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Alteration of Lysophosphatidylcholine-Related Metabolic
Parameters in the Plasma of Mice with Experimental Sepsis

Won-Gyun Ahn,' Jun-Sub Jung,"* Hyeok Yil Kwon,’ and Dong-Keun Song'**

Abstract—Plasma concentration of lysophosphatidylcholine (LPC) was reported to decrease in patients
with sepsis. However, the mechanisms of sepsis-induced decrease in plasma LPC levels are not currently
well known. In mice subjected to cecal ligation and puncture (CLP), a model of polymicrobial peritoneal
sepsis, we examined alterations in LPC-related metabolic parameters in plasma, i.e., the plasma
concentration of LPC-related substances (i.e., phosphatidylcholine (PC) and lysophosphatidic acid
(LPA)), and activities or levels in the plasma of some enzymes that can be involved in the regulation
of plasma LPC concentration (i.e., secretory phospholipase A2 (sPLA2), lecithin:cholesterol acyltrans-
ferase (LCAT), acyl-CoA:lysophosphatidylcholine acyltransferase (LPCAT), and autotaxin (ATX)), as
well as plasma albumin concentration. We found that levels of LPC and albumin and enzyme activities
of LCAT, ATX, and sPLA2 were decreased, whereas levels of PC, LPA, and LPCAT1-3 were increased
in the plasma of mice subjected to CLP. Bacterial peritonitis led to alterations in all the measured LPC-
related metabolic parameters in the plasma, which could potentially contribute to sepsis-induced
decrease in plasma LPC levels. These findings could lead to the novel biomarkers of sepsis.
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INTRODUCTION

Lysophosphatidylcholine (LPC), an endogenous
lysophospholipid, has various regulatory effects on immune
cells [1-4]. Plasma concentration of LPC is about 100 uM,
mostly bound to albumin [5]. As shown in Fig. 1, sources of
plasma LPC include hydrolysis of phosphatidylcholine (PC)
by secretory phospholipase A2 (sPLA2) or
lecithin:cholesterol acyltransferase (LCAT) [6—10]. LPC, in
turn, is hydrolyzed to lysophosphatidic acid (LPA) in the
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plasma by autotaxin (ATX) [11, 12]. LPA can also be synthe-
sized from phosphatidic acid (PA) by sSPLA2 [11, 13, 14]. In
phospholipid remodeling pathway, LPC is converted to PC
via reacylation by acyl-CoA:lysophosphatidylcholine acyl-
transferase (LPCAT) in various tissues [15-20].

Plasma LPC levels decrease in septic patients compared
with healthy controls [21, 22]. Further, there is a positive
association between the decrease in plasma LPC level and
the lethality of septic patients [21, 23]. However, the mecha-
nisms of sepsis-induced decrease in plasma LPC levels are not
currently well known. Thus, the present study was designed to
examine alterations of LPC-related metabolic parameters in
the plasma of septic mice, to understand the mechanisms of
sepsis-induced decrease in plasma LPC levels.

We found that levels of LPC and albumin and
enzyme activities of LCAT, ATX, and sPLA2 were
decreased, whereas levels of PC, LPA, and LPCAT1-
3 were increased, in the plasma of mice subjected to
cecal ligation and puncture (CLP), a model of
polymicrobial peritoneal sepsis. These alterations could
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Fig. 1. Metabolic pathways for LPC. LPC can be produced by LCAT and sPLA2. Serum LPC can also be converted to LPA by ATX. sPLA2 is involved not

only in the conversion of PC to LPC but also PA to LPA.

potentially contribute to sepsis-induced decrease in
plasma LPC levels. Further, these findings could lead
to the novel biomarkers of sepsis.

MATERIALS AND METHODS

Animals

Male ICR mice at the age of 5 weeks (26~28 g body
weight) were used. The procedures for animal experiments
were approved by the Animal Experimentation Committee
at Hallym University.

Animal Model of Sepsis

Cecal ligation and puncture (CLP) was done accord-
ing to the previously reported method [24]. Mice were
anesthetized with intra-peritoneal injection of pentobarbital
(50 mg/kg), and a small abdominal midline incision was
made and the cecum was exposed. The cecum was mobi-
lized and ligated below the ileocecal valve, punctured
through both surfaces twice with a 21-gauge needle, and
the abdomen was closed. Up to 24 h post-CLP, the lethality
was 4.3% (3/69). Sham procedure was the same as CLP,
except for ligation and puncture of the cecum. The LPC,
LPA, or vehicle groups (Fig. 5b) were treated subcutane-
ously with 10 mg/kg of 18:0 LPC, 18:0 LPA (Cayman
Chemical Company, Ann Arbor, USA), or vehicle (PBS
containing 2% BSA), respectively, two times at 12-h inter-
vals beginning 2 h after CLP.

Measurements of LPC, PC, and LPA

Blood was collected sequentially from each mouse at
6, 12, and 24 h after CLP (n =7 (sham), 12 (CLP) for LPC;
n=>5 (sham), 7 (CLP) for PC; n=4-5 (sham), 7-8 (CLP)
for LPA) via retro-orbital plexus using heparinized capil-
lary tubes. At 0 h, five (Fig. 2a, b) and four (Fig. 4a) naive
mice were used. Concentrations of LPC, PC, and LPA were
measured with an enzyme colorimetric assay kit (Alfresa
Pharma Corporation, Osaka, Japan), an enzymatic assay kit
(Cayman Chemical Company, Ann Arbor, USA), and an
enzyme-linked immunoassay kit (Echelon Bioscience Inc.,
Salt Lake City, USA), respectively.

Measurement of LPCAT

Blood was collected from retro-orbital plexus using
heparinized capillary tubes at 0 and 24 h after CLP (n = 8-
10). Concentration of LPCAT was measured with an
enzyme-linked immunoassay kit (USCN, Huston, USA).

Measurements of Activities of LCAT, sPLA2, and ATX

Plasma was collected at 24 h after CLP (n=5). Ac-
tivities of LCAT, sPLA2, and ATX were measured with an
enzymatic fluorometric assay kit (Calbiochem, Darmstadt,
Germany), an enzymatic assay kit (Cayman Chemical
Company, Ann Arbor, USA), and ATX activity assay kit
(Echelon, Bioscience Inc., Salt Lake City, USA), respec-
tively. In addition, ATX levels were measured with an
enzyme colorimetric assay kit (USCN, Huston, USA)
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Fig. 2. Alteration of LPC-related metabolism in the plasma of mice subjected to CLP. Alteration in the level of LPC (a) and PC (b), and the decrease of
enzymatic activity of LCAT (c) and sPLA2 (d) in the plasma of mice subjected to CLP. Plasma of each group (sham or CLP) was collected 0, 6, 12, and 24 h
post-CLP (a, b). Enzymatic activities of the plasma LCAT (c) and sPLA2 (d) were measured at 24 h after CLP. Data are expressed as mean+ SEM (an="7
(sham), 12 (CLP); b n=5 (sham), 7 (CLP), at 0 h (for a, b) five naive mice were used; ¢ and d, n=5; *P <0.05, **P<0.01, ***P < 0.001; compared to

sham).

using blood collected from retro-orbital plexus with hepa-
rinized capillary tubes at 0, 6, 12, and 24 h after CLP (n =
5-7).

Measurement of Albumin

Plasma of mice was collected at 24 h after CLP (n =
10). Concentration of albumin was measured with an
enzyme-linked immunoassay kit (Abcam, Cambridge,
USA).

Quantitative Real-Time PCR (qRT-PCR)

Tissue samples (brain, heart, lung, liver, kidney,
thymus, spleen, and adrenal grand) were collected at
24 h after CLP (n=4). Total RNA was isolated with
TRIzol reagent (Invitrogen, San Diego, USA), and
cDNA was synthesized with 1.5 pg of total RNA using
iScript cDNA symthesis kit (BIO-RAD, Contra Costa,

USA) according to the manufacturer’s instructions.
Real-time PCR was performed using 1 pul of cDNA
in a 20-ul reaction volume with the Rotor Q system
and Universal SYBR Green Supermix (BIO-RAD,
Contra Costa, USA). The temperature profile of the
reaction was 95 °C for 30 s, 40 cycles of denaturation
at 95 °C for 15 s, and annealing and extension at 60 °C
for 30 s. The relative messenger RNA (mRNA) levels
were normalized by GAPDH. Primers were taken from
special designed QuantiTect Primer Assays (Qiagen,
Hilden, Germany) with the following catalog and
NCBI reference sequence numbers: Mm_Lpcatl 1 SG
QuantiTect Primer Assay (QT00164465,
NM 145376.5) for LPCAT1, Mm Lpcat2 1 SG
QuantiTect Primer Assay (QT00105896, NM 173014)
for LPCAT2, Mm_Lpcat3 1 SG QuantiTect Primer
Assay (QT00156681, NM_145130) for LPCAT3, and
Mm_Gapdh 3 SG QuantiTect Primer Assay
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Fig. 3. Increase in the plasma levels of acyl-CoA:lysophosphatidylcholine acyltransferase (LPCAT) of mice subjected to CLP. a Plasma levels of LPCAT1-4
were measured at 24 h after CLP. Data are expressed as mean + SEM (n = 8-10). b The expressions of mLPCAT 1-3 in the brain, heart, lung, liver, kidney,
thymus, spleen, and adrenal gland were analyzed by real-time PCR at 24 h after CLP. Data are expressed as mean+ SEM (n=4). ¢ The expressions of
mLPCAT1-3 in RAW 264.7 macrophages incubated with PBS or heat-killed E. coli for 24 h (n=6). *P <0.05, **P <0.01, ***P <0.001).

(QT01658692, NM_008084) for GAPDH. All quanti-
tative data were analyzed by Rotor gene software
(Qiagen, Hilden, Germany).

Treatment of RAW 264.7 Macrophages with Heat-
Killed Escherichia coli (E. coli)

RAW 264.7 macrophages were incubated with PBS
(vehicle) or heat-killed E. coli (DH5c). After 24 h, media
were removed and RNA samples were collected. E. coli
were heat-killed by incubation in PBS (9 CFU/ml, 90 °C,
1 h).

Statistical Analysis

All the statistical data were analyzed by Graphpad
Prism 5.0 (Graphpad software). They were evaluated
either by two-tailed Student’s 7 test or ANOVA with
post hoc Bonferroni test. P<0.05 was considered to
indicate statistical significance.

RESULTS

Changes in Plasma Concentrations of LPC and PC in
Mice Subjected to CLP

Some metabolic pathways related to LPC are
shown in Fig. 1. First, we measured plasma levels of
LPC and PC at 6, 12, and 24 h after sham or CLP
operation in mice (Fig. 2a, b). At 0 h, five naive mice
were used. It is to be noted that plasma LPC, but not
PC, concentration in the sham group significantly de-
creased by 21% compared with naive mice, suggesting
that surgical injury decreases plasma LPC concentra-
tion. In the CLP group, plasma LPC concentration was
significantly decreased by 18, 30, and 26%, at 6, 12,
and 24 h post-CLP, respectively, compared with the
sham-operated control group (Fig. 2a). In contrast,
plasma PC concentration was significantly increased
by 20% at 24 h post-CLP, compared with the sham
group (Fig. 2b).
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Effects of CLP on the Activities of LCAT and sPLA2 in
Plasma

As we found alterations of LPC and PC concen-
tration in the plasma of mice subjected to CLP
(Fig. 2a, b), we next examined the activities of en-
zymes involved in the LPC synthesis, such as LCAT
and sPLA2 (Fig. 1) at 24 h after CLP. As shown in
Fig. 2c and d, activities of LCAT and sPLA2 in the
plasma were decreased in mice subjected to CLP by 31
and 25%, respectively, at 24 h compared with the sham
group. These data suggest that CLP-induced reduction
in plasma LPC levels and increase in plasma PC levels
(Fig. 2) could be, at least in part, due to the decreased
plasma LCAT and sPLA2 activities.

CLP Induces an Increase in Plasma Levels of
Lysophosphatidylcholine Acyltransferase (LPCAT)

LPCAT is involved in the conversion of LPC to PC
(Fig. 1). Four types of LPCAT have been reported [15—18].
Plasma levels of LPCAT1, LPCAT?2, LPCAT3, or LPCAT4
were measured at 24 h after CLP. Until now, the existence of
LPCAT in the plasma has not been reported. It is to be noted
that levels of all the four types of LPCAT are detectable in
plasma; levels of LPCAT1 are most prominent, levels of
LPCAT4 are barely detectible, and levels of LPCAT2 and
LPCAT3 arein-between (Fig. 3a). Interestingly, we found that
among the four types of LPCAT, levels of LPCAT1-3 were
significantly increased in the plasma of mice subjected to CLP
(fourfold, fivefold, and fourfold, respectively), compared
with the sham group. These data suggest that the increased
plasma LPCAT1-3 levels could also contribute to the de-
crease in LPC and the increase in PC levels in the plasma of
CLP mice (Fig. 2).

Effects of CLP on LPCAT mRNA Expression in
Various Organs

As plasma LPCAT1-3 levels were increased in CLP
mice (Fig. 3a), next we examined the source of the en-
hanced LPCAT expression by studying mLPCAT expres-
sion level in the various organs (brain, heart, lung, liver,
kidney, thymus, spleen, and adrenal gland) of sham or CLP
mice. As shown in Fig. 3b, in CLP mice, mLPCAT1 and
mLPCAT3 expressions were increased in the liver and
thymus but decreased in the adrenal gland, whereas
mLPCAT2 expression was increased in the heart, liver,
kidney and thymus. Among the eight organs we examined,
the liver and thymus showed an increased expression of all
the three mLPCAT1-3 (Fig. 3b).

Heat-Killed E. coli-Induced mLPCAT1 Expression in
RAW 264.7 Macrophages

Next, we examined whether heat-killed E. coli in-
duces mLPCAT expression in RAW 264.7 macrophages.
As shown in Fig. 3c, mLPCAT1 expression was signifi-
cantly increased by heat-killed E. coli. These data suggest
that bacteria materials induce LPCAT expression and lead
to increased plasma levels of mLPCAT1 in mice subjected
to CLP.

Plasma LPA Level Increases in Mice Subjected to CLP

Next, we examined the plasma concentration of
LPA, a metabolite of LPC, in mice subjected to CLP.
As shown in Fig. 4a, the plasma concentration of LPA
progressively increased time-dependently in CLP mice,
reaching about tenfold increase (compared with 0 h
when four naive mice were used) at 24 h post-CLP.
In contrast to LPC (Fig. 2a), sham operation did not
affect plasma LPA concentration.

Alteration in ATX Level and ATX Activity in CLP
Mice

As ATX is involved in the conversion of LPC to LPA,
ATX is an important regulator of plasma LPA concentra-
tion [11, 25-28]. Thus, we examined ATX activity to find
whether it is increased in the plasma of mice subjected to
CLP. As shown in Fig. 4b and c, however, plasma ATX
level and activity were reduced by 13 and 40% at 24 h after
CLP, respectively. However, ATX activity in the liver was
significantly increased by 13% at 24 h after CLP (Fig. 4d).

Decrease in Plasma Albumin in Mice Subjected to CLP

LPC or ATX generally bind to albumin in plasma [5,
26, 29, 30]. Thus, altered plasma levels of LPC and ATX
could be, at least in part, due to changes in the plasma
albumin concentration. As the liver in the acute phase
response, such as sepsis, is well known to switch from
albumin to globulin synthesis, we examined whether plas-
ma albumin levels are altered in mice subjected to CLP. As
shown in Fig. 5a, plasma albumin level was decreased by
26% at 24 h after CLP, compared with the sham control
group. These data suggest that reduction of plasma albu-
min level could substantially contribute to the decrease in
LPC level or ATX level/activity in the plasma of mice
subjected to CLP.
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Fig. 5. Alteration of plasma albumin level and no effect of LPC and LPA administration on plasma LPC level in mice subjected to CLP. Plasma albumin
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The Effect of LPC and LPA Administered
Subcutaneously on Plasma LPC Levels in Mice
Subjected to CLP

Next, we examined whether administration of the
LPC or LPA could restore the decreased plasma LPC levels
in mice subjected to CLP (Fig. 5b). Twice administrations
of LPC or LPA at the dose of 10 mg/kg at 2 and 14 h after
sham or CLP operation did not affect plasma LPC levels
measured at 24 h post-sham or CLP operation.

DISCUSSION

In this study using mice subjected to CLP, we ob-
served a significant decrease in plasma LPC levels
(Fig. 2a), in line with the reports on human septic patients
[21-23]. Interestingly, plasma levels of PC (Fig. 2b) and
LPA (Fig. 4a) were significantly increased in mice subject-
ed to CLP, which, as far as we know, have not been
reported in septic animals or patients.

The increase in plasma LPA (Fig. 4a) is apparently
contradictory to the increased LPCAT (Fig. 3), decreased
LCAT (Fig. 2c), and decreased sPLA2 (Fig. 2d). Further,
plasma ATX was decreased (Fig. 4b, c). Thus, these results
suggest that the increase in plasma LPA levels at 24 h post-
CLP does not depend on the plasma levels of these en-
zymes. The increase in ATX activity in the liver at 24 h
post-CLP may be, at least in part, responsible for the
plasma LPA increase at this time point. These results may
reflect the limitation of the present study mostly focused on
plasma levels of various enzymes.

Activity of LCAT, an enzyme involved in the conver-
sion of PC to LPC (Fig. 1), was reportedly decreased in
septic patients [31]. In line with this, mice subjected to CLP
showed a decreased enzyme activity of plasma LCAT
(Fig. 2¢), which could contribute to the plasma LPC de-
crease in the same animals. Activity of plasma sPLA2,
another enzyme involved in the conversion of PC to LPC
(Fig. 1) has not yet been studied in sepsis. A significant
decrease of sSPLA2 activity at 24 h post-CLP (Fig. 2d)
could also contribute to reduction of LPC in plasma of
mice subjected to CLP.

Interestingly, plasma LPCATI1-3 levels were in-
creased by CLP (Fig. 3a), with the accompanying
enhancement of mRNA expression in some organs
(Fig. 3c). Thus, the increase in plasma LPCATI1-3
could also contribute to the plasma LPC decrease in
mice subjected to CLP. Further, heat-killed E. coli-in-
duced mLPCATI1 expression in RAW 264.7

macrophages (Fig. 3c). As far as we know, this is the
first report on the detection of plasma levels of
LPCATs. Lipopolysaccharide-induced expression of
LPCAT?2 in mouse thioglycollate-induced macrophages
has been reported [32]; however, this is the first report
on the CLP-induced increase in plasma levels of
LPCATs. Although the mechanisms of liberation of
LPCATs, integral membrane proteins, to plasma remain
to be clarified, plasma LPCAT1-3 could be useful
biomarkers of sepsis.

ATX is the major enzyme synthesizing LPA in plasma
[11, 28, 33, 34]. However, activity of plasma ATX was
decreased at 24 h after CLP, while liver ATX activity was
increased (Fig. 4). The opposite changes in ATX activity
between plasma and liver at 24 h post-CLP remain to be
explained. As ATX activity is inhibited by the high con-
centration of LPA [35], the more marked decrease in plas-
ma ATX activity (40%) than plasma ATX level (13%) at
24 h after CLP (Fig. 4b, c) could be resulted from inhibition
by high concentration (5 uM) of LPA (Fig. 4a).

Plasma albumin level decreased by 26% at 24 h
after CLP compared with the sham group (Fig. 5a).
Interestingly, the extent of the decrease in plasma LPC
concentration at the same time point was exactly the
same, i.e., 26% compared with the sham group
(Fig. 2a), suggesting that the CLP-induced decrease
in plasma albumin level could largely explain the
CLP-induced decrease in plasma LPC level. However,
for sepsis patients, the correlation between plasma
albumin levels and plasma LPC levels was not reported
to be evident [22]. Thus, the involvement of the vari-
ous enzymes (LCAT, sPLA2, and LPCAT) in the CLP-
induced decrease in plasma LPC levels cannot be ex-
cluded. For ATX, as it is also generally bound to
plasma albumin, reduction of albumin (Fig. 5a) could
also potentially contribute to the decrease of ATX level
in plasma of mice subjected to CLP (Fig. 4c).

In summary, CLP induced an extensive change in the
LPC-related parameters with nearly all the measured LPC-
related parameters were changed. Novel findings in rela-
tion to CLP-induced changes include the increased plasma
levels of PC, LPA, and LPCAT1-3, and the decreased
enzyme activity of SPLA2. Although specific mechanisms
need to be delineated for each of the phenomena, these
alterations potentially could contribute to sepsis-induced
decrease in plasma LPC levels. Furthermore, because early
recognition and treatment are essential for the current ther-
apy of sepsis, these novel CLP-induced plasma findings
could lead to the development of useful biomarkers of
sepsis.
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