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Abstract

Mice deficient in group 1b phospholipase A, have decreased plasma lysophosphatidylcholine and
increased hepatic oxidation that is inhibited by intraperitoneal lysophosphatidylcholine injection.
This study sought to identify a mechanism for lysophosphatidylcholine-mediated inhibition of
hepatic oxidative function. Results showed that in vitro incubation of isolated mitochondria with
40-200 uM lysophosphatidylcholine caused cyclosporine A-resistant swelling in a concentration-
dependent manner. However, when mitochondria were challenged with 220 uM CacCly,
cyclosporine A protected against permeability transition induced by 40 pM, but not 80 uM
lysophosphatidylcholine. Incubation with 40-120 uM lysophosphatidylcholine also increased
mitochondrial permeability to 75 uM CaCl, in a concentration-dependent manner. Interestingly,
despite incubation with 80 uM lysophosphatidylcholine, the mitochondrial membrane potential
was steady in the presence of succinate, and oxidation rates and respiratory controls indices were
similar to controls in the presence of succinate, glutamate/malate, and palmitoyl-carnitine.
However, mitochondrial oxidation rates were inhibited by 30-50% at 100 M
lysophosphatidylcholine. Finally, while 40 pM lysophosphatidylcholine has no effect on fatty acid
oxidation and mitochondria remained impermeable in intact hepatocytes, 100 uM
lysophosphatidylcholine inhibited fatty-acid stimulated oxidation and caused intracellular
mitochondrial permeability. Taken together, these present data demonstrated that LPC
concentration-dependently modulates mitochondrial microenvironment, with low micromolar
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concentrations of lysophosphatidylcholine sufficient to change hepatic oxidation rate whereas
higher concentrations are required to disrupt mitochondrial integrity.
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1. Introduction

Phospholipase A, (PLA,) are enzymes that hydrolyze phospholipids at the sn-2 position to
release a lysophospholipid and a fatty acid [1]. Types of PLA; include secreted,
cytoplasmic, lysosomal, calcium-independent (iPLAy), and platelet activating factor
acetylhydrolase [2]. These enzymes are important in a variety of cellular and systemic
processes such as digestion, inflammation, metabolism, cell signaling, and immunity [1, 2].
The group 1b enzyme (PLA2G1B) is a secreted PLA,, produced mainly in the pancreas, and
is responsible for the absorption of lysophospholipids, which are taken up into the
bloodstream through the portal circulation subsequent to their conversion from dietary and
biliary phospholipids [3-5]. Plasma concentrations of lysophospholipids in humans range
from ~150 uM in normal subjects to ~200-250 uM in diabetic patients [6]. Most if not all of
the lysophospholipids transported in plasma are albumin-bound [7]. Though other secreted
PLA, enzymes are present in the blood (e.g. group 1A, group V, group X, etc.), mice that
are deficient in Pla2glb activity have decreased plasma levels of lysophosphatidylcholine
(LPC) compared to wild type animals, a difference which is exacerbated with high fat diet
challenge [4].

Mice deficient in PLA2G1B (Pla2g1b™~ mice) have increased postprandial hepatic fatty
acid oxidation rates compared to Pla2g1b*/* mice after exposure to high fat diet, leading to
protection against diet-induced obesity [4, 8]. Systemic supplementation of LPC prior to oral
lipid load decreases hepatic fatty acid oxidation to levels similar to those observed in
Pla2g1b*/* mice, as well as cause stimulation of triglyceride production in fasting
Pla2g1lb~~ and Pla2g1b*/* mice [9, 10]. These observations suggest a direct and acute
effect of LPC on hepatocytes and that Pla2g1b-mediated LPC absorption may play a role in
postprandial partitioning of dietary fatty acids to triglyceride (TG) production instead of -
oxidation.

While the cellular mechanisms responsible for LPC-stimulated very low density lipoprotein
(VLDL) production have been investigated in several reports [11-14], the potential effects of
LPC on fatty acid oxidation has been studied less extensively. Whether the reduced fatty
acid oxidation observed in Pla2g1b~~ mice and increased TG production in both
Pla2g1b~~ and Pla2g1b*/* mice subsequent to LPC injection is due to direct or indirect
inhibition of hepatic oxidative mechanisms has not been established. This study aims to
further characterize the effect of LPC on oxidation rates by interrogating murine hepatocytes
directly. We isolated mitochondria in order to determine the effects of exogenous LPC on
mitochondrial permeability and oxidative function. The data showed that levels of LPC need
to be delicately balanced in order to control mitochondrial and cellular respiration.
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2. Methods

2.1 Mice

Wild type C57BL/6J mice were originally purchased from Jackson Laboratories and a
breeding colony was established in our institutional facility. Mice were maintained in
accordance to protocols approved by the Institutional Animal Care and Use Committee at
the University of Cincinnati. Access to food and water was ad libitum, except as indicated.
Mice had a 12 hour light/dark cycle. Male mice of at least 10 weeks of age were used in
each experiment for isolation of primary hepatocytes and liver mitochondria.

2.2 Mitochondria isolation

Hepatic mitochondria were isolated from mice using a method based on a published protocol
[15]. Briefly, freshly isolated mouse livers were kept at 4°C, diced into <1 mm pieces,
homogenized in Isolation Media (220 mM D-mannitol (Sigma), 70 mM sucrose (Fisher), 1
mM EDTA (Fisher), 10 mM 3-(N-Morpholino)propanesulfonic acid (MOPS, Sigma), 0.5%
BSA (Sigma), pH 7.2 with KOH (Fisher)), and centrifuged at 500 x g for 15 min. The
supernatant was strained through gauze and then centrifuged again at 10,000 x g for 15 min
to produce a mitochondrial pellet. This pellet was resuspended two times in Wash Media
(250 mM sucrose, 10 mM MOPS, pH 7.2 with KOH) and recovered by centrifugation at
10,000 x g. The final pellet was suspended in 250-500 pL of wash medium and stored on ice
until used for experiments.

2.3 Mitochondrial swelling and permeability

Mitochondrial protein concentration was determined by bicinchoninic acid assay (BCA,
Thermo Scientific). Isolated mitochondria (0.7 mg protein/mL) were incubated in Assay
Media (250 mM sucrose, 2.5 mM MgClI, (Fisher), 0.5 mM EDTA (Fisher), 10 mM MOPS,
0.72 mM KyHPO4(Fisher), 0.28 mM KH,PO,4(Sigma), to pH 7.2 with KOH) supplemented
with 5 mM glutamate/5 mM malate as respiratory substrates and egg LPC (Sigma) with or
without 2 uM cyclosporine A (CsA, Sigma) at room temperature (~22°C). Since LPC has
detergent properties and is amphipathic, 1.7 mM SDS was used as a negative control to
achieve total mitochondrial membrane solubilization [16]. Mitochondria were incubated in
the indicated concentrations of LPC for 2 min prior to the addition of 75 uM or 220 uM
CacCls, (Fisher). Absorbance at 530 nm was recorded initially after exposure to LPC and after
10 min of incubation with CaCls. In other experiments, mitochondria were incubated with
LPC for 3 min and centrifutged at 4°C at 12,000 x g. Cytochrome C released into the media
was determined by enzyme-linked immunoabsorbent assay (Abcam).

2.4 Membrane potential

Mitochondria were incubated in Assay Media containing 25 uM safranin O (Sigma) and
LPC for 2 min at room temperature. Safranin was used as a spectrophotometric indicator of
mitochondrial voltage since there is a tight positive correlation between absorbance and
membrane potential. Thus, absorbance values were measured at its peak absorption at
wavelength of 530 nm [17]. Baseline absorbance at 530 nm was recorded prior to the
addition of 5 mM succinate. Negative control for total mitochondrial membrane
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solubilization was achieved by incubation with 1.7 mM SDS. After a 3 min equilibration
period, 5 mM succinate was then added by multichannel pipette to each well. Absorbance at
530 nm was measured every 30 s for 10 min after succinate addition.

2.5 Mitochondrial calcium uptake

Mitochondria were incubated in Assay Media containing 5 mM glutamate, 5 mM malate, 1
M Calcium Green-5N (Invitrogen), which is a fluorescent probe that binds Ca2* and is
impermeable to membranes, and varying concentrations of LPC. Fluorescence intensity was
determined at 538 nm after excitation at 485 nm at baseline and every 2.5 s for 10 min after
the addition of 75 pM CaCl,. In negative controls, the mitochondrial membrane was
solubilized by incubation with SDS.

2.6 Mitochondrial oxygen consumption

In order to determine the effect of intracellular LPC on mitochondrial fatty acid oxidation,
O, consumption was measured at 37°C with a Gilson oxymeter. Isolated mitochondria (1
mg protein/mL) were added to Assay Media containing one of the following sets of
substrates: 5 mM succinate, 5 mM glutamate/5 mM malate, or 10 uM palmitoyl-carnitine/1
mM malate. After 2 min, 441 nmol ADP was added and state 3 and 4 respiration rates,
ADP/O ratio, and respiratory control index (RCI) were determined.

2.7 Cellular oxygen consumption

Chow-fed C57BL/6J mice were anesthetized with inhaled isofluorane and primary
hepatocytes were isolated as previously described by perfusion with 100 U/mL collagenase
[18]. Primary mouse hepatocytes were then plated on a collagen-coated 96-well Seahorse
(Seahorse Bioscience) plate at a density of 5000 cells/well. The cells were allowed to adhere
overnight and then treated with 50 uM oleate and indicated leels of LPC, 10 pg/mL
oligomycin, 3 uM carbonyl cyanide 4-(trifluoromethoxy) phenyhydrazone (FCCP) and 4 uM
antimycin A/1 uM rotenone to measure oxidation changes and construct mitochondrial
bioenergetics profiles [19-21]. Basal oxygen consumption rate (OCR) was established prior
to injection of oleate and LPC.

2.8 Hepatocyte viability and mitochondrial permeability transition

Primary hepatocytes were plated in dark-walled microtiter plates for overnight incubation.
Cells were then washed with phosphate-buffered saline (PBS), acclimated in Hepatozyme-
SFM (Invitrogen) for 1 hr, treated with 100 uM oleate complexed to BSA at a ratio of 5:1
and indicated concentrations of LPC for 10 min, washed three times with PBS, and then
incubated in 2 uM calcein-acetoxymethylester (AM, BD Biosciences) for 30 min at 37°C in
the dark [22, 23]. Fluorescence intensity after excitation at 485 nm and emission at 538 nm
was measured in a microplate fluorimeter to determine hepatocyte viability. Viability was
also determined by measuring oxygen consumption during experiments using the XF96
Analyzer. In order to measure mitochondrial permeability, 8 mM CoCl, (Sigma), which
quenches cytosolic fluorescence of calcein for visualization of mitochondria when the
mitochondrial membrane is impermeable [22, 23], was added to isolated hepatocytes prior to
treatment with oleate, BSA, and LPC. Images of fluorescence intensity after excitation at
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485 nm and emission at 538 nm were captured at baseline and after 10 min using Image-Pro
Plus on an Olympus 1X71 with a RETIGA EXi FAST camera (Qlmaging).

2.9 Statistics

3. Results

Results are shown as mean + SEM. Student's t test was used for comparisons between
groups. Differences at p<0.05 were considered significant.

3.1 LPC induces concentration-dependent mitochondrial swelling

Exogenous LPC in the low micromolar range easily incorporates into the mitochondrial
membrane and changes its permeability [24]. At concentrations as low as 20 pM, LPC can
form micelles [25], and concentrations from 50 to 200 uM have been used to permeabilize
cell membranes [26]. For initial characterization, the effect of LPC exposure on
mitochondrial permeability was assessed. Isolated mitochondria was incubated with LPC in
the presence of albumin to mimic intracellular environment where LPC is found to be
transported by fatty acid binding proteins [27]. LPC induced mitochondrial swelling in a
concentration-dependent manner from 50 UM to 200 uM (Fig. 1). This response was not
inhibited by 2 uM CsA, indicating that LPC did not open the Ca2*-sensitive membrane
transition permeability pore in the absence of Ca2* ion. The increase in mitochondrial
swelling coincided with cytochrome c release into the media. Whereas the levels of
cytochrome c in the media of mitochondria incubated with 50 pM LPC was similar to
controls, incubation with 80 to 200 uM LPC resulted in a concentration-dependent increase
of cytochrome c release (Fig. 2). The amount of cytochrome c released by incubation with
200 uM was 2-fold greater than controls, but was at least 50-fold less than the amount of
cytochrome c released after incubation and solublization of mitochondria with SDS.

3.2 Mitochondria exposed to LPC remained responsive to calcium ion

Exogenous administration of Ca2* causes membrane permeability transition (MPT) in
isolated mitochondria, which can lead to cell death and apoptosis in whole cells [28, 29].
Ablation of the membrane-bound iPLA,y, which produces LPC, has also been shown to
suppress mitochondrial swelling and MPT [30]. Calcium-loaded mitochondria also became
more permeable after exposed to LPC. Therefore, we determined if LPC may modify the
mitochondrial response to Ca2* [24, 31]. To test this possibility, we examined the
concentration-dependent influence of LPC on Ca2*-induced MPT. Kinetic studies showed
that the mitochondrial swelling response to 220 uM CacCl, increased with LPC addition in a
time- and concentration-dependent manner (Fig. 3A). To determine whether the effect was
due to massive dissolution of the mitochondrial membrane, mitochondria were solubilized
using SDS as a negative control (confirmed by microscopy). Such preparations did not
exhibit a decrease in absorbance after addition of either concentration of calcium (Fig. 3A).
Moreover, the LPC concentration-dependent modulation of calcium-induced mitochondrial
swelling was partially suppressed by CsA (comparing Figs. 3A and 3B), thus confirming
that mitochondrial membrane was still maintained in the presence of LPC.
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3.3 LPC causes increased mitochondrial permeability to calcium ion

Previous studies have shown that when mitochondria were added to media containing 10 uM
Ca?* and 50-100 uM LPC, Ca2* uptake was inhibited [31]. Addition of 50 M LPC to
preparations containing mitochondria preloaded with CaZ* resulted in temporary release of
Ca?* into the media [31]. In contrast, this study examined the effect of LPC on Ca2*
homeostasis by briefly exposing mitochondria to LPC prior to addition 75 pM CaCls in
order to determine the response of the mitochondrial membrane. To examine this,
extramitochondrial Ca2* was measured by a membrane impermeable fluorescent indicator.
In the absence of LPC, Ca2* uptake occurred gradually in a nonlinear manner within 10 min
(Fig. 4A). Surprisingly, brief exposure to LPC resulted in more rapid Ca2* uptake as shown
by decreased equilibration times (Fig. 4A) and decreased peaks in fluorescence intensity
(Fig. 4B). With 40 uM and 80 uM LPC, uptake curves were shifted to the leftin a
concentration-dependent manner. Moreover, with 2120 pM LPC, fluorescence intensity
equilibrated within 20 s, suggesting greater permeability to Ca2*. As a negative control,
mitochondria solubilized with SDS showed no decrease in fluorescence intensity following
CaCls, addition. Thus the order of exposure of LPC and Ca2* may have different effects
upon membrane permeability and equilibration according to electrochemical and/or osmotic
gradients.

3.4 Mitochondrial membrane potential intact with low micromolar concentrations of LPC

Maintenance of mitochondrial membrane potential is vital to maintaining the proton gradient
for coupled oxidative phosphorylation. Since LPC caused increased permeability to Ca2",
we investigated whether LPC also compromised the mitochondrial membrane potential.
Safranin absorbance was used to indirectly measure membrane potential since a tight
positive correlation exists between this parameter and the mitochondrial membrane potential
[17]. A 2 min exposure of mitochondria to LPC in the absence of respiratory substrate
caused a linear (R?=0.99) concentration-dependent decrease in safranin absorbance (Fig.
5A). When succinate was added to preparations in order to activate the electron transport
chain, the membrane potential remained at initial levels with LPC concentrations up to 80
UM (Fig. 5B). However, with >120 UM LPC, respiration caused an additional loss of
membrane potential below the already depolarized baseline levels. In contrast, mitochondria
solubilized with SDS showed no change in absorbance with succinate addition.

3.5 Maintenance of mitochondrial respiration in the presence of LPC

To determine if isolated mitochondria incubated with LPC would maintain optimal oxidative
function after2 min exposure to LPC, respiration was measured in the presence of 40-80 pM
LPC, concentrations at which the membrane potential remained constant after substrate
addition (Fig. 5) but swelling and increased permeability to Ca2* had occurred (Figs. 1 and
4). Results showed that in the presence of up to 80 uM LPC, mitochondria incubated with
succinate to activate complex Il maintained maximal state 3 (with ADP) oxygen uptake
similar to levels observed in controls. This occurred with no major change in state 4
(without ADP) respiration rates. After brief exposure to 100 uM LPC, state 3 respiration rate
and respiratory control index (RCI) decreased dramatically (Fig. 6A).
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Respiration rates were also determined in the using glutamate and malate as complex |
substrates. Mitochondria briefly exposed to 20-80 uM LPC displayed state 3 respiration
rates similar to controls and consistent RCI (Fig. 6B). State 3 oxygen consumption rate and
RCI were decreased following brief incubation with 100 uM LPC.

Deficiencies in transport of fatty acid across the mitochondrial membrane (e.g. CPT1
deficiency) can slow the oxidation rate [32]. Since LPC alters the membrane, transport of
fatty acids may be affected. To test this possibility, oxidation was stimulated by addition of
palmitoyl-carnitine as a respiratory substrate. Again, state 3 respiration rate was similar to
controls with incubations of <80 uM LPC. However, 100 uM LPC inhibited state 3
respiration rate without affecting state 4 respiration rate. The decrease in oxygen uptake
correlated with a decrease in respiratory control index (RCI) but without a significant
decrease in phosphorylation efficiency as measured by ADP/O ratio (Fig. 6C).

With all substrates tested, a difference of 20 uM LPC caused a great effect on respiration
rates. Taken together, these results suggest that small fluctuations in LPC concentration even
with brief exposure within the mitochondrial microenvironment can have a profound effect
on mitochondrial function.

3.6 LPC regulates fatty acid-stimulated hepatic oxidation

The concentration of LPC in the intracellular microenvironment of mitochondria is modified
in part by intracellular phospholipases and lysophospholipases, fatty acid binding proteins,
and equilibration with mitochondrial and cellular membranes [24, 33, 34]. The liver
encounters a Pla2g1b-dependent increase in portal lysophospholipids as well as an increase
in plasma non-esterified fatty acids in the postprandial state [9]. Intracellular LPC
concentration could possibly be modified by exogenous lysophospholipids delivered to the
cell via the plasma. In order to determine the effect of extracellular LPC on whole cell
oxidative function, murine primary hepatocytes were isolated and mitochondrial
bioenergetics measurements were taken after incubation with fatty acid, LPC, and
mitochondrial inhibitors.. Albumin was added to preparations in order to better simulate
plasma conditions and to decrease the membrane-permeabilizing characteristics of LPC
[26].

Results showed that incubation of hepatocytes with fatty acid alone resulted in a 10-20%
increase in oxygen consumption rate above baseline (Fig. 7). When LPC was co-
administered with fatty acid, a concentration-dependent decrease in fatty acid-stimulated
oxidation and a reduction in maximal respiration were observed. A decrease in oxidation
reserve capacity was also observed with LPC and fatty acid co-administration (Fig. 7). The
addition of LPC also also resulted in decreased proton leak and non-mitochondrial
respiration (Fig. 7). Incubation of hepatocytes with 500-1500 uM LPC and fatty acid
resulted in OCR decreasing below baseline levels and further decline in OCR with FCCP
stimulation (not shown).

3.7 Extracellular LPC induces mitochondrial permeability

Hepatocyte viability was assessed by two methods. Firstly, during mitochondrial
bioenergetics studies, O, tension within the wells was measured using the Seahorse XF96.
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With each concentration of LPC/oleate added, O, decreased sharply, and while the O,
tension change declined with increasing concentrations of LPC, the recovery of O, tension
demonstrated that the LPC did not cause cell death (Fig. 7). Secondly, hepatocytes were
exposed to a longer incubation with LPC/oleate and then labeled with calcein-AM and
CoCl, prior to the addition of fatty acid to visualize mitochondrial permeability [22, 23].
The addition of Co2* is expected to quench the fluorescence signal of calcein in the cytosol
but not the mitochondria when the mitochondrial membrane is impermeable to small
molecules. Mitochondrial fluorescence in hepatocytes incubated with 40 uM LPC and fatty
acid was comparable to that observed in controls, indicative of mitochondrial
impermeability. However, hepatocytes incubated with and above 100 uM LPC showed
decreased mitochondrial fluorescence, which is consistent with increased mitochondrial
permeability (Fig. 8). Pretreatment with 2 pM CsA did not prevent the decrease in
mitochondrial fluorescence observed in the presence of 100 uM or 200 uM LPC (not
shown), suggesting a Ca2*-independent mechanism. The influence of exogenous LPC on
cellular metabolic activity was determined by labeling cells with calcein-AM after their
incubation with LPC. A concentration-dependent decrease in fluorescence compared to
control cells incubated in the absence of LPC was observed (Fig. 8). Thus while low
extracellular levels of LPC caused some cytosolic dysfunction, oxidation remained intact.
However, higher concentrations of LPC caused mitochondrial permeability and decreased
oxidative function. Mitochondrial permeability coincided with a reduced catabolic activity
in cells (Fig 8).

4. Discussion

The current study showed the ability of isolated mitochondria to sustain maximal oxidative
function with a variety of respiratory substrates (succinate, glutamate/malate, and acyl-
carnitine) in the presence of micromolar (<80 pM) concentrations of LPC despite the
presence of increased membrane permeability to water and Ca2* | release of cytochrome
c,and reduced membrane potential. When the concentration of LPC increased to =100 uM,
further mitochondrial membrane permeability, increased susceptibility to Ca2*-induced
damage, release of cytochrome c, exacerbated impairment of mitochondrial membrane
potential, and decreased in oxidative function were observed. Our data also showed that
exogenous addition of low micromolar concentrations of LPC to primary hepatocytes had
minimal impact on fatty acid-stimulated oxidation. However, increasing the extracellular
LPC concentration by 60 uM resulted in hepatocytes that displayed increased mitochondrial
permeability and reduced oxidative function. Interestingly, the threshold concentration of
LPC required to induce functional deficits in primary hepatocytes and isolated mitochondria
converged at approximately 80-100 uM LPC.

The in vitro data collected in this study has direct physiological relevance, adding
mechanistic information to our previous observations that PLA2G1B-mediated phospholipid
digestion in the intestinal lumen after meal consumption contributes LPC to the liver to
inhibit fatty acid oxidation and promote triglyceride synthesis for storage and/or VLDL
secretion [8-10]. Herein we showed that meal-induced repression of fatty acid oxidation is
likely caused by LPC-mediated suppression of mitochondrial function, thereby partitioning
fatty acids absorbed from the meal to intracellular sites for triglyceride biosynthesis.

Biochim Biophys Acta. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Hollie et al.

Page 9

Although the effective concentrations used in the current in vitro studies were lower than
plasma LPC levels in vivo, plasma LPC binds tightly to albumin and albumin stimulates the
release of hepatic LPC [5, 10, 13, 35, 36]. In addition, absorbed LPC from the gut is directed
to the liver by the portal vein prior to accessing the systemic circulation [4]. Thus, the
effective concentration of LPC that causes inhibition of hepatic mitochondrial function may
be much less than LPC levels in the plasma. In any event, the current study highlights that
small changes in the effective LPC concentration could alter hepatocyte function. Others
have shown that extracellular administration of LPC leads to increases in cytoplasmic LPC
[37, 38]. Alternatively, hepatocytes in situ may be acclimated to the prevailing plasma LPC
concentration and the small changes in postprandial LPC are sufficient to inhibit hepatocyte
fatty acid-stimulated oxidation.

In addition to the direct biophysical effect, LPC is also known to have a number of signaling
effects that may play a role in postprandial hepatic oxidative functions. LPC promotes
postprandial hyperglycemia by decreasing insulin sensivity [4]. LPC also increases JINK
acdtivation and promotes insulin resistance in myocytes and may also play a large role in
insulin resistance in hepatocytes [39, 40]. Extracellular administration of LPC results in an
increase in JNK phosphorylation within 15-30 min [37, 39, 41]. Activated JNK
phosphorylates peroxisome proliferator-activated receptor-y (PPARY) within 30 min, which
decreases its transcriptional activity and reduces the effects of PPARYy ligands, such as fatty
acids [42]. LPC also causes activation of the extracellular signal-regulated kinase mitogen-
activated protein kinase and causes the production of reactive oxygen species through
altering cytosolic Ca2* levels [43]. Interestingly, these LPC effects on cell signaling may be
a direct consequence of LPC-induced changes in mitochondrial permeability and generation
of reactive oxygen species as demonstrated in endothelial cells [44].

The current study also showed that alterations in hepatic mitochondrial integrity and
function occurred during a short incubation period with LPC. These observations are also
consistent with previous reports showing Pla2glb inactivation resulted in increased fatty
acid oxidation in mouse liver after lipid meal consumption and that acute treatment with
LPC abolished this effect [9]. Interestingly, chronic feeding of high fat diet to mice have
been shown to promote hepatic steatosis, which is characterized not only by increased
hepatic triglyceride content, but also increased hepatic LPC [38, 43]. Diet-induced
hepatomegaly can also be reduced by Pla2glb inactivation [8]. Furthermore, and consistent
with our data showing the loss of mitochondrial integrity and increased release of
cytochrome ¢ with hepatocyte toxicity at high concentrations of LPC, extended exposure of
hepatocytes to LPC can cause mitochondrial release of Bax to trigger apoptosis, and LPC is
an important player in palmitate-induced lipoapoptosis of hepatocytes [37, 45]. However,
coincubation of Chang cells with LPC and oleate attenuated the apoptosis observed,
suggesting that a prolonged mismatch in lipid digestive products may be necessary to
precipitate disease [38]. The action of other digestive enzymes also contribute dietary and
biliary fatty acids to the gut milieu from the digestion of phospholipids, triglycerides, and
cholesteryl esters.

Taken together, these results showed that LPC may participate in both acute and chronic
responses of hepatocytes to high fat diet by modulating mitochondrial function and integrity
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in a concentration-dependent manner. Acute exposures lead to decreased fatty acid
oxidation, which is beneficial in the postprandial state so sufficient fatty acid substrates are
available for VLDL production. However, prolonged exposures lead to decreased energy
production, cell injury, and hepatic disease. Thus, pharmacological intervention to lower
LPC levels and/or absorption in response to high fat diet may be a viable strategy to reduce
high fat diet-induced hepatosteatosis and its accompanying risk of metabolic diseases.
Preliminary studies showing efficacy of the generic PLA; inhibitor methyl indoxam in
improving diet-induced glucose intolerance, which can be mediated by absorbed LPC, are
consistent with this possibility [4, 46].
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Effects of LPC on mitochondrial swelling. Mitochondria (0.7 mg protein/mL) were
incubated with 5 mM glutamate and 5 mM malate as respiratory substrates and the indicated
concentrations of LPC in the absence (open bars) or presence (filled bars) of CsA.
Mitochondrial swelling was assessed by measuring absorbance at 530 mm one min after
exposure to LPC. The absorbance of mitochondria incubated with respiratory substrates and
SDS is signified by the dotted line. Error bars denote mean + standard deviations from 3

determinations.
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Fig. 2.

LPC induced cytochrome c release from mitochondria. Mitochondria (0.7 mg protein/mL)
were incubated with 5 mM glutamate and 5 mM malate and the indicated concentrations of
LPC. Cytochrome c released into the incubation media was determined by ELISA assay.
The data represent mean = standard deviations from 3 determinations. * and ** denote
significant differences from incubation without LPC at P = 0.01 and P < 0.001, respectively.
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Fig. 3.

Effects of LPC on Ca2*-induced mitochondrial swelling. Mitochondria (0.7 mg protein/mL)
were incubated with 5 mM glutamate and 5 mM malate respiratory substrates and LPC at 0
(filled circles), 40 (open circles), or 80 (filled triangles) or with SDS (X) in the absence (A)
or presence (B) of 2 uM CsA for 2 min prior to the addition of 220 pM CaCl,. Kinetics of
mitochondrial swelling was determined based on changes in absorbance very 2.5 min. Data
represent mean = standard deviations from 3 separate determinations.
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Effects of LPC on mitochondrial Ca2* uptake. Mitochondria (0.7 mg/mL) were incubated
with 1 uM Calcium Green 5N and the indicated concentrations of LPC or SDS.
Extramembranous Ca2* was calculated from fluorescence intensity measured at 538 nm
after excitation at 485 nm prior to and after addition of 75 uM CaCl,. A shows
representative tracings from 3 separate determinations and B shows the mean + standard
deviations of peak fluorescence intensity measured at 35 sec after CaCl, addition.
Differences from control samples without LPC addition are indicated as * P < 0.05, ** P <
0.01, *** P < 0.001.
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Effects of LPC on mitochondrial membrane potential. Mitochondria (0.7 mg protein/mL)
were incubated with 25 uM safranin O and LPC at the indicated concentrations. A.
Mitochondrial membrane potential was assessed after 2 min incubation based on absorbance
at 530 nm. The absorbance of mitochondria incubated with SDS is indicated by the dotted
line. The data represent mean + standard deviations from 4 separate determinations. ** and
*** denote differences from no LPC samples at P < 0.01 and P < 0.001. B. Kinetics of
absorbance changes after incubating mitochondria with various concentrations of LPC as
indicated. Standard deviations are similar to that in panel A but error bars are omitted from
the graph for better visualization.

Biochim Biophys Acta. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Hollie et al.

0, Consumption

Page 20

(A) Succinate (B) Glutamate/Malate (C) Palmitoylcarnitine/Malate
[
9 200 4 —e— State 3] 200 - —@— State 3 200 A —e— State 3
2 —0— State 4 —o— State 4 —0— State 4
2 150 A *_M 150 - 150 -
=2 *
£ 100 100 % 100 -
o
‘= o_-o—o—o——-o/é *
£ 50 - 50 50 - >§
©
E 0 tr——— ) f—— () —
~ 0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
LPC (uM) LPC (uM) LPC (uM)

4 4 4 4
o 31 3 - 3 -
T 2 *%| 2 2
1’4

1 {—e— RCI 1 ]—e— RCI *x| 11—e— RcC

o 152="ADP/O rafio o 1=0=_ADP/O ratio o 1=0=_ADP/O ratio *%

0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
LPC (uM) LPC (uM) LPC (uM)

Fig. 6.

Effects of LPC on mitochondrial respiration. Mitochondria (1 mg protein/mL) were
incubated with (A) 5 uM succinate, (B) 5 uM glutamate/5 uM malate, or (C) 10 uM
palmitoyl-carnitine/1 pM malate as respiratory substrates. Oxygen levels in the media were
measured prior to and after addition of 441 nmol ADP. State 3 respiration rates were
determined by slope of oxygen levels over time subsequent to ADP addition. State 4
respiration rates were determined by the slope of oxygen levels after state 3 respiration was
completed. The data represent mean + standard deviations from 4-5 determinations. * and **
denote differences from no LPC addition at P < 0.05 and P < 0.01, respectively.
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Fig. 7.

Effects of extracellular LPC on fatty acid-stimulated oxidation in isolated hepatocytes.
Primary mouse hepatocytes were plated at 5000 cells/well in a collagen-coated 96-well
Seahorse plates and treated with 50 UM oleate with or without the indicated concentrations
of LPC at 15 min (A). Oligomycin (10 pg/mL) was added at 30 min (B), 3 uM FCCP was
added at 40 min (C), and 4 uM antimycin A/1 UM rotenone were added at 65 min (D). Panel
A shows representative tracings at each LPC concentration. Panel B shows mean data +
standard deviations from 3-6 separate determinations. Panel C shows baseline oxygen
consumption rate (OCR) prior to addition of oleate and LPC. Fatty acid induced rate was
determined by subtracting basal OCR from the increasein OCR following addition of oleate
or oleate/LPC. Maximal respiration was determined following addition of FCCP. Reserve
capacity was determined by the remaining OCR following administration of oligomycin.
Non-mitochondrial respiration was determined from the respiration following administration
of antimycin A and rotenone. Data represent mean + standard error. * denotes significant
differences from samples without LPC addition at P < 0.05.
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B Baseline 10 min

Concentration-dependent effects of LPC on hepatocyte viability. A. Primary mouse
hepatocytes were incubated with 100 pM oleate complexed with albumin at a 5:1 ratio and
LPC for 10 min prior to incubation with 2 uM calcein-AM and 8 mM CoCl, at 37°C in the
dark. Cell viability was determined based on cytoplasmic activity assessed by measuring
fluorescence intensity after excitation at 485 nm and emission at 538 nm. The data represent
mean + standard deviations from 5 different experiments. * and ** denote differences from
cells incubated without LPC at P < 0.05 and P < 0.01, respectively. B. Images of
hepatocytes before and after incubation for 10 min with oleate/BSA in the presence or40 or
100 pM LPC. Intact mitochondria show bright punctate appearances.
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