for T3 in appetite regulation. Martin et al. reported that
low oral doses of T3 did not increase food intake in humans; however,
they discussed the possibility that oral T3 administration may not be
directly comparable to subcutaneous injection of T3 [15). They also
indicated that their study was small and was underpowered to detect
small differences in food intake. Thus, their data do not contradict our
results that low doses of T3 increased food intake in ras.

AMPK is known as the rate-limiting enzyme for the synthesis of ACC.
ACC stimulates the conversion acetyl-CoA to malonyl-CoA. AMPK
activation is known to decrease ACC activity by phosphorylation
[16,17]. Thus, malonyl-CoA levels were decreased by the increased
phosphorylated ACC, which has been hypothesized to act as an inhibitor
of feeding. Alternatively, decreased malonyl-CoA levels stimulated
carnitine palmitoyltransferase-1 (CPT-1) activity | 18]. Increased CPT-1
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activity has been reported to stimulate food intake | 19, However, we did
not measure AMPK activity. It has been reported that phosphorylation of
a subunit of AMPK correlates with its activity | 11]. Several lines of
evidence demonstrated that AMPK plays an important role in the
regulation of food intake. It has been reported that fasting increases
hypothalamic AMPK activity, whereas refeeding inhibits its activity | (|
In the present study, we reported that T3-treated rars did not have
decreased plasma leptin levels. The orexigenic peptides, cannabinoids
and ghrelin, stimulate hypothalamic AMPK activity |21 . A recent study
showed that hypothalamic AMPK activity was elevated in streptozotocin
(STZ)-treated rats. Furthermore, compound C, a specific AMPK inhibitor,
effectively blocked STZ-induced hyperphagia |22]. We previously
reported that plasma ghrelin was elevated in STZ-induced hyperphagic
rats | 10]. Unfortunately, there was no change in plasma desacyl and acyl
ghrelin in T3-treated animals in the acute ar chronic study, How T3
activates hypothalamic AMPK activity is largely unknown. Kong etal.

reported that low doses of T3 injected directly into the hypothalamic
ventromedial nucleus increase food intake. In addition, plasma T3 easily
crosses the blood-brain barrier, We speculate that T3 directly stimulates
hypothalamic AMPK phosphorylation. There is also evidence suggesting
that during fasting locally produced T3 in the arcuate nucleus might
increase rebound feeding associated with fasting, possibly through
UCP-2 |23). Coppola et al. reported that fasting increased type 2
dilodinase activity and local thyroid hormone production in the
arcuate nucleus. They also showed that fasting increased T3 mediared
UCP-2 activation resulting in mitochondrial proliferation in NPY/
AGRP neurons. Further studies will be needed to determine whether
UCP-2 regulates hypothalamic AMPK activity. In this study, we
demonstrated that Lc.v. injection of compound C significantly
blocked the food intake induced by either a single or multiple
injections of T3. These data support the suggestion that the increase
in food intake induced by T3 is closely associated with an increase in
the activity of AMPK.

In the present study, there was no difference in plasma T4, TSH,
and leptin levels in acute T3-treared rats compared to control rats;
however, plasma T3 levels were higher in the T3-treated group than in
the control group, bur they remained within the normal range.
Furthermore, there was no difference in plasma T3, T4, TSH, and leptin
levels in chronic T3-treated rats compared to control rats. Consistent
with the report by Kong et al., we performed these experiments very
carefully because excess T3 would suppress plasma T4 and TSH. These
data support the contention that suppressed plasma leptin levels did
not contribute to the development of T3-induced hyperphagia in the
present study.

Chronic injection of T3 results in a significant increase in food intake,
yet the body weight does not appear to increase (Table | ) and there are
no large differences in T3 or T4 levels between T3-treated and vehicle-
treated rats, Like the acute study, we did not find markedly increased T3
levels in the chronic study. The enzyme 5'-iodothyronine deiodinase is
responsible for the metabolism of T4 toT3. In rats, type 1 deiodinase (D1 )
is predominantly found in the liver, kidney and thyroid gland. It has been
reported that TSH increases D1 activity. We speculate that chronic
administration of T3 suppressed T4, TSH and D1 activity, Suppressed 14
levels and D1 activity caused a decrease in endogenous T3 levels. Thus,
T3 levels were not elevated as in the acute study. We reported that there
is no large difference in body weight between T3-treated animals and
vehicle-treated animals in this study, We speculate that an increase in
food intake promotes accumulation in adipose tissue in T3-treated
animals. On the other hand, T3 has lypolytic effects to adipose tissue,
These mechanisms could explain why there was no big change in body
weight despite the excessive food intake in the T3-treated rats

Several lines of evidence demonstrate that hypothalamic thyroid
hormone-releasing hormone (TRH) regulates food intake. It has been
reported that fasting reduced TRH gene expression. Furthermore, TRH
treatment decreased food intake |24). On the other hand, the POMC-
deficient mouse shows increased food intake and becomes abese, and
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the TRH content of these mice does not differ from that of control mice
[25]. These data suggest that hypothalamic TRH does not contribute to
the development of the hyperphagia in the POMC-deficient mouse. In
this study, we did not measure TRH mRNA, and the T3 treatment may
have reduced TRH mRNA. Thus, suppressed hypothalamic TRH mRNA
might simulate food intake in T3-treated rats. It has been reported
that there are nongenomic effects of thyroid hormone in various
tissues | 26], The nongenomic actions of T3 have been shown to rapidly
shorten action potential duration in rat ventricular myocytes [27], The
nongenomic effects may occur within seconds or minutes, These data
indicated that thyroid hormone regulates enzyme production at a pre-
translational level. In this regard, the stimulation of food intake by T3
in the present study might be due to a genomic effect. Additional
studies are needed to determine whether these stimulatory actions on
food intake by thyroid hormone are genomic or nongenomic.

In summary, the present study has demonstrated that both acute
and chronic injections of T3 enhance hypothalamic AMPK and ACC
phosphorylation. Compound C, an AMPK inhibitor, effectively blocked
the food intake induced by both single and multiple injections of T3.
Taken together, these results support the hypothesis that activation of
hypothalamic AMPK plays an important role in regulating food intake
in low-dose T3-treated rats.
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Mulberry 1-deoxynojirimycin (DNJ) is a potent
a-glucosidase inhibitor. Although it is uvseful for the
treatment of diabetes, the human absorption and
metabolism of DNJ have never been characterized. We
developed a method using hydrophilic interaction
chromatography coupled with jon trap tandem mass
spectrometry, and found that orally administered DNJ
was absorbed into the blood and then excreted into the
urine,

Key words: mulberry; 1-deoxynojirimycin; tandem mass
spectrometry; absorption; human plasma

According to the Japanese Health, Labor and Welfare
Ministry, there are over 7 million Japanese people with
diabetes, and this number has been increasing in recent
years. On the other hand, Japanese mulberry sericulture
(the silkworm industry) was once among the biggest
such industry in the world, but has long been in decline
due to cheaper imported silk. Related to these factors,
the practical use of azasugar 1-deoxynojirimycin (DNJ,
an intestinal ar-glucosidase inhibitor present in mulberry
leaves) has gained considerable attention for its potential
as a functional or medical food to control blood glucose,
thereby preventing diabetes and also promoting a revival
of sericulture.'?

While DNI inhibits a-glucosidase activity, the con-
centration of the compound in most commercial mul-
berry leaf products is as low as about 0.2 percent.’! We
recently produced a food-grade mulberry extract with a
high DNJ content (about 0.5-3 percent) from young
mulberry leaves. We then recruited healthy volunteers,
and determined the effective dose of the mulberry

extract needed to suppress the elevation of postprandial
blood glucose and the secretion of insulin*’ The results
revealed the human physiological impact of mulberry
DNJ, and the antihyperglycemic effect is now being
further investigated in diabetic patients as well as
overweight subjects who are more susceptible to the
disease.

Anticipating the future use of mulberry DNJ by the
food industry, it has become important to elucidate its
absorption and metabolism in humans from the point of
view of food safety. However, the metabolic fate of
orally administered mulberry DNJ has not been charac-
terized, except in our recent rat study.® In that study,
to evaluate the metabolic disposition, we developed a
hydrophilic interaction chromatographic method cou-
pled with mass spectrometric detection (HILIC-MS).
This allowed us to show the occurrence of orally
administered mulberry DNJ in rat plasma. When rats
received mulberry DNJ (110mg/kg of body weight),
DNIJ reached a concentration of 1500ng/ml in the
plasma. However, we were unable to detect DNI in
human samples by HILIC-MS, because of its limited
sensitivity. We now report direct evidence for the rapid
absorption and elimination of mulberry DNJ in humans
which was achieved by both a new DNJ extraction
method using an internal standard (miglitol) and a newly
developed analytical procedure using HILIC with hybrid
quadrupole/linear ion trap tandem mass spectrometry
(QTRAP MS/MS).

Two male subjects aged 23-24 years participated in
this study, and gave written informed consent to the
experimental protocol which was approved by the ethics
committee of Nippon Medical School. These subjects

' To whom Jence should be add
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orally consumed 1.2 g of the mulberry extract’’ contain-
ing 6.3 mg of DNJ after fasting overnight. The dose was
equal to the amount needed to suppress the elevation of
postprandial blood glucose in humans.* Before and 0.5—
48 h after administration, blood samples were obtained
in tubes containing heparin as an anticoagulant. Plasma
was prepared by centrifugation at 1,600 x g for 10 min
at 4°C. Urine was collected during time periods 0-24
and 2448 h after administration,

To the plasma (100 pl), 25 ng of an internal standard
(miglitol; Toronto Research Chemicals, Toronto,
Canada), 100 pl of water and 600 pl of acetonitrile were
added and mixed by sonicating for | min and vortexing
for 30s. After centrifuging at 1600 x g for 15min at
4°C, the supernatant was collected and passed through a
PTFE filter (0.45-um pore size; Sartorius, Gottingen,
Germany). A portion (5 pl) of the resulting extract was
injected into the HILIC-QTRAP MS/MS apparatus as
described later. In the case of urine (about 900 ml), it
was adjusted to 1000 ml with water. The diluted urine
(100 pul) was mixed with 25ng of an internal standard,
100l of water and 600ul of acetonitrile. After
centrifuging, the supernatant was analyzed by HILIC-
QTRAP MS/MS.

The HILIC-QTRAP MS/MS apparatus consisted of
a liquid chromatograph (Shimadzu, Kyoto, Japan) and
4000 QTRAP MS/MS (Applied Biosystems, Foster
City, CA, USA). Under positive ion electrospray
ionization conditions, the QTRAP MS/MS parameters
(e.g., collision energy) were optimized with standard
DNJ (Wako, Tokyo, Japan). The plasma and urine
extracts (5pl each) were separated in a HILIC column
(TSK gel Amide-80, 2.0mm x 150 mm; Tosoh, Tokyo,
Japan),” eluted with a mixture of acetonitrile and water
(675:325, v/v) containing 6.5 mM ammonium formate
(pH 5.5) at a flow rate of 0.2 ml/min, and maintained at
40°C. DNJ was detected in the post column by HILIC-
QTRAP MS/MS with multiple reaction monitoring
(MRM) for transition of the parent ion to the product
ion. The concentrations of plasma and urine DNJ were
calculated from a calibration curve for standard DNJ,
and then corrected according to the recovery of the
internal standard (miglitol) which averaged 70% for
the plasma sample and 80% for the urine sample. The
human administration trial was conducted twice, and
the concentration data are expressed as the mean of
the two trials.

The recently developed QTRAP MS/MS method
offers specific benefits for biomolecular analysis.”’ With
the advent of QTRAP MS/MS, product ion scanning
and MRM provide useful structural information on the
analytes, even in the presence of background contam-
inants from complex biological matrices. The analysis of
some azasugars™® and biomoleculars™'” by QTRAP
MS/MS has recently been reported. A HILIC-MS/MS
analysis of DNJ in mulberry leaves has been reported,”
but the method has not been applied to the determination
of DNJ in human samples, On the basis of this

background, we developed this new method for deter-
mining DNJ by HILIC-QTRAP MS/MS to investigate
the absorption and metabolism of orally administered
mulberry DNJ in humans.

We first analyzed standard DNJ by using QTRAP
MS/MS with flow injection. DNJ showed an intense
molecular ion at m/z 164 [M+ H]" in the Q1 mass
spectrum. We then conducted product ion scanning with
Q3 in the linear ion trap mode. and identified DNI-
specific fragment ions (e.g., m/z 110 [M + H-3H,0]™)
(Fig. 1A). Similarly, the QTRAP MS/MS parameters
were optimized with miglitol (the internal standard). The
DNJ- or miglitol-specific fragment ions allowed selec-
tive detection of the analytes by using HILIC-QTRAP
MS/MS with MRM. In the MRM chromatogram
(Fig. 1B), standard DNJ could be clearly detected at
6.7 min, together with miglitol at 6.4 min. The calibra-
tion curve for DNJ showed good linearity (R* = 0.997),
and the detection limit was 20 pg/injection at a signal-
to-noise ratio of 3. This detection limit is 25 times
more sensitive than that with our previous HILIC-MS
method.”!

As shown in Fig. |C, DNJ was not detected in the
plasma extract taken before administering the mulberry
extract (containing 6.3 mg of DNJ). However, | h after
the oral administration, a clear peak ascnbable to DNJ
(6.7 min) was observed in the plasma extract, together
with a peak of internal standard miglitol (6.4 min).
These findings clearly indicate that orally administered
mulberry DNJ was absorbed from the alimentary tract
of humans. Our HILIC-QTRAP MS/MS method was
satisfactorily selective and convenient enough for
measuring DNJ present in human plasma. The high
reproducibility for determining plasma DNIJ (coefficient
of variability < 5%) was confirmed and was not affected
by storage of the plasma samples at —80°C for | week.
These results indicate the quantitative accuracy of the
HILIC-QTRAP MS/MS method which would be a
useful tool for studying the metabolic fate of mulberry
DNJ, as well as its bioavailability.

Figure 1D shows the time-course characteristics of
DNJ concentration in the plasma after an oral admin-
istration of the mulberry extract. The concentration of
DNJ in the plasma increased to the highest level
(520 ng/ml) 1.5 h after its administration and decreased
thereafter. It is generally known that when humans
received an effective dose of azasugars (e.g.. S0mg of
miglitol), the plasma concentration reached about
1300 ng/m1.* Considering the present dose (6.3 mg of
DNJ), the plasma level of DNJ (Fig. ID) seems to be
roughly comparable to that of other azasugars. The
bioactivity of DNJ in the digestive tract (a-glucosidase
inhibition) has been thoroughly investigated,'? although
little attention has been paid to the effects of DNI within
the human body. lizuka et al have studied the
antidiabetic effect of mulberry DNJ by using diabetic
rats and revealed its unique properties of increasing
insulin sensitivity.'"" Considering the human plasma
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Fig. 1. Q3 Mass Spectrum (A) and Multiple Reaction M ing (MRM) Cl sgrams (B and C) of Standard DNJ and Plasma Samples
Collected from Human Subjects before and after the Ad of a Mulberry Extract Containing 6.3 mg of DNJ, and Time-Course Changes

in Plasma DNJ Concentration (D),

A, Standard DNJ (500 ng/ml) was infused direcily into the QTRAP MS/MS apparatus with a syringe pump at a flow rate of 0.01 ml/min, and
product ion scanning for m/z 164 [M + H]" was p d; B, dard DNJ or miglitol (each | ng) was analyzed by HILIC-QTRAP MS/MS
with MRM for transition of the parent ion (m/z 164 for DNJ and m/z 208 for miglitol) 1o the product ion (m/z 110 for DNJ and m/: 146 for
miglitol); C and D, human plasma extract before and 1.5 h after the oral administration of mulberry DNJ (6.3 mg/human) was analyzed by

HILIC-QTRAP MS/MS with MRM, and the plasma DNJ concentration was calculated.

concentration of DNJ (Fig. ID), it is likely that
DNJ may act as a bioactive compound within the
body (e.g., affecting the secretion of insulin). This
possibility remains to be confirmed, so further studies
are needed.

We finally investigated urine and detected DNJ
(7.0ug/ml) in the 0-24h urine, implying that the
majority of administered DNJ would be excreted in
the urine. In support of this, DNJ in the 2448 h urine
was at a trace level (<0.5ug/ml). On the basis of the
present findings, we can speculate one possible meta-
bolic fate of mulberry DNJ. The majority of orally
administered mulberry DNJ is absorbed from the
intestines into the portal vein. Since DNJ is structurally
similar to glucose, the intestinal absorption of DNJ may
be regulated via the glucose transporter.'” The DNJ

incorporated into the bloodstream is excreted into the
urine. Since DNJ has a relatively short half-life. the
tissue distribution and accumulation may not be partic-
ularly high. As for the metabolites of mulberry DNIJ,
there is a possibility that a small part of administered
DNJ is metabolized by drug-metabolizing enzymes in
the liver such as cytochrome P450s. Therefore, screen-
ing and structural characterization of DNJ metabolites
are the subject of ongoing investigation,

In conclusion, although there have been several
reports about the absorption and metabolic fate of
azasugars in animals,'*'¥ they have not provided any
information about the intestinal absorption, metabolites,
and pharmacokinetic profiles of orally administered
mulberry DNI in humans, We used in this study the
newly developed HILIC-QTRAP MS/MS method 1o
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demonstrate that orally administered mulberry DNJ was
absorbed from the alimentary tract of a human and then
excreted from the body. Considering the rapid elimi-
nation of DNJ from the body, it may lack side effects.
Hence, mulberry DNJ might be therapeutically used as
an effective food in the treatment of non-insulin-
dependent diabetes mellitus, and future clinical study
are required to evaluate the efficacy and safety concern-
ing tissue distribution and the side effects of DNJ.
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Abstract Increasing evidence of lipid peroxidation in food
deterioration and pathophysiology of diseases have revealed
the need for a pure lipid hydroperoxide (LOOH) reference
as an authentic standard for quantification and as a com-
pound for biological studies in this field. Generally, LOOH
is prepared from photo- or enzymatically oxidized lipids;
however, separating LOOH from other oxidation products
and preparing pure LOOH is difficult. Early studies showed
the usability of reaction between hydroperoxide and vinyl
ether for preparation of pure LOOH. Because the reactivity
of vinyl ether with LOOHs other than fatty acid hydroper-
oxides has never been reported, here, we employed the re-
action for preparation of a wide variety of pure LOOHs,
Phospholipid, cholesteryl ester, triacylglycerol, or fatty acid
was photo- or enzymatically oxidized; the resultant crude
sample containing hydroperoxide was allowed to react with
a vinyl ether [2-methoxypropene (MxP)]. Liquid chromatog-
raphy (LC) and mass spectrometry confirmed that MxP se-
lectively reacts with LOOH, yielding a stable MxP adduct
(perketal). The lipophilic perketal was eluted at a position
away from that of intact LOOH and identified and isolated
by LC. Upon treatment with acid, perketal released the orig-
inal LOOH, which was finally purified by LC. Using our
optimized purification procedures, for instance, we pro-
duced 75 mg of pure phosphatidylcholine hydroperoxide
(=99%) from 100 mg of phosphatidylcholine i Our devel-
oped method expands the concept of the perketal method,
which provides pure LOOH references. The LOOHs pre-
pared by the perketal method would be used as “gold stan-
dards” in LOOH methodology.—Ibusuki, D., K. Nakagawa,
A. Asai, S. Oikawa, Y. Masuda, T. Suzuki, and T. Mivazawa,
Preparation of pure lipid hydroperoxides. J. Lipid Res. 2008.
19: 2668-2677.

Supplementary key words  oxidative stress = lipid peroxidation » lipid
hydroperoxide standard « 2-methoxypropene

Because lipid peroxidation is involved in food deterio-
ration (1) and pathophysiology of human diseases (2, 3),
there has been a great interest in the accurate measure-
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ment of lipid hydroperoxide (LOOH) concentration. This
can be performed by several quantitative methods (4-11),
and the most sensitive and reliable one is chemilumines-
cence detectionliquid chromatography (CL-LC) (9-11).
Since there is no approved LOOH calibrator (“gold stan-
dard”) available, it is impossible to compare the LOOH
levels from various laboratories around the world.

Currently, researchers prepare their own in-house refer-
ence LOOH [i.e., lipids (e.g., phospholipids, cholesterols,
triacylglycerols, and fatty acids)] are subjected to photo-
(12), free radical (13), or enzymatic oxidation (14, 15).
The resultant crude or partly purified LOOH is generally
used as a calibrator. However, these references are neither
officially approved nor do they correspond to each other,
particularly with regard to their purity. As frequently men-
tioned by LOOH researchers, this problem is mainly
caused by the difficulty in distinguishing and isolating
LOOH from other oxidation products such as hydroxides
(13). Therefore, efficient purification of a wide variety of
LOOH:s is the key to the development of the gold standard
not only for the accurate quantification of LOOH but also
for the evaluation of its biological functions,

A few previous studies (16 ~21) have reported that some
vinyl ether compounds [i.e., 2-methoxypropene (MxP)] re-
act with organic hydroperoxides to yield perketals. These
perketals, upon treatment with acid, release the onginal
hydroperoxides. For instance, by using these reactions,
Porter et al. (19) succeeded in purifying faty acid methyl

Abbreviations: ChL, cholesteryl linoleate; CL, chemiluminescence,
ESI, electrospray ionization; LA, linoleic acid; LAMe, methyl linoleate;
LC, liquid chromatography; LLL, trlinoleoylglycerol; LOOH, lipid
hydroperoxide; LOX-1, lipoxygenase-1; MS, mass spectrometry; MxP,
Zmethoxypropene; PLPC. 1-palmitoyl-2-linoleoyksnglveero-3-phospho-
choline; PLPCOOH, I-palmitoyl-2-hydroperoxyoctadecadienoyl-sn
glycero-phosphocholine; PLPCOOMxP, MxP adduct of PLPCOOH;

PLPE, l-palmitoyl-2-linoleoyl-snglycero-3-phosphoethanolamine; PLPS,
oyl-2-linoleoyl-sn-glycero-3-phosphoserine; PPTS, pyridinium
uenesulfonate; RB, rose bengal; TIC, total ion chromatogram;
Tris, tris{hydroxymethyljaminomethane; U \ ultraviolet; XIC, extracted
1on chromatogram.
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ester hydroperoxides, The reactivity of MxP with LOOHs
other than fatty acid methyl ester hydroperoxides has
never been reported; but these studies (16-21) indicated
that the reaction may be useful for the preparation of a
wide variety of pure LOOHs (Fig. 1A),

In the present study, we optimized the reaction between
MxP and the hydroperoxides of phospholipids, cholesterol
esters, triacylglycerols, fatty acids, and fatty acid methyl es-
ters and developed a purification method of authentic
LOOHs by photo- or enzymatic oxidation of lipids fol-
lowed by derivatization with MxP and liquid chromatogra-
phy (LC) isolation.

MATERIALS AND METHODS

Materials

We purchased 1-palmitoyl-2-linoleoyl-sn-glycero-3-phospho-
choline (PLPC), trilinoleoylglycerol (LLL), linoleic acid (LA),
methyl linoleate (LAMe), and pyridinium poluenesulfonate
(PPTS) from Sigma (St. Louis, MO). We obtained l-palmitoyl-2-

linoleoyl-mglycero-3-phosphoethanolamine (PLPE) and 1-palmitoyl-
2inoleoyl-snglycero-3-phosphoserine (PLPS) from Avanti Polar
Lipids (Alabaster, AL). Cholesteryl linoleate (ChL) was obtained
from ICN Biomedicals Inc. (Aurora, OH). All other reagents were
of analytical grade,

LOOH preparation

In order to prepare LOOH, the lipid (PLPC, PLPE, PLPS, ChL,
LLL, LA, or LAMe; Fig. 1B) was subjected to three different types
of oxidations [rose bengal (RB)<atalyzed photo-oxidation, ultravio-
let (UV) photo-oxidation, and lipoxygenase<atalyzed oxidation],

For RB-catalyzed photo-oxidation, PLPC, PLPE, PLPS, LA, or
LAMe (100 mg) was dissolved in 5 ml of methanol, whereas ChL
or LLL (100 mg) was dissolved in 5 ml of chloroform/methanol
(1:1, v/v). RB (CHROMA, Tokyo, Japan) was added to these sam-
ples at a concentration of 0.1 mg/ml. The samples were exposed
1o oxygen gas for 10 s and photo-oxidized for 3-24 h at 4°C (ice-
cold conditions), A 100 W incandescent lamp (Matsushita
Electric Industrial Co., Osaka, Japan) was positioned vertically
10 ¢m above the sample. Subsequently, to remove RB, the resul-
tant sample of PLPC, PLPE, LAMe, ChL, or LLL was loaded onto
a Sep-Pak Plus QMA column (Waters, Milford, MA). The column
was eluted with 5 ml of methanol for PLPC, PLPE, and LAMe

A )kz-mmoxvmoena
o (MxP) LOO
LOOH - - — LOOH
O v 07N o
Wide variety of ki Perketal Purified LOOH
; Pyrid p-toluenesulfonate
lipid hydroperoxide (PPTS) (Eluted far from
athar axidation
é&mﬁm} because ol its lipophilicity)

;'}""b'g 5 VWME-

o

1-Palmitoyl-2-lincleoyl-
sn-glycero-3-phosphocholine (PLPC)

1-Palmitoyl-2-linoleoyl-
sn-glycero-3-phosphoethanolamine (PLPE)
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ﬂH_,'o'
1-Palmitoyl-2-linoleoyl-

sn-glycero-3-phosphoserine (PLPS)
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Fig. 1. A: Protocols investigated for the purification of lipid hydroperoxide (LOOH) using 2-methoxypropene
(MxP). B: Chemical structures of lipids [1-palmitoyl-2-linoleoyl-sn-glveero-3-phosphocholine (PLPC),
1-palmitoyl-2-linoleoyl-siglycero-3-phosphoethanolamine (PLPE), 1-palmitoyl-2-linoleoyl-sn-glycero-3-
phosphaserine (PLPS), cholesteryl linoleate (ChL), trilinoleoylglycerol (LLL), linoleic acid (LA), and methyl

linoleate (LAMe)].
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samples or with 5 ml of chloreform/methanol (1:1, v/v) for ChL
and LLL samples. The eluent was collected, evaporated, and re-
dissolved in 20 ml of dichloromethane, The PLPS and LA sample
solutions were diluted with 5 ml of water and then loaded onto a
flush column filled with 20 g of COSMOSIL 75C,-PREP ODS
(Nacalai Tesque, Kyoto, Japan). The column was washed with
100 ml of methanol/water (1:1, v/v) to remove RB and eluted
with 50 ml of methanol, The eluent was evaporated and redis-
salved in 20 ml of dichloromethane.

For UV photo-oxidation, 100 mg of PLPC, PLPE, PLPS, Chl,
LLL, LA, or LAMe was placed in a test mbe and exposed 10 oxy-
gen gas for 10 s, The tibe was capped, and then photo-oxidized
using & 15 W UV GL-15 lamp (radiation frequency, 253 nm;
Toshiba Electronics Co., Tokyo, Japan) at 20°C (room tempera-
ture) for 3-24 h. The light source was held vertically at 30 cm
above the test tbe. The resultant lipid was dissolved in 20 ml
of dichloromethane.

For lipoxygenase-catalyzed oxidation, a solution of PLPC,
PLPE, PLPS, LLL, LA, or LAMe (100 mg/5 m) of ethanol) was
mixed with 170 ml of 50 mM borate buffer (pH 9.0) containing
soybean lipoxygenase-1 (LOX-1, 1.25 X 10" units; SERVA Electro-
phoresis, Heidelberg, Germany) and sodium deoxycholate (375 mg).
The mixture was incubated at 20-40°C for 3-24 h in the presence
of oxygen. ChL (100 mg) was suspended in 5 ml of isopropanol
and subjected to LOX-1-oxidation. The lipid moiety was then
extracted by adding 30 ml of 0.2 M HCl and 60 ml of diethylether.
After shaking the solution, the diethylether layer was collected,
dried, and dissolved in 20 ml of dichloromethane.

A portion (1 pl) of the dichloromethane sample was subjected
to LC combined with UV, chemiluminescence (CL), and mass
spectrometry (MS) (LC-UV/CL/MS) (22, 23) o evaluate LOOH
formation, as described below,

Purification of LOOH by using MxP

We confirmed LOOH formation in the dichloromethane
sample allowed the sample to react with MxP in order to obtain
perketal, and subsequently, LOOH was regenerated from the
perketal as follows.

For the reaction with MxP, the dichloromethane sample
(20 ml) was mixed with PPTS (2-10 mg/4 ml of dichloromethane).
To the sample mixture, 1-5 g (approximately 1.3-6.7 ml) of MxP
(Wako, Osaka, Japan) was added, The sample (total approximately
25-31 ml) was vortexed for 1 min and kept standing for 0.5-6 h
at 4-20°C. After confirming the perketal formation by LC-UV/
CL/MS, a portion (1 ml) of the sample mixture was subjected
to semipreparative LC, and the perketal fraction was collected
as described below. This isolation procedure was repeated 25—
31 times, The collected perketal fractions were combined and
evaporated 1o dryness.

For regeneration of LOOH, the isolated perketal was dissolved
in 26 ml of chloroform/methanol (1:1, v/v). The solution was
then mixed with PPTS [1-20 mg/5 ml of chloroform,/methanol
(1:1, v/v) | and incubated for 5-24 h at 4-37°C. Afier the regen-
eration of LOOH was ascentained by LC-UV/CL/MS, the LOOH
was finally purified by semipreparative LC. The structure and pu-
rity of the obtained LOOH was evaluated by LC-UV/CL/MS. In
addition, "H and "C nuclear magnetic resonance (NMR) spectra
were recorded on a Varian Unity Plus-600 spectrometer (Palo
Alto, CA) at 600 MHz for "H NMR and at 150 MHz for ' NMR

using CI4 as a solvent

LC-UV/CL/MS for LOOH and perketal analysis

LOOH and its MxP adduct (perketal) were analvzed and their
concentrations were determined by reversed-phase LC-UV/
CL/MS. We used an ODS column (COSMOSIL 5C-MS-IL, 5 pm,
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4.6 % 250 mm; Nacalai Tesque, Kyoto, Japan) fitted with its pre-
column (4.6 ¥ 10 mm). The column was eluted with methanol/
water (100:5, v/v) containing 5 mM ammonium acetate for PLPC,
PLPE, and PLPS samples; methanol/ethanol (100:30, v/v) for the
ChL sample: methanol/ethanol (100:10, v/v) for the LLL sample;
methanol/water (100:30, v/v) containing 0.1% acetic acid for the
LA sample; and methanol/water (100:20, v/v) for the LAMe
sample. The flow rate was adjusted to 1 ml/min and column tem-
perature was maintained at 40°C. After the column eluent was
monitored with a UV detector (UV-970; JASCO, Tokyo, Japan)
at 210 nm, the eluent was divided into two portions. One portion
(0.99 ml/min) was mixed with hydroperoxidespecific CL reagent
(a mixture of cytochrome ¢ and luminol in 50 mM borate buffer,
pH 10.0) (10, 11) and introduced into a CL detector (825-CL;
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Fig. 2. Preparation of l-palmitoyl-Z-hydroperoxyoctadecadienoyl
sieglycero-3-phosphocholine (PLPCOOH). PLPC [100 mg/5 ml
of methanol, containing 0.5 mg of rose bengal (RB)] was photo-
oxidized for 8 h at 4°C, and analyzed by liquid chromatography
uliraviolet {LC-UV)/chemiluminescence (CL)/mass spectrome-
try (MS). A: Extracted ion chromatogram (XIC) of PLPCOOH
(m/z 790.6 [M+H]") and its represenative isomer [ 1-palmitoy)-2-
(13-hydroperoxy-92,11 Loctadecadienoyl)-sn-glycero-3-phospho-
choline]. B: CL chromatogram. C: Totl jon chromatogram (TIC,
m/z 200 1000). D: UV chromatogram (at 210 nm). E: MS spectrum
at 1L0- 115 min,
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JASCO). The flow rate of the CL reagent was set at 0.5 ml/min.
The second portion (0.01 ml/min) was introduced into a Mariner
clectrospray ionization (ESI) time-of-flight mass spectrometer
(Applied Biosystems, Foster City, CA). The MS parameters were
positive-ion measurement mode (spray voltage, 3000 V; nozzle po-
tential, 100 V; nozzle temperatre, 140°C; flow rate of nebulizer gas,
0.75 1/min; and that of spray gas, 2.0 1/min), but were negative-ion
mode for the PLPS sample. Fullscan mass spectra were recorded
over a range of m/z 200-1300 in a scan time of 3 5.

Semipreparative LC for perketal and LOOH isolation

Perketal and LOOH (regenerated from perketal) were isolated
using semipreparative LC by using an ODS column (COSMOSIL
5CMS-I, 5 wm, 20 % 250 mm; Nacalai Tesque) fitted with
its precolumn (10 % 50 mm). The mobile phases used were the
same as those used for LC-UV/CL/MS, as described above, The
flow rate was 10 ml/min and column temperature was main-
tained at 40°C. After the column eluent was monitored with a
UV detector at 210 and 234 nm, the fraction of perketal or
LOOH was collected.

Structural determination of PLPCOOH isomers
1-Palmitoyl-2-hydroperoxyoctadecadienoyl-sn-glycero-3-
phosphocholine (PLPCOOH, about 0.8 mg), purified from RB-
photo-oxidation or LOX-1 oxidation sample, was dissolved in
1 ml of methanol. To the solution, 2 mg of sodium borohydride
(NaBH,) was added and mixed for 30 min at room temperature,
To the reaction mixture, 0.1 ml of 4 M HCI, 2 ml of chloroform
and 1 ml of water were added to remove remaining NaBH; (24).

TABLE 1. Optimal oxidation procedure to prepare LOOH

Yielded LOOH®

Lignd Oxidation procedure Time  Temp
mg A *C mg
PLPC 100 RB-photo 8 4 PLPCOOH 30
100 U'V-photo 24 20 PLPCOOH 1.7
100 LOX-1 12 40  PLPCOOH 9%
PLPE 100 RB-photo 10 4 PLPEOOH 28
100 'V-photo 2 20 PLPEOOH 14
1) LOX-1 12 40 PLPEQOH 92

PLPS 100 RB-photo 0 4 PLPSOOH 30
100 UV-photo 29 20 PLPSOOH 1.3
100 LOX-1 12 40 PLPSOOH W4
ChL 100 RB-photo 8 4 ChLOOH 27
100 UV-photo 24 20 ChLOOH L1
100} LOX-1 24 40 ChLOOH 6.2
LLL 100 RB-photo 6 4 LLLOOH 31
104 UVphoto [ 20 LLLOOH 35
100 LOX-1 12 40 LLLOOH 9.4
LA 100 RB-photo 8 14 LAOOH 82
100 UV-photo 12 20 LAOOH 35
100 LOX-1 6 20  LAOOH o4
LAMe 100 RB-photo 8 4 LAMeOOH 54
100 UV-photo 12 20 LAMeOOH 36
100 LOX-1 8 20 LAMeOQOH 97

LOOH, lipid hydroperoxide; LON-, lipoxygenase-1; PLPC, 1-palmitoyl
Llinoleoylsnglycero-3-phosphocholine; PLPCOOH, 1-palmitoyl-
2hydroperoxyoctadecadienoyl-sn-glycero-3-phosphocholine; PLPE,
]-p;ilmil'n'l-'.{-hm:Il-n\-l-m-p_h-:wn—f’l-plunilluu'lll.lnul'.llllil'll.‘: REB, rose
bengal: UV, ultraviolet.

"L retention times and mass spectrometry (MS) profiles of hy-
droperoxides are as follows; PLPCOOH, 11.0 min, 790.6 [M+H]":
PLPEOOH, 105 min, 748.5 [M +H]"; PLPSOOH, 8.5 min, 790.4
[M~=H] ; ChLOOH, 26.5 min, 703.6 [M+Na]"; LLLOOH, 23.0 min,
933.7 [M+Na]™"; LAOOH, 15.5 min, 330.3 [M+NH,]": LAMeOOH,
11.5 min, 3493 [M+Na]*

After centrifugation at 1000 g for 5 min at 4°C, the lower chloro-
form layer was collected and dried under Ny gas. The dried ex-
tract was dissolved in 1 ml of methanol, mixed with 1 ml of 50 mM
HCI-Tris [tris(hydroxymethyl)aminomethane] buffer (pH. 7.4,
containing 1 myg of calcium chloride and 1,500 units of phosphao-
lipase Ay (from honey bee venom; Sigma, St Louis, MO), and
incubated for 2 h at room temperature (25). After centrifugation
at 1,000 g for 5 min at 4°C, the lower chloroform layer was col-
lected and dried by N, gas. The dried residue was redissolved in
1 ml of methanol, and subjecied to semipreparative LC for isola-
tion of hydroxy-LA. An ODS column (COSMOSIL 5C;-MS-1,
5 wm, 20 X 250 mm; Nacalai Tesque, Kyoto, Japan) was eluted
with a mixture of methanol/water (100:25, v/v). The flow rate
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Fig. 3. Conversion of PLPCOOH to MxP adduct of PLPCOOH
(PLPCOOM=xP) (perketal), RBcatalyzed photo-oxidized PLPC
sample (20 ml) was mixed with pyridinium 'frliI]Il(‘l'lt'ﬁll"!'.'l'lill(! (Pr1s)
(5 mg/4 ml of dichloromethane) and 3 g (4 ml) of MxP. The sample
was maintained for 3 h at 4°C, and then analyzed by LG-UV/CL/MS.
A: XIC of PLPCOOH (m/z 7906 [M+H]" ). B: TIC (m/z 200-1000)
and structure of PLPCOOMxP (representative MxP adduct of
PLPCOOH isomer in Fig, 2). C: XI1C of PLPCOOMxP (m/z B62.6
[M+H]" 1, 1 MS spectrum at 20.0-210 min. E: CL chromatogram,
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TABLE 2. Optimal MxP reaction condition o prepare perketal

Total reaction Perkeul after

Sample Added PPTS Added MxP volume Time  Temp Yielded perketal’ LC molation
mg/4 ml of
m 20 mi of dichloromethane dichloromethane g (mi) ml h ol mg mg
PLPC  (RB-photo,” 30 mg PLPCOOH") 5 3 (4.0) 28 3 4 PLPCOOM=xP 30 28
(UV-photo, 1.7  mg PLPCOOH) 2 1 (1.3) 25 2 4 PLPCOOMxP 1.6 1.5
(LOX-1, 96 mg PLPCOOH) 5 3 (4.0) 28 5 4 PLPCOOMxP 96 92
PLPE (RB-phow, 28 mg PLPEOOH) 5 3 (4.0) 28 3 4 PLPEOOMxP 27 2
(U'V-photo, 1.4 mg PLPEOOH) 2 1 (1.3) 25 2 4  PLPEOOMxP 1.3 1.0
(LOX-1, 92 mg PLPEOOH) 5 3 (4.0) 28 3 4 PLPEOOMxP 90 86
PLPS  (RB-phow, 30  mg PLPSOOH) 5 3 (4.0) 24 3 4 PLPSOOMxP 27 24
(U'V-photo, 1.3 mg PLPSOOH) 2 1 (1.3) 25 2 4 PLPSOOMxP 1.2 1.0
(LOX-1, 94 mg PLPSOOH) 5 3 (4.0) 28 3 4 PLPSOOMxP 88 83
ChL (RB-photo, 27 mg ChLOOH) 5 5 (6.7) 31 3 20 ChLOOMxP 26 20
(UV-photo, 1.1  mg ChLOOH) 2 2 (2.7) 27 3 20  ChLOOMxP 1.0 09
(LOX-1, 6.2 mg ChLOOH) 2 2 (2.7) 27 | 20 ChLOOM«xP 59 5.3
LLL (RB-photo, 31 mg LLLOOH) 10 5 (6.7) 31 3 20 LLLOOMxP 30 27
(UV-photo, 35 mg LLLOOH) 10 5 (6.7) 31 3 20 LLLOOMxP 33 a2
(LOX-1, 94 mg LLLOOH) 5 3 (4.0) 28 3 20 LLLOOMxP 9.3 82
LA (RB-photo, 32 mg LAOOH) 2 | (1.3) 5 1 4 LAOOMxP 30 24
(UV-photo, 35 mg LAOOH) 2 I (1L.3) 25 1 4 LADOMxP 32 26
(LOX-1, 99 mg LAOOH) 5 2 27 27 1 4 LAOOMxP 95 85
LAMe (RB-photo, 34 mg LAMeOOH) 2 1 (1.3) 25 1 4 LAMcOOMxP 34 30
(UV-photo, 36 mg LAMeOOH) 2 | (1.3) 25 1 4 LAMeOOMxP 36 33
(LOX-1, 97 mg LAMeOOH) 5 |4 27 27 | 4 LAMeOOMxP 97 93

* Oxidation procedure.
*LOOH concentration in sample.

“LC retention times and MS profiles of perketals are as follows: PLPCOOMxP, 20.0 min, 862.6 [M+H]"; PLPEOOMxP, 18.5 min, 820.6
[M+NH,]"; PLPSOOMXF, 155 min, 8625 [M—H] " ; ChLOOMxP, 51.5 min, 775.6 [M+Na]*; LLLOOMxP, 45.0 min, 1005.8 [M+Na]™; LAOOMxP,

49.5 min, 4025 [M+NH,]"; LAMeOOMxP, 33,5 min, 416.3 [M+NH,] .

was 10 ml/min and the column temperature was at 40°C. The
isolated hydroxy-LA was dried, dissolved in 1 ml of hexane (con-
taining 4 pmol trimethylsilyl diazomethane), vortexed, and
stored for 1 h at room temperawre (26, 27). To the solution,
0.1 g of acetic acid and 1 ml of water were added 10 terminate the
reaction. After that, the upper hexane layer (hydroxy-LAMe fraction)
was analyzed by normal phase LC with a silica column (CAPCELL
PAK SILICA SGI120, 5 pm, 4.6 X 250 mm; Shiseido, Tokyo, Japan),
A mixture of hexane/diethylether/water (87:13:0.1, v/v/v) was
used as eluent at the flow rate of 1 ml/min. The column tempera-
ture was at 40°C. Hydroxy-LAMe isomers were detected by UV de-
tector at 234 nm, and identified by their retention times (based on
Refs. 28,29),

Stability testing

The obtained hydroperoxides of PLPC, PLPE, PLPS, LA, and
LAMe (1.5 mg) were dissolved in 1 ml of methanol, while the
hydroperoxides of ChL and LLL (1.5 mg) were dissolved in
1 ml of chloroform/methanol (1:1, v/v). These solutions were
stored under nitrogen atmosphere at =30°C for 12 months and
analyzed by LC-UV/CL/MS. Similarly, the stability of perketals
was evaluated

Statistics

The data are expressed as mean = SD and analyzed using Stu-
dent’s ttest. Differences were considered significant at P < 0.05.

RESULTS

LOOH formation during photo- and enzymatic oxidation

We initially analyzed the RB-catalyzed photo-oxidation
of PLPC (12), After the reaction, PLPCOOH (m/z 790.6
[M+H]") was formed as the major oxidation product
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(Fig. 2A) and also confirmed by CL detection (Fig. 2B).
The PLPCOOH possessed four structural isomers of
hydroperoxyoctadecadienoyl residues: 13-hydroperoxy-
97,11 F-octadecadienoate (retention time, 11.0 min),
S-hydroperoxy-10E,12 Zoctadecadienoate (11.0 min), 13-
hydroperoxy-9£,11 F-octadecadienoate (11.5 min), and
9-hydroperoxy-10E.12F-octadecadienoate (11.5 min). Simi-
larly, LOOH formation was verified when PLPC, PLPE,
PLPS, ChL, LLL, LA, and LAMe were subjected to RB-
catalyzed photo-, UV photo-, and LOX-l-catalyzed oxida-
tion. Optimal conditions required for the maximum yield
of LOOH are summarized in Table 1.

In the case of all samples, LOOH was cocluted with
other oxidation products, particularly in photo-oxidation
(as shown in the total ion chromatogram, UV chromato-
gram, and MS spectrum of PLPCOOH, Figs. 2C-E). This
fact indicates that distinguishing and separating LOOH
from other hydroperoxides is difficult.

UV 234 nm
100
z PLPCOOMxP
‘E’ isomers
£
i) ' ps %

20
Retention time (min)

Fig. 4. PLPCOOMxP isolation. PLPCOOMXP sample obtained in
Fig. 3 was isolated by semipreparative LC monitored by UV absorp-
tion at 254 nm.
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A XIC m/z 8626
100+

Morecover, perketals (PLPCOOMxP isomers, m/z B62.6
[M+H]") were detected at around 20.0 min (Figs. 3B-D).
These isomers were Clenegative (Fig. 3E), indicating the
absence of a hydroperoxide group.

In the case of other samples, MxP also reacted almost

7y Inlnns"ﬂy (%

0 10 20 3 15 completely with LOOH 1o yield perketals. The optimal
1?0- XIC m/z 790.6 .., pLPCOOH isomers iini conditions rcqu_m-(l to obtain perketals \\'Il'il gqu cffi-
Z ciency are described in Table 2. Due to the lipophilic na-
= ture of perketal, it was eluted at a position away from that
g' 22 of the intact LOOH, and therefore easily isolated by semi-
5 preparative LC (refer to the isolation of PLPCOOMxP

o 10 20 0 3 peak in Fig. 4).
C Chemiluminescence {sein)
1;? Regeneration of intact LOOH from perketal
z To regenerate LOOH, each isolated perketal was treated
S with acid (i.e., PPTS). For example, after treatment of the
- PLPCOOMSXP with PPTS, they were no longer detectable,
"o 10 20 20 35 and PLPCOOH isomers were regenerated as compounds
Retention time (min) corresponding to clear peaks in MS and CL chromatograms

(Fig. 5). Other perketals were also efficiently converted

Fig. 5. PLPCOOH regeneration, PLPCOOMXP isolated in Fig. 4 o . T ucd
. 3 § to original hydroperoxides under optimized conditions

(25 ml) was mixed with PPTS [10 mg/5 ml of chloroform/methanol
(1:1)], maintained for 6 h at4°C, and the sample was then analyzed (Table 3).
by LG-UV/CL/MS, A: XIC of PLPCOOMxP (m/z 862.6 [M+H]").
B: XIC of PLPCOOH (m/z 790.6 [M+H]") and its representative 5 x y
isomer (regenerated Pl(.PE/I()I.’)MxI{‘ i\l_)mll']]. C: CL ('hrt:mmum':tm. inal purification of LOOH

Finally, the regenerated LOOH was purified by semipre-
parative LC. An example (isolation of PLPCOOH peak) is
Reaction of LOOH with MxP shown in Fig. 6. The obtained PLPCOOH was a pure mix-

The photo- and enzymatically oxidized lipid samples  ture of isomers, as judged from the LGUV/CL/MS data
were treated with MxP. After treating the RB-catalyzed (Fig. 7) and NMR spectra (data not shown). The composi-
photo-oxidized PLPC sample with MxP, PLPCOOH iso-  tion of hydroperoxyoctadecadienoyl residues of the obuined
mers were no longer detectable in the sample (Fig. 3A). PLPCOOH was 15-hydroperoxy-9Z11octadecadienoate

TABLE 3. Optimal LOOH regeneration condition from perketal

Totl reaction LOOH after Purity of
Isolated perketal Added PPTS solume Tune Temp Yielded LOOH" LC isolavon  wolaed LOOH
mg/5 mi of
in 25 ml of chloroform/methanol (1:1) chloraform/methanod (1:1) ml h C my mg %
PLPCOOMsP [RB—phulu," 28 mg) 10 30 i 4 PLPCOOH 27 1o 98
(U'Vephoto, 1.5 mg) 10 30 2 4 PLPCOOH 14 09 a5
(LOX-1, 92 mg) 10 30 12 1 PLPCOOH %0 i =04
PLPEOOMxP  (RB-photo, 22 mg) 10 30 6 4 PLPEOOH X0 12 a8
(UV-photo, 1.0 mg) 10 50 2 4  PLPEOOH 0.9 0.6 4
(LOX-1, 86 mg) 10 30 12 4 PLPEOOH B0 65 98
PLPSOOMxP  (RB-photo, 24 mg) 10 30 [ 4  PLPSOOH 22 14 98
(UV-photo, 1.0 mg) 10 30 2 4 PLPSOOH 0.9 0.6 93
(LOX-1. Hi mg) 10 30 2 4 PLPSOOH 78 60 98
ChLOOMxP (RB-photo, 20 mg) 10 30 B M ChLOOH 18 11 a8
(L'V-phone, 0.9 mg) 10 30 2 M ChLOOH 0.8 05 95
(LOX-1, 33 mg) 1] a0 2 20 ChLOOH 18 23 95
LLLOOMsP (RB-photo, 27 mg) 10 30 fi 4 LLLOOH 26 19 %
(U\-photo, 52 mg) 10 S0 i 4 LLLOOH 30 21 Us
(LOX-1, 82 mg) 10 30 [ 4 LLLOOH 7.6 5.0 o8
LAOOMP (RB-photo, 24 mg) b 30 | 4 LAODOH 22 14 95
(UV-photo, 26 mg) 5 40 | 4  LAOOH 24 16 45
(LOX-1, 85 mg) A 30 6 1 LADOH 81 37 98
LAMeOOMxP  (RB-photo, 30 mg) 5 30 | 4  LAMeOOH 28 19 95
(Uphoto, 33 mg) 5 30 | 1 LAMeOOH 31 20 97
(LOX-1, Y mg) 5 1] [ 4 LAMeOOH 90 78 >09

“ Osadation procedure.

"LOC retention times and M5 profiles of hydroperoxides are as folluws; PLPCOOH, 11.0 min, 790.6 [M+H]"; PLPEOOH, 10.5 1
[M+H]": PLFSOOH, 8.5 min, 7904 [M~H)] : ChLOOH. 265 min, 7036 [M+Na]"; LLLOOH, 25.0 min. 9337 [M+Na]"; LAOOH, I
303 [M+NH,]": LAMeOOH, 11.5 min, 3493 [M+Na]”
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UV 234 nm

100
& PLPCOOH
= isomers
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_G ¥ T T J
0 20 40 60

Retention time (min)

Fig. 6. PLPCOOH isolation, PLPCOOMxP sample regenerated in
Fig. 5 was isolated by semipreparative LC monitored by UV absorp-
tion at 2%4 nm.

(46%), 9-hydroperoxy-10F12 Zoctadecadienoate (43%),
13-hydroperoxy-9E,11 F-octadecadienoate (7%), and
O-hydroperoxy-10E,12F-octadecadienoate (4%). For other
hydroperoxides of PLPE, PLPS, ChL, LLL, LA, and LAMe,

& XICmzT7906, . b pcooH isomers

£

g-

g >+ LS OOH

E

“0 1:: 2:3 30 3‘.5
B Chemiluminescence (i}
100+
£
z |

[~

2 L

E

" " ® "
%‘0 TIC m/z 200-1000 {rmin)
180+
g

=
A I J (

0 10 20 30 35

D uv210nm {rin)
1004
®

2 |

e

3
=

0 == T T —

(4] 10 20 30 35
Retention time (min)

E MS spectrum at 11.0-11.5 min
s 790.6 [M+H]*
£
=

B 7726 [M+H-H,OF | 8126 [M+Na]*
2
£

200 400 600 800 1000

m/z (amu)
Fig. 7. Purity determination of PLPCOOH. PLPCOOH prepared

by the final isolation in Fig. 6 was analyzed by LC-UV/CL/MS. A:
XIC of PLPCOOH (m/: 7906 [M+H]™) and its representative iso-
mer. B: CL chromat ., (2 TIC (/2 2000 1000), D: L'V chroma-
togram (absorbance at 210 nm). E: MS spectrum at 110115 min.
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pure mixtures of hydroperoxide isomers could also be pre-
pared (sce supplementary Figs. [-VI).

On the other hand, when LOX-1-catalyzed oxidation
was conducted instead of photo-oxidation, we obtained an
LOOH isomer (e.g., PLPCOOH bearing 13-hydroperoxy-
9Z11Froctadecadienoate) with high purity and vield.

Stability of LOOHs and perketals

About 9% of PLPCOOH was decomposed after 12 months
during storage at —30°C (Fig. 8). In contrast, PLPCOOMxP
(perketal) was more stable (about 97% remained) than
PLPCOOH. The stabilities (measured as % wt remaining)
of other hydroperoxides and perketals at 12 months after
preparation were as follows: PLPEOOH (63% ), PLPEOOMxP
(91%); PLPSOOH (50%), PLPSOOMxP (85%): ChLOOH (89%),
ChLOOMxP (94%); LLLOOH (86%), LLLOOMxP
(95%); LAOOH (40%), LAOOMXP (78%); and LAMeOOH
(90%), LAMeOOMxP (98%).

DISCUSSION

The oxidative modification of lipids, particularly LOOH
accumulation, plays a major role in food deterioration (1)
and pathophysiology of human diseases, such as athero-
genesis, diabetes, and dementia, and aging (2, 3, 30-34).
Accurate measurement of LOOH levels is therefore impor-
tant, but no approved LOOH standard is available yet. In
this study, we developed a method for the preparation of
the hydroperoxides of PLPC, PLPE, PLPS, ChL, LLL, LA,
and LAMe through reaction with MxP,

PLPCOOH PLPCOOMxP

100+

Remaining (%)
©
s

0 1 3 6 12
Storage time (months)

Fig. B. Stabilities of PLPCOOH and PLPCOOMxP. PLPCOOH in
Fig. 6 and PLPCOOMxP in Fig. 4 (1.5 mg/1 ml of methanal) were
stored under nitrogen atmosphe L —30°C for approximately
12 momths, and the remaining were analyzed by X1C of PLPCOOH
(/2 TO0.6 [M+H]") or X1C of PLPCOOMxP (m/2 862.6 [M+H]")
on LC-UV/CL/MS compared with XIC (m/: 758.6 [M+H]") of
PLPC reference, The data are expressed as mean = SD, n = 4,
and analyzed using Student’s Hest. Differences were considered sig
nificant at * P < 0.05 or #* P < 0.01
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Over 50 years ago, it was reported that under acidic con-
ditions, some vinyl ethers can react with organic hydroper-
oxides 1o form perketals (16, 17). Ataround 1990, Porter
etal. (18, 19) reported the application of vinyl ether (trans
Z-phenyleyclohexyl 2-propen-2-yl ether) for the synthesis
of optically pul ¢ hydroperoxides (e.g., a-phenethyl hydro-
peroxide, 2-octyl hydroperoxide, and some fatty acid
methyl ester hydroperoxides). The procedures include
protecting the racemic hydroperoxides as perketals by
using vinyl ether, separating the perketal diastereomers
by chromatography, and regenerating the optically pure
hydroperoxides from the perketal diastereomers, Baba
etal, (21) used MxP for the conversion of LAMeOOH into
its perketal. The perketal was utilized for preparation of
PLPCOOH (21), but the preparation needed several syn-
thetic steps. In this study, we thought that if MxP reacts
efficiently with a variety of LOOHs (refer to the beginning
of this article), this reaction can be applied for preparation
of pure LOOHs (Fig. 1A).

We investigated and optimized the preparation condi-
tions of LOOH (Fig. 2 and Table 1), Under optimal condi-
tions, when the lipid used (PLPC, PLPE, PLPS, ChL, LLL,
LA, or LAMe¢) was subjected to RB-catalyzed photo-, UV
photo-, or LOX-1-catalyzed oxidation, the unsaturated tawy
acid (linoleoyl) residue was converted to hydroperoxides,
In cases of RB-catalyzed photo- and UV photo-oxidation
of lipids, the structure of hydroperoxy linoleic residue
was characterized as a mixture of 13-hydroperoxy-9Z11F
octadecadienoate, %-hydroperoxy-10£,12 Zoctadecadienoate,
13-hydroperoxy-9£, 11 Foctadecadienoate, and 9-hydro-
peroxy-10E 12 octadecadienoate. In LOX-1-catalyzed oxi-
dation, 13-hydroperoxy-97 11F-octadecadienoate was
produced predominantly. In addition, we found that RB-
catalyzed photo- and UV photo-oxidation of ChL yielded
mono-hydroperoxide as well as bis-hydroperoxide, More-

A Addition of MxP

Je
—3

2-Methoxypropene

B Elimination of MxP
b .

R-OO>< He R-Oo“>J< R-00

@ |

—0 j —?) MeOH

H

Perkelal

Fig. 9.

oxide 10

376

gAY

(Oxycarbenium ion)

over, these reactions produced mono-, bis-, and tris-hydro-
peroxides of LLL. These LOOHs were partly decomposed
10 a wide range of secondary oxidation products, including
hydroxides, epoxides, aldehvdes, and ketones, These sec-
ondary oxidation products were the major obstacle in the
isolation of pure LOOH.

Far the reaction of LOOH with MxP, one of the impor-
tant parameters was the reaction solvent. We found that
dichloromethane, chloroform, or acetonitrile could be
used as a solvent, but other watercontaining solvents inhib-
ited the reaction. Reaction temperature is also important
since high temperatures (above 30°C) caused the forma-
tion of unknown products, Based on these results, we opti-
mized the reaction conditions (Fig. 3 and Table 2), Under
optimal conditions, LOOH was almost completely con-
verted (above 90%) to perketal within a short time period
of less than 3 h. The lipophilic perketal was eluted in a
position apart from that of intact LOOH, and thercby the
perketal could be identified and isolated by semiprepara-
tive LC (Fig. 4). No decomposition products of perketal
were detected, indicating the stability of perketal. In addi-
tion, because MxP did not react with the secondary oxida-
tion products, the isolation of perketal could be performed
effectively. To reveal this point, we selected RB-photo-
oxidized PLPC as an example (the example has an advan-
tage to show that MxP reacts selectively to LOOHs but not
to other oxidation secondary products derived from the
RB-photo-oxidation).

A possible reaction scheme for the regeneration of intact
LOOH from perketal is shown in Fig. 9. As shown in the
scheme, the kind and the concentration of the acid used
were important, and these factors were optimized (Fig. b
and Table 3). In this study, chloroform/methanol (1:1, v/v)
was used as the reaction solvent, and methanol or acetoni-
trile could also be used. Under optimal conditions, perketal

R-00
H* -0

Perketal

R 00 20 R-00
| OH
(OH,*)
X % X
+
R-OOH

Mresumed mechanism of the reaction berween MxP and hydroperoxide. A: Addition of MxP by nucleophilic addition of hydraper-
Z-methoxyvpropene. B: Elimination of MxI" and regeneratnon of hydroperoxide.
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was converted to original LOOH with a high yield (above
90%), and the regenerated LOOH was next subjected 1o
final semipreparative LC purification (Fig. 6).

The obtained LOOHs after photo-oxidation were highly
pure (Fig, 7, Table 3), but structural isomers were present
(e.g.. the prepared PLPCOOH contained mainly 13-hydro-
peroxy-9Z11Eoctadecadienoate and 9-hydroperoxy-10£,127
octadecadienoate), However, the “structural mixture”
would be sufficient for use as a standard in most analytical
and quantitative experiments. In contrast, when LOX-1-
catalyzed oxidation was carried out, a pure LOOH isomer
bearing 13-hydroperoxy-97,11F-octadecadienoate moiety
was obtained. On the other hand, by using the present
method, we prepared pure bis-hydroperoxide of ChL. Its
structure was speculated based on the following findings: 1)
it reacted with two MxP molecules; and 2) when the MxP ad-
duct was subjected to alkaline hydrolysis, the reaction yielded
LAOOMXP and perketal of cholesterol hydroperoxide.

With regard 1o the stability test, perketals were found to
be more stable than LOOHSs. Although perketal bearing
an acidic carboxyl group (PLPSOOMxP or LAOOMxP)
tended to degrade to some extent after 12 months storage
at —30°C, such degradation was kept to a minimum by stor-
age at —80°C for 3 months. We therefore recommended
the following procedures: researchers should prepare and
store perketals at —80°C in advance, regenerate LOOH
from perketals before the experiment (e.g., quantitative
study), and use the pure LOOH as the reference material,

In conclusion, we developed a convenient method for
preparing a wide variety of pure LOOH references. We
are now synthesizing and using the pure LOOH (e.g.,
PLPCOOH) as the standard for quantification of phospha-
tidylcholine hydroperoxide present in the blood plasma
of healthy and nonhealthy humans, as well as a model
compound to evaluate its biological functions in cell cul-
ture studies. We propose to use the MxP procedures devel-
oped by us as gold standard in the preparation method for
the LOOH assayBl

We thank Prof. Mari Yotsu-Yamashita and Dr. Yoshihiro Suzuki
(Graduate School of Agricultural Science, Tohoku University)
for help in NMR analysis, Associate Professor Masato Oikawa
(Graduate School of Life Sciences, Tohoku University) for help-
ful discussions about reaction mechanism of LOOH with MxP,
and Mr. Phumon Sookwong (Graduate School of Agricultural
Science, Tohoku University) for excellent technical advice,
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