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Platelet-rich plasma inhibits the apoptosis of highly adipogenic
homogeneous preadipocytes in an in vitro culture system
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Abstract

Auto-transplantation of adipose tissue is commonly
used for the treatment of tissue defects in plastic
surgery. The survival of the transplanted adipose tis-
sue is not always constant, and one of reasons is the
accelerated apoptosis of the implanted preadipocytes.
We have recently established highly homogeneous
preadipocytes, named ccdPAs. The aim of the current
study was to evaluate the regulation of the potency of
platelet-rich plasma (PRP) on the apoptosis of ccdPAs
in vitro. PRP stimulated the proliferation of the pre-
adipocytes in a dose-dependent manner, and the stim-
ulatory activity of 2% PRP was significantly higher than
that of 2% FBS or 2% platelet-poor plasma (PPP). The

presence of 2% PRP significantly inhibited serum star-
vation- or TNF-a/cycloheximide-induced apoptosis in
comparison to 2% FBS or 2% PPP. DAPK1 and Bcl-2-in-
teracting mediator of cell death (BIM) mRNAs were re-
duced in the preadipocytes cultured with 2% PRP in
comparison to those cultured in 2% FBS. The gene ex-
pression levels were significantly higher in cells cul-
tured without serum in comparison to cells cultured
with 2% FBS, and the levels in the cells with 2% PRP
were reduced to 5-10% of those in the cells without
serum. These results indicated that ccdPAs exhibit an-
ti-apoptotic activities, in addition to increased pro-
liferation, when cultured in 2% PRP in comparison to
the same concentration of FBS, and that this was ac-
companied with reduced levels of DAPK1 and BIM
mRNA expression in in vitro culture. PRP may improve
the outcome of transplantation of adipose tissue by en-
hancing the anti-apoptotic activities of the implanted
preadipocytes.

Keywords: adipocytes; apoptosis; Bcl-2-like protein
11; death-associated protein kinase; platelet-rich
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Introduction

Aspirated fat is a common source of autologous tis-
sue transplantation for the correction of tissue defects
in plastic and reconstructive surgery (Billings and
May, 1989; Patrick, 2000, 2001). Aspirated fat con-
tains multipotential preadipocytes and progenitor
cells, which have been utilized as a source of
cell-based regenerative medicine (Stashower et al.,
1999; Zuk et al., 2001; Gimble et al., 2007;
Yoshimura et al., 2009; Bauer-Kreisel et al., 2010;
Sterodimas et al., 2010). Although several different
techniques of fat grafting have been developed,
the outcomes of the transplantation vary widely.
The most important factor required for successful
grafting is to optimize the survival of the trans-
planted preadipocytes and other cells in the graft.
In previous studies, we and others have shown
that various cytokines are involved in the efficient
cell survival of the implants (Kimura et al., 2003;
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Yamaguchi ef al, 2005; Cho et al, 2006;
Torio-Padron et al., 2007; Kuramochi et al., 2008;
Ning et al., 2009).

Platelet rich plasma (PRP) (Eppley et al., 2006;
Foster et al., 2009; Redler et al., 2011) has been
widely applied for practical medicine, such as aes-
thetic plastic surgery and the treatment of soft-tis-
sue ulcers (Welsh, 2000; Man et al., 2001; Margolis
et al., 2001; Bhanot and Alex, 2002; Martinez-Zapata
et al., 2009; Sclafani, 2009). Once activated, plate-
lets secrete various bioactive cytokines, including pla-
telet-derived growth factor (PDGF) and trans-
forming growth factor beta 1 (TGF-B1), which in-
crease angiogenesis and cell proliferation relevant
to soft tissue regeneration. PRP has been applied
for fat grafting, and in fact, has been shown to im-
prove the survival of implanted adipose tissue in
patients (Abuzeni and Alexander, 2001; Sadati et
al., 2006; Cervelli et al., 2009). Thus, the use of
PRP has been broadened to the tissue-engineer-
ing field using adipose tissue-derived multi-poten-
tial cells (Anitua et al,, 2006; Muller et al., 2009).
PRP is also expected to function as an autologous
fibrin-based scaffold for transplanted cells (Anitua
et al., 2006; Wu et al., 2009; Kang et al., 2011). In
fact, recent our study showed that fibrin-based
scaffold decreased the apoptotic cell death of mur-
ine ccdPAs in mice transplantation model (Aoyagi
et al., 2011).

We have recently identified proliferative pre-
adipocytes, ceiling culture-derived proliferative adi-
pocytes (ccdPAs), as homogeneous cells suitable
for ex vivo gene therapy applications via autolo-
gous transplantation (Asada et al., 2011; Kuroda et
al., 2011). The ccdPAs are characterized by their
high proliferative capacity with spontaneous adipo-
genic potential in scaffold fibrin gel culture (Aoyagi
et al., 2012). The establishment of a highly homo-
genous preadipocyte line made it possible to per-
form examinations to identify the optimal scaffolds
and cytokines that can be used to improve the sur-
vival of transplanted preadipocytes. We herein stud-
ied the effects of PRP, and an autologous cytokine
cocktail, on the apoptotic properties of preadipocytes
using the ccdPAs.

Results

PRP inhibits fibrin scaffold gel shrinkage and
improves the viability of ccdPAs in 3-dimensional
culture

We have recently established a 3-dimensional (3-D)
culture system for ccdPAs using fibrin gel (FG)
(Aoyagi et al., 2012). Using the 3-D culture system,
the effects of PRP on the gel shrinkage and cell
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viability were analyzed in comparison to FBS. The
FG/ccdPAs were formed and maintained in culture
medium containing 10% FBS for 16 hr. The culture
medium was replaced with fresh medium containing
2% PRP, 2% FBS or 10% FBS, or with medium
without serum, and cells were subsequently incubated
for an additional 24 hr.

The resulting gel sizes varied among the cultures
grown in each type of medium. The gels without
serum or with 2% FBS showed a drastic volume
reduction, while the volumes of the gels cultured
with 10% FBS or 2% PRP were not obviously
reduced (Figure 1A). The culture supernatants were
collected from each well and LDH activity was
measured to evaluate the viability of cells. The
LDH activity significantly decreased in the culture
medium with 2% PRP in comparison to the
medium with 2% or 10% FBS (Figure 1B). TUNEL
staining of the gel sections showed the number of
apoptotic cells to significantly decrease in the
medium with 2% PRP in comparison to the medium
with 2% FBS (1.5 £ 1.1% vs 9.8 £ 1.9%, P < 0.05).
These results suggested that 2% PRP inhibits the
shrinkage of FG/ccdPAs gels, and improves the
cell viability in comparison to the same concentration
of FBS.
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Figure 1. The effects of platelet-rich plasma (PRP) on the 3-dimensional
culture of ccdPAs. 100 pi of fibrin gels containing 1 X 10" cells/ml of
ccdPAs (FG/cedPAs) were formed in cell culture insert and incubated in
DMEM/HAM with 10% FBS for 16 hrs. The medium was replaced by
DMEM/HAM in the presence or absence of different concentrations of
FBS or PRP. (A) Photographs of FG/ccdPAs in the inserts were taken af-
ter 24 hr of culture. (B) The culture supernatant was collected from each
well and the LDH activities expressed by the fluorescence of resorufin
generated by coupled enzymatic reaction were examined. *P < 0.05.
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PRP has a high proliferation-inducing potential for
ccdPAs in plate culture ’

In order to evaluate the function of PRP on cell
survival in the gel, we next examined the effects of
PRP on the proliferation of ccdPAs in comparison
to FBS. The cells (2.5 x 10° cells) were seeded
and incubated with DMEM/HAM containing 20%
FBS in 10 cm dishes for 16 hr. The media was
replaced with medium containing 2% PRP, 2%
FBS, or 10% FBS, and the cells were then cultured
for 3 days. The cell appearance was not apparently
changed among the ccdPAs cultured for 3 days in
plates with media containing 2% PRP, 2% FBS, or
10% FBS (Figure 2A). To examine the cell
proliferation, 2 x 10° cells of ccdPAs were seeded
onto 96 well plates and incubated at 37°C for 24 hr.
The media was replaced with medium with or
without 2% PRP, 2% FBS, or 10% FBS (Day 0),
and the cells were cultured for 3 days. The number
of cells in each well was evaluated by measuring
the DNA content. In contrast to the observation that
the cell numbers on Day 3 were not significantly
changed in comparison to those at Day 0O in the
cultures incubated in medium containing 2% FBS,
the cell numbers were significantly increased in
cells cultured in the medium with 10% FBS or 2%
PRP, and notably, the number of cells on Day 3 in
the medium containing 2% PRP was significantly
increased in comparison to the cells cultured with
10% FBS (Figure 1B). The cell numbers in the
media with various concentrations of PRP showed
a dose-dependent increase up to 5% PRP; the
number of cells present in the media with 0.5-1%
PRP was almost equivalent to that of the cells
cultured with 5-10% FBS (Figure 2C). These results
indicated that the proliferation-inducing potential of
PRP for ccdPAs was higher in comparison to that
of FBS.

PRP inhibits the apoptosis of ccdPAs

The high proliferation-inducing property of PRP for
ccdPAs in culture prompted us to further analyze
PRP for protective effects against apoptosis in
ccdPAs, since PRP is rich in cytokines and protei-
nases involved not only in proliferation, but also in
regulating apoptosis (Eppley et al., 2004, 2006;
Foster et al., 2009; Redler et al., 2011). The pro-
tection of the cells from death may contribute to
their longer survival after transplantation, together
with a high potential for proliferation. To investigate
the possibility, the ccdPAs (1 x 10° cells) were
seeded and incubated in a 10 cm dish with
DMEM/HAM medium containing 20% FBS for 16
hr, -and subsequently incubated with the medium
with or without 2% FBS, 2% PRP, or 2% PPP. After
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Figure 2. Platelet-rich plasma (PRP) promotes the proliferation of
ccdPAs. (A) Photographs of ccdPAs were taken after 3 days in culture
containing DMEM/F12-HAM in the absence of serum (a) or the presence
of 2% (b) or 10% (c) FBS or 2% (d} PRP. The scale bar indicates 200
um. (B) Cells were seeded into 96 well plates and incubated in
DMEM/F12-HAM containing 20% FBS for 24 hr. The culture medium was
then replaced with DMEM/F12-HAM in the absence of serum (control) or
presence of 2% FBS or 10% FBS or 2% PRP. After 3 days in COy in-
cubator, the cell number in each well was examined by DNA content in
comparison to those on day 0 (open bar). The values for the serum (-),
10% FBS, and 2% PRP groups were significantly different compared with
those on Day 0 (*P < 0.05). (C) The cell numbers were examined in
wells cultured in DMEM/F12-HAM containing various concentrations of
PRP (circle), FBS (triangle), and PPP (square) after 3 days of culture
similarly as Figure 2B. The growth stimulatory effect was not significantly
different between 10% and 20% FBS and PPP (data not shown).

incubation for 8 hr, the cells were collected and
stained with Annexin V-FITC. The flow cytometric
analysis showed that 5.5% of cells were identified
as Annexin V positive in the medium without serum
(Figure 3A). The number of apoptotic cells was sig-
nificantly decreased in the media with 2% FBS, 2%
PRP, or 2% PPP in comparison to that in the cells
cultured in serum-free medium. Among the various
supplements, 2% PRP drastically reduced the num-
ber of apoptotic cells in comparison to 2% FBS or
2% PPP. ERK1/2 phosphorylation was examined
to further analyze the protective effect of PRP
against apoptosis, because the activation of the
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Figure 3. PRP decreased the apoptotic cell death and caspase 3 activity
induced by TNF-a and cycloheximide in ccdPAs. (A) ccdPAs were seed-
ed and incubated for 16 hr with medium containing 20% FBS, and the
medium was then replaced with fresh medium without serum (Serum (-))
or with media containing 2% PRP, FBS, or PPP, and the cells were sub-
sequently incubated at 37°C for 8 hr. The cells were then collected,
stained b¥ Annexin V-FITC and propidium iodide (P!), and analyzed us-
ing a Tali M image Based Cytometer (Life technologies). FITC-positive/
Pl-negative cells were considered to be apoptotic cells. *P < 0.05. (B)
After incubation for 16 hr with medium containing 20% FBS, ccdPAs
were pretreated for 2 hr with the medium containing 2% PRP or FBS.
The cells were treated with TNF-ow and cycloheximide for 5, 30, 60, and
120 min in the medium with 2% FBS (closed bar) or 2% PRP (open bar).
Cell lysates were prepared at each time point as well as pretreatment
(pre) and then were subjected to an immunoblot analysis of phosphory-
lated or unphosphorylated form of ERK1/2, and Actin. Results of densito-
metric analysis of phosphorylated form of ERK2 (pERK2) is shown
below. After normalization of signals of pERK2 by Actin, each value of
pERK2 was expressed as the fold increase of that at 5 min with 2% FBS.
*P < 0.05. (C) After pretreatment for 2 hr with the medium containing
2% PRP, FBS, or PPP, the cells were incubated for 3 hr in the absence
(open bars) or presence (closed bars) of TNF-o. and cycloheximide,
which induce apoptotic cell death. The caspase-3 activity in the lysates of
collected cells were measured. *P < 0.05.

cascade is important for apoptosis via various in-
tracellular signals including TNF-a (Cawthorn and
Sethi, 2008; Mebratu and Tesfaigzi, 2009; Cagnol
and Chambard, 2010). The cells were incubated
with 2% PRP, FBS, or PPP for 2 hr, and apoptosis
was induced by TNF-o and cycloheximide. Phosphor-
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ylation was detected following treatment with
TNF-a and cycloheximide for 5 min in the cells cul-
tured with 2% FBS. A densitometric analysis
showed the amount of phosphorylated ERK2, and
not phosphorylated ERK1, to significantly decrease
in the medium with 2% PRP in comparison to the
medium with 2% FBS (Figure 3B). The caspase-3
activity induced by TNF-a and cycloheximide for 3
hr were also significantly decreased in ccdPAs in
the medium with 2% PRP in comparison to the
cells cultured with 2% FBS or 2% PPP (Figure 3C).
Thus, the apoptosis of ccdPAs was inhibited by
culturing them in the medium with 2% PRP in vitro.

PRP almost completely inhibits the expression of the
pro-apoptotic genes, DAPK1 and BIM, in ccdPAs after
serum starvation

In order to identify the molecules involved in the
anti-apoptotic effects of PRP on ccdPAs in culture,
the expression profiles of representative apoptosis-
related genes were examined using a PCR array
profiler. The cells (2.5 X 10° cells) were seeded
into 10 cm dishes and incubated in DMEM/HAM
containing 20% FBS for 16 hr. The media was
replaced with DMEM/HAM containing 2% PRP or
FBS, the cells were incubated for 3 days, and the
total RNA was isolated from the cultured cells to
analyze the expression of apoptosis-related genes.
Two independent experiments showed that, among
the 84 genes examined, there were 8 genes with a
more than 2-fold increase in expression, and 9
genes with a more than 2-fold decrease in expression
in the cells cultured in the medium with 2% PRP
compared with those cultured in the medium with
2% FBS (Table 1). We focused our interest on two
genes, DAPK1 (reduced to 7.4% of the expression
level observed with FBS) and BCL2L11 (also called
BIM, reduced to 18.9% of the level observed with
FBS), as representative genes with the obvious
downregulation in the medium with 2% PRP
(Figure 4). DAPK1 and BIM have been shown to
be one of master regulators of cell death (Gozuacik
and Kimchi, 2006), and is essential for BAX-
dependent cell death (Kim et al., 2009; Ren et al.,
2010), respectively.

The role of DAPK1 and BIM genes in apoptosis
of preadipocytes was investigated by examining
the effect of serum starvation of cells incubated
with PRP on the expressions of these genes. The
ccdPAs (2.5 x 10° cells) were seeded into 10 cm
dishes and incubated in DMEM/HAM containing
20% FBS for 16 hr. The medium was replaced by
medium containing 10% FBS (control), 2% FBS,
2% PRP, or 2% PPP, the cells were cultured for 3
days and the expression of DAPK1 and BIM were
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Table 1. Apoptosis-related genes affected by PRP

Unigene Refseq Symbol Description Fold change
Downregulated
Hs.380277 NM_004938  DAPK1 Death-associated protein kinase 1 13.5803 |
Hs.469658  NM_006538 BCL2L11 BCL2-like 11 (apoptosis facilitator) 5.2596 |
Hs.5353 NM_001230  CASP10 Caspase 10, apoptosis-related cysteine peptidase 4.0726 |
Hs.591834 NM_003844  TNFRSF10A  Tumor necrosis factor receptor superfamily, member 10a 3967 |
Hs.513667 NM_003946  NOL3 Nucleolar protein 3 (apoptosis repressor with CARD domain) 2.8887 |
Hs.501497  NM_001252  CD70 CD70 molecule 2.8129 |
Hs.87247 NM_003806 HRK Harakiri, BCL2 interacting protein (contains only BH3 domain) 2.5816 |
Hs.710305 NM_004536  NAIP NLR family, apoptosis inhibitory protein 2.3876 |
Hs.643120 NM_000875 IGF1R Insulin-like growth factor 1 receptor 21732 |
Upregulated
Hs. 127799 NM_001165  BIRC3 Baculoviral IAP repeat-containing 3 10.851 1
Hs.462529 NM_003790  TNFRSF25 Tumor necrosis factor receptor superfamily, member 25 4.0081 1
Hs.478275 NM_003810  TNFSF10 Tumor necrosis factor (ligand) superfamily, member 10 4.0907 1
Hs.654459 NM_001561  TNFRSF9 Tumor necrosis factor receptor superfamily, member 9 2.9875 1
Hs.522506 NM_021138  TRAF2 TNF receptor-associated factor 2 2.8331 1
Hs.9216 NM_001227  CASP7 Caspase 7, apoptosis-related cysteine peptidase 2.2033 1
Hs.145726 NM_001205 BNIP1 BCL2/adenovirus E1B 19kDa interacting protein 1 2.0258 1
Hs.194726 NM_004874 BAG4 BCL2-associated athanogene 4 2.0241 1

Genes identified as having a change in expression > 2-fold induced by the addition of PRP in comparison to 2% FBS are shown.
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Figure 4. The results of the analysis of the expression of apoptosis-re-
lated genes affected by PRP. Total RNA was extracted from the cells cul-
tured in the presence of 2% FBS or 2% PRP for 72 hr. The total RNA
was subjected to cDNA synthesis and subsequent quantification of the
mRNA expression for various apoptosis-related genes. The fold-changes
in the quantified mRNA amounts compared to the average value of
house-keeping genes were plotted for each gene (x-axis; cultured in 2%
FBS, y-axis; cultured in 2% PRP).

analyzed. The DAPK1 mRNA level was increased
10.6-fold by serum starvation in comparison to the
level in the cells cultured with 10% FBS, and the
mRNA level was decreased to that of 10% FBS by
the presence of 2% PRP. It is worth noting that,
although the mRNA levels of DAPK1 in the cells
cultured with 2% FBS and 2% PPP significantly
decreased in comparison to those cultured without
serum, the reductions were by 20.4% and 11.9%,
respectively, which were less than that (93.6%)
induced by culture in 2% PRP. The BIM mRNA
levels were also drastically increased in the cells
cultured in serum free medium in comparison to
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those cultured in the medium with 10% FBS (Figure
2C). The mRNA levels were reduced to those
observed in the cells cultured with 10% FBS by the
addition of 2% PRP. Again, the potential of 2%
PRP to inhibit the mRNA expression of the target
gene (by 87.2%) was significantly higher than that
of the 2% FBS (54.1%) or 2% PPP (72.2%). Thus,
PRP almost completely inhibited the expression of
apoptosis-related genes induced by serum starvation.

Discussion

PRP inhibited the volume reduction of the 3D gels
embedded with ccdPAs, the homogeneous pre-
adipocytes, in comparison to the same concen-
tration of FBS, and this was accompanied by in-
creased cell viability in the gel. These observations
prompted us to analyze the effects of PRP on the
apoptosis and proliferation of the ccdPAs. The re-
sults showed that 2% PRP had a higher inhibitory
effect on the apoptotic cell death of ccdPAs than
2% FBS or 2% PPP (Figure 3). A comparison be-
tween 2% PRP and 2% FBS by a gene expression
profile analysis revealed that PRP downregulated
11% of the 84 representative apoptosis-related
genes and upregulated 10% of the 84 representa-
tive apoptosis-related genes (Figure 4 and Table 1).
The most drastically reduced genes were DAPKT,
the protein product of which plays important roles
in a wide range of signal transduction pathways
with diverse outcomes, such as apoptosis, autoph-



agy and immune responses (Lin et al., 2010), and
BIM, encoding one of the BH3-only proteins, which
is a critical regulator of apoptosis in many cell
types (Ramesh et al., 2009). The induction of these
genes by apoptotic stimuli was almost completely
prevented in the presence of PRP (Figure 5).

PRP, a concentrate of physiological cytokines,
has been widely utilized as an injectable material in
the clinic since the 1970s to enhance soft and hard
tissue healing (Andia et al., 2010; Lopez-Vidriero et
al.,, 2010; Redler et al., 2011; Yu et al., 2011),
mainly by stimulating cell proliferation and angio-
genesis in the injured tissues. PRP promotes the
growth of various cells, including tissue-derived
progenitor cells (Liu et al., 2002; Lucarelli et al.,
2003; Doucet et al., 2005; Frechette ef al., 2005;
Vogel et al., 2006; Kakudo et al., 2008; Kurita et
al., 2008; Cervelli et al., 2009; Chieregato et al.,
2011), and increases the revascularization of the
transplanted tissues (Bir et al., 2009). Based on
these findings, the clinical applications of PRP
have been broadened to recommend its use as an
additive to tissue/cell transplantation therapies in
plastic and reconstructive surgeries, and more re-
cently in regenerative medicine. In fact, PRP has
been shown to improve the fat graft survival
(Abuzeni and Alexander, 2001; Sadati et al., 2006;
Cervelli et al., 2009; Nakamura et al., 2010; Pires
Fraga et al., 2010; Oh et al., 2011) and bone and
periodontal regenerations via cell transplantation
(Tobita et al., 2008; Chen et al., 2010; Yamada et
al., 2010; Arvidson et al., 2011).

In order to apply PRP for clinical transplantation
therapy using preadipocytes cultured in vifro, it is
necessary to elucidate the effects of PRP on cell
survival in the grafts. However, the mechanisms by
which PRP increases graft survival have not been
well-characterized so far. The current study showed
that PRP strongly induces the proliferation of
ccdPAs, preadipocytes which were previously
shown to be more adipogenic than ASCs (Asada et
al., 2011), compared with FBS at an equivalent
concentration. Vogel ef al. (2006) described that,
because the addition of 2% PRP did not result in
sufficient thrombocyte-clot formation to maintain a
clot in the medium, a higher concentration of PRP,
3%, was evaluated for the stimulation of the MSC
proliferation. In this study, to evaluate the efficacy
of lower concentrations of PRP, the PRP was
activated by thrombin to release cytokines
(Aiba-Kojima ef al., 2007) prior to the experiments.
As a result, 2% PRP showed almost the same
effects on proliferation as 10% PRP, indicating its
usability as a substitute for FBS in the expansion of
preadipocytes for clinical applications. Finally, 2%
PRP showed anti-apoptotic activities on the
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Figure 5. Serum starvation induced the expression of the DAPK1 and
BIM genes, which was prevented by culture with 2% PRP. The ccdPAs
were seeded and incubated for 16 hr in DMEM/HAM containing 20%
FBS, and the culture medium was then replaced with medium without se-
rum (Serum (-)), or with 2% or 10% FBS, 2% PRP, or 2% PPP, followed
by incubation for an additional 72 hr. Quantitative reverse tran-
scription-polymerase chain reaction (RT-PCR) was performed to eval-
uate the mRNA expression levels of DAPK1 (A) and BIM (B). The quanti-
fication of the given genes was expressed as relative mRNA level com-
pared with a control after normalization to 188 RNA. *P < 0.05.

preadipocytes, providing evidence that it can be used
as an efficacious additive in the cell transplantation
cocktail.

We observed that the expression of the DAPK1
and BIM genes was substantially upregulated by
serum starvation in ccdPAs. However, the addition
of PRP in the growth media effectively inhibited the
apoptosis and downregulated the expression of
these genes. TGF-B has been shown to induce the
expression of DAPK1 and BIM, and to lead to
subsequent apoptosis in other cell types (Jang et
al., 2002; Wildey et al., 2003; Ramjaun et al., 2007,
Yu et al., 2008). PRP may therefore inhibit the
TGF-B-induced apoptosis cascade(s) during serum
starvation in ccdPAs. Further analyses are needed
to elucidate the mechanism(s) underlying the
inhibitory potential of PRP on the expression levels
of the representative apoptotic genes. The gene
expression analysis also showed that PRP regulated
the expression levels of genes involved in TNF
signaling (TNFRSF10A, TNFRSF25, TNFSF10,
TNFRSF9, and TRAF2), and of the Bcl protein
superfamily, with its related proteins (HRK, BNIP1,
and BAG4) (Table 1). The changes in the expression
of these genes may also improve the survival of
ccdPAs by modulating the apoptotic stimuli,
considering that TNF-a signaling plays an important
role in the regulation of the adipose tissue mass
(Warne, 2003).

In conclusion, PRP inhibits cell apoptosis as well
as or better than FBS, and also promotes the
proliferation of the ccdPAs. The gene expression
analyses identified that the DAPK1 and BIM genes
were the most highly downregulated apoptosis-related
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genes by PRP treatment in the preadipocytes. The
identified characteristics of PRP with regard to the
preadipocytes have advantages including increases
in the cell number and improved cell survival in the
transplanted grafts. Together with our findings for
the efficacies of fibrin scaffold in transplantation of
ccdPAs (Aoyagi et al., 2011), the use of PRP for
cell preparation and implantation of fat tissues
and/or propagated cells may provide the graft with
stable long-term survival after auto-transplantation.

Methods

Cell culture

Subcutaneous adipose tissues were obtained from healthy
donors after informed consent was obtained, with approval
from the ethics committee of Chiba University School of
Medicine, and all studies were performed according to the
guidelines of the Declaration of Helsinki. The preparation of
the ceiling culture-derived proliferative adipocytes (ccdPAs)
was performed as described previously (Kuroda et al.,
2011). Dulbecco’'s modified Eagle’s medium/F12-HAM
(DMEM/HAM, Sigma-Aldrich, St. Louis, MO) supplemented
with 20% fetal bovine serum (FBS, SAFC Biosciences,
Lenexa, KS) and 40 pug/ml gentamicin (GENTACIN, Schering-
Plough Co., Kenilworth, NJ) was used as the culture me-
dia, unless otherwise noted in the text.

Preparation of PRP

Human PRP and PPP were prepared from healthy donors
as follows; 52 ml of blood was obtained from the donors
and mixed with 8 ml of Anticoagulant Citrate Dextrose
Solution Formula A (ACD-A, TERUMO, Tokyo, Japan) sol-
ution, and transferred to 15 ml tubes. The tubes were cen-
trifuged at 300 x g for 15 min at 20°C. The plasma and the
buffy coat below the plasma were collected and transferred
to new tubes. Secondary centrifugation was performed at
2000 X g for 15 min at 20°C. The clear supernatant
(plasma) was decanted off until 6 ml was left and the mid-
dle portion of supernatant (plasma) was taken to be used
as PPP. Finally, the remaining supernatant including the
buffy coat was taken to be used as PRP. The platelet num-
ber of each product was automatically measured (XS 800i,
sysmex Japan). The PRP utilized in this study contained
8.6 x 10° platelets/ul, which was approximately 7-fold con-
centrated from the original concentration in whole human
plasma. Preparations of serum lysates containing plate-
let-released growth factors were essentially performed ac-
cording to the method described by Aiba-Kojima et al.
(2007). In brief, 2 U/ml of thrombin (Astellas Pharma Inc.
Tokyo, Japan) was added to PRP and PPP, and the sam-
ples were agitated for 1 hr at 37°C and then incubated
overnight at 4°C. Platelet bodies and any remaining fibrin
were eliminated by centrifugation (2000 X g for 10 min),
and the supernatants were obtained for the PRP and PPP.
The serum samples were frozen at -20°C and thawed at
37°C before use. The growth medium was supplemented
with 2 U/ml of heparin (Novo-Heparin, 5,000 units/5 ml for
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Injection, Mochida Pharm. Co. Tokyo, Japan). -

Culture on fibrin scaffolds

Bolheal (The Chemo-Sero-Therapeutic Research Institute,
Kumamoto, Japan) was used as a clinically available material
to generate the fibrin gel. Fibrinogen and thrombin solutions
were diluted with Ringer's Solution (Fuso Pharmaceutical
Industries, Osaka, Japan) containing 0.5% human serum
albumin (Mitsubishi Tanabe Pharma., Tokyo, Japan). The
ccdPAs were suspended at 1 X 107 cells/ml by the diluted
fibrinogen and thrombin solution. The final concentration of
fibrinogen was 4 mg/ml and the thrombin solution was
used at 1 U/ml. To form fibrin clots, 50 pl of the cell-fibri-
nogen suspension was added to each cell culture insert
(Falcon 3104; Becton Dickinson, Franklin Lakes, NJ), then
shortly thereafter, 50 ul of the cell-thrombin suspension
was added into the insert, mixed by pipetting, and in-
cubated at room temperature for 2 h. The inserts with fibrin
clots were put on 12 well culture plates, and culture media
were added to the inserts and wells. The plates were in-
cubated at 37°C for 12 h in a 5% CO incubator, and the
media were replaced by fresh media containing FBS or
PRP.

LDH assay

LDH released into the culture supernatant from the FG/ccdPA
was measured using the CytoTox-One Homogeneous
Membrane Integrity Assay kit (Promega, Madison, WI). A
100 ul sample of each culture supernatant was collected
and added into to a 96-well plate. An equal volume of
CytoTox-One Reagent was added and incubated for 10
min. Fifty pl of Stop Solution was added and the sample
fluorescence was measured on a fluorescence microplate
reader (SPECTRA max GEMINI XPS, Molecular Devices,
Carlsbad, CA) using a wavelength of 560 nm/590 nm for
excitation/emission. The original culture medium before the
serum concentration was changed served as a pre-treat-
ment control sample and the control value was subtracted
from the value obtained after incubation with the medium
containing different concentrations of serum.

Cell proliferation assay

The cell proliferation was examined using the CyQUANTR
Cell Proliferation Assay Kit (Life Technologies, Carlsbad,
CA). Cells were seeded into 96 well plates at a density of 2
% 10° cells per well with DMEM/HAM/20% FBS. After 24
h, the culture medium was removed and changed to fresh
DMEM/HAM without serum, or with FBS, PRP or PPP.
After 3 days, the microplates were gently inverted and blot-
ted onto paper towels to remove the medium from the
wells. The microplates were then frozen and stored at
-80°C and thawed at room temperature prior to analysis.
CyQUANT GR dye/cell-lysis buffer was added to each well.
Cells were incubated at room temperature for 5 min and
the sample fluorescence was measured on a fluorescence
microplate reader (SPECTRA max GEMINI XPS, Molecular
Devices) using wavelength of 480 nm/520 nm for excitation/
emission.



Induction of apoptosis, and the annexin V binding
and caspase 3 activity assays

The cells were seeded into 10 cm dishes at a density of 1 x
10° cells per well with DMEM/HAM/20%FBS. After 24 h,
the culture medium was removed and changed to fresh
DMEM/HAM with 2% FBS, 2% PRP or 2%PPP. After 2 h,
apoptosis was induced by the addition of 100 ng/m! TNF-c.
(Peprotech, Rocky Hill, NJ) and 100 ug/mi cycloheximide
(CHX, Sigma-Aldrich). After 3 h, the culture supernatant
was collected, and the cells were detached by TrypZean
treatment. The detached cells were suspended in the col-
lected culture supernatant. Subsequently, the cells were
stained with Annexin V-FITC using a Tali™ Apoptosis kit
(Life Technologies). Stained cells were analyzed by a
Tali™ Image Based Cytometer (Life technologies). Cell ly-
sates at the concentration of 1 x 10* cells/ul were pre-
pared from the cells treated to induce apoptosis, and the
caspase 3 activity levels were measured by a cas-
pase-3/CPP32 Fluorometric Assay Kit (Biovision, Mountain
View, CA). To examine the phosphorylation status of
ERK1/2, the cells were scraped off at each time point in
PBS and washed. The cells were pelleted and lysed by
RIPA buffer (Wako Pure Chemical Industries, Ltd. Osaka,
Japan), and the protein concentration was determined by
Quant-iT Protein Assay Kit (Life technologies), and 5 ug of
protein were analyzed by Western blotting using anti-ERK1
and anti-ERK1/2 (pT202/pY204) as primary antibodies (BD
Biosciences, Franklin Lakes, NJ). Mouse TrueBlot ULTRA
HRP-conjugated Anti-Mouse IgG (eBioscience, Inc. San
Diego, CA) was used as a secondary antibody, and the sig-
nals were detected by SuperS;gnal) West Femto Maximum
Sensitivity Substrate (Thermo Fisher Scientific Inc.) with
LAS1000 apparatus (FUJI film, Tokyo, Japan). ERK signals
were normalized using Actin signals detected by Anti-Actin
monoclonal antibody (clone AC-40, Sigma-Aldrich).

Gene expression analysis

Cells (2.5 x 10° cells) were seeded into 10 cm dish with
DMEM/HAM/20% FBS and cultured for 16 h. The culture
medium was changed to fresh DMEM/HAM supplemented
with 2% FBS or 2% PRP, and the cells were further in-
cubated for 72 h. The total RNA from cultured cells was ex-
tracted using a RT® RNA lIsolation Kit (SA Bioscience,
Frederick, MD). Complementary DNA was generated from
1 pg of total RNA using the RT? Flrst Strand Kit. An
Apoptosm Reverse Transcriptase RT? profiler PCR array
and RT? Real-Time SYBR Green/ROX PCR Mix (SA
Bioscience, Frederick, MD) were used to identify the genes
affected by PRP according to manufacturer's instruction.
The data were analyzed by web-based data analysis soft-
ware provided by the manufacturer. The probe and primer
sets used to quantify the mRNA for the DAPK1 and BIM
genes were purchased from Applied Biosystems (Life
Technologies). The quantification of given genes was ex-
pressed as the relative mRNA level compared with a con-
trol after normalization to 18S RNA. All the real-time PCR
were performed using an ABI 7500 real-time PCR apparatus.
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Statistical analysis

The data are presented as the means £ S.D. Statistical
comparisons were made by Student's f-test or an ANOVA
followed by the post-hoc Tukey test using the SPSS soft-
ware program. In all cases, P-values < 0.05 were consid-
ered to be significant.
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ABSTRACT

Familial lecithin-cholesterol acyltransferase (LCAT) deficiency is a hereditary disease characterized by an
abnormal lipid profile, corneal opacity, anemia and progressive renal disease. We report a patient with
complete loss of LCAT activity due to a novel lcat gene mutation of Cys74Tyr in the lid region of LCAT
protein. Esterification of cholesterol in this patient was disturbed by disruption of a substrate binding
loop of Cys50-Cys74 in LCAT protein. She had progressive renal dysfunction, proteinuria, corneal opacity,
anemia and an abnormal lipid profile. Her serum lipids showed a significant increase in abnormal li-
poproteins at the original position in agarose gel electrophoresis and VLDL-cholesterol, and a severe
decrease in serum HDL-cholesterol. Lipoprotein analyzes also revealed the presence of an abnormal
midband lipoprotein, and a maturation disturbance of HDL particles. Renal function and proteinuria
improved following the adoption of a fat-restricted diet and administration of an angiotensin Il receptor
blocker. The abnormal lipoproteins also decreased after this treatment.

Circulating lipoprotein profile
Renal function

© 2013 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Lecithin-cholesterol acyltransferase (LCAT) deficiency is an un-
common autosomal recessive disorder which results from a gene
mutation of LCAT. Since the first identification of LCAT as a unique
plasma enzyme [1], 86 mutations in the LCAT gene have been
described. Patients with LCAT deficiency show an abnormal circu-
lating lipoprotein profile as a result of the disturbed esterification of
free cholesterol incorporated into high-density lipoproteins.
Increased plasma concentrations of unesterified cholesterol, tri-
glyceride (TG) and phosphatidylcholine result in lipid deposition in
the tissue. LCAT deficiency develops as two clinically distinct syn-
dromes, familial LCAT deficiency (FLD) and fish eye disease (FED).
Patients with FLD show corneal opacities, hemolytic anemia, and
progressive renal disease [2]. Renal disease occurs as a result of the
loss of enzyme activity against p-lipoproteins rather than against
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a-lipoproteins. Meanwhile, FED patients develop corneal opacities
as a result of a partial deficiency in LCAT activity.

A number of approaches to the treatment of LCAT deficiency
have been proposed. LCAT replacement therapy by plasma trans-
fusion produced a marked improvement in the deranged compo-
sition of TG-rich lipoproteins and Apo-E concentrations |3,4].
Recent advances in gene therapy have allowed the transplantation
of ex vivo lcat gene-transduced adipocytes and subsequent pro-
duction of human LCAT protein in circulating plasma [5,6]. Further,
a clinical trial of synthetic LCAT in patients with coronary arterial
disease is also currently underway at NIH (NCT01554800). In
contrast, a fat-restriction diet improves the hypertriglyceridemia in
these patients by reducing TG-rich lipoproteins. The lipid-lowering
drugs nicotinic acid and fenofibrate have been shown to ameliorate
renal function and proteinuria [7], and corticosteroids and renin—
angiotensin—aldosteron (RAA) system blockers such as ACE in-
hibitors and angiotensin II receptor blockers (ARB) also decreased
proteinuria [8—10].

Here, we report a novel LCAT gene mutation in a patient which
resulted in disruption of the disulfide bridges essential to the
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(A)

(B)

(©)

Fig. 1. Ocular and renal pathology (A) Corneal opacity in the patient. (B)-1) PAS staining of a renal biopsy specimen. 400x. An increase in cell number and matrix expansion are seen
in the mesangial area of the glomerulus. Foam cell infiltration into capillary loops and the mesangial area are seen in the glomerulus. (B)-2) PAM staining shows irregular thickening
and double contours in the glomerular basement membrane (GBM). Foam cells within granular structures are present in the capillary lumen. (C) Electron micrograph of the
glomerulus shows the presence of clear vacuoles containing granular structures in the mesangium () and within the GBM (v ). 3000x. Bar = 2 pm.

enzyme lid region. This patient had a complete deficiency in LCAT
activity and renal insufficiency. We also investigated the effects of a
fat-restriction diet and administration of an ARB on plasma lipo-
protein profiles and proteinuria in this patient.

2. Materials and methods
2.1. Biochemical and genetic analysis

Biochemical and urine samples were analyzed by enzymatic
methods using a chemical autoanalyzer (Hitachi Co., Tokyo, Japan).
Esterified cholesterol concentrations were calculated as the differ-
ence between total and free cholesterol. LDL-cholesterol was
determined a Determiner-L LDL-C (Kyowa Medex, Tokyo, Japan).
LCAT activity in serum was measured using a colorimetric method
for analyzing cholesterol esterification rate (CER) with synthetic
dipalmitoyl lecithin sol [11]. Alpha-LCAT activity was also measured
using Anasolb LCAT® (Sekisui Medical, Tokyo, Japan). Genomic DNA
was purified from plasma with a QlAamp DNA kit (QIAGEN, Hilden,

Germany). Genomic fragments were amplified by PCR, followed by
agarose gel purification and direct sequencing. The entire sequence
of the Icat gene locus thereby obtained was compared with a
reference sequence (NM_000229) to identify nucleotide substitu-
tion. The study was approved by the Ethics Committee of Chiba
University School of Medicine, and informed consent was obtained
from the patient. Both parents were deceased, and informed con-
sent for genetic analysis was not obtained from her younger sister,
who shows corneal opacity.

2.2. Lipoprotein analysis

The serum lipoprotein profile was determined by poly-
acrylamide gel disc electrophoresis [12]. Two-dimensional elec-
trophoresis was performed as described previously [13].
Lipoproteins were aiso evaluated by agarose gel electrophoresis
using the rapid electrophoresis system [14—17]. After electropho-
resis, cholesterol and triglycerides in the plates were separately
stained and analyzed with a Cho/Trig COMBO kit according to the

50



S. Naito et al. / Atherosclerosis 228 (2013) 193—197 195

manufacturer’s instructions (Helena Laboratories, Saitama, Japan).
Using the serum total cholesterol and TG concentrations in the
blood samples, concentrations of cholesterol and TG in each frac-
tion were determined using the detected ratio of cholesterol and TG
after automatic densitometric analysis.

3. Results
3.1. Patient

A 61-year-old Japanese woman was transferred to the Depart-
ment of Nephrology, Kitasato University Hospital. She complained
of dyspnea on walking for the preceding five months, and eyelid
and pretibial edema for one month. Family history showed her
married parents were cousins, and that her younger sister had
corneal opacity and mental retardation. She had anemia (Hemo-
globin 9.5 g/dl) bilateral corneal opacities (Fig. 1A) and pitting
edema. Urinalysis revealed proteinuria at 2 g/day, 1 + microscopic
hematuria, and an N-acetyl-B-p-glucosaminidase (NAG) level of
29.1 unit/L (normal range: 1—4.2). Blood chemistry showed total
protein 6.4 g/dL, albumin 3.4 g/dL, total cholesterol 235 mg/dL, TG
235 mg/dL, HDL-cholesterol 22 mg/dL, LDL-cholesterol 39 mg/dL,
urea nitrogen 40 mg/dL, creatinine 1.83 mg/dL, and uric acid
8.2 mg/dL. CER of normal sera without heat inactivation was
96.3 + 10.4 nmol/ml/h (n = 3), indicating normal LCAT activity. In
contrast, CER of patient sera without heat-inactivation was
16.3 nmol/ml/h, which was below the CER of heat-inactivated
normal sera (21.3 + 1.8 nmol/ml/h, n = 3), indicating the total
loss of LCAT activities in the patients. The 84 units of alpha-LCAT
activity in patient serum measured by Anasorb LCAT® was also
markedly low as compared with a standard level of 382—512 units.
No abnormalities on chest X-ray, electrocardiography or echog-
raphy findings were detected in either kidney. The renal biopsy
specimen showed glomerular mesangial expansion, and foam cell
infiltrates into glomerular tufts and mesangium. PAM staining
revealed irregular thickening, double contouring, and vacuolation
of the glomerular basement membrane (GBM) (Fig. 1B). Electron
microscopic findings revealed numerous small vacuoles and gran-
ular structures within the vacuoles in the GBM and mesangial
matrix (Fig. 1C). Immunofluorescence revealed negative staining
for immunoglobulins of IgG, IgA and IgM, and for complement
components of C1q, C4 and C3. These findings are consistent with
the findings of LCAT deficiency.

3.2. Gene analysis

Direct sequencing of the Icat gene and comparison with a
reference sequence (NM_000229) showed that the proband had a
novel homozygous G to A nucleotide substitution in exon 2
resulting in Cys74Tyr [c.293 G > A (p.Cys74Tyr)]. The amino acid
substitution was a novel mutation in the lid region of the LCAT
protein. The substituted cysteine was one of four cysteine amino
acid residues which formed the disulfide bonds in construction of
the enzyme lid structure [23].

3.3. Lipid and lipoprotein profiles

Serum TG and free cholesterol values were higher than normal,
while cholesterol ester, LDL-cholesterol and HDL-cholesterol values
appeared lower (Table 1). Densitometric analysis for lipid staining
of lipoproteins on disc polyacrylamide gel electrophoresis of serum
showed a significant decrease in ¢ and pref-f positions, and a tiny
abnormal “midband” localized on prep-§ position (Fig. 2A). Two-
dimensional gel electrophoresis followed by immunodetection for
apoprotein showed that distribution of apoprotein was shifted to
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Table 1

Lipid profiles in a patient with LCAT deficiency following a fat-restriction diet and
administration of losartan for 8 months. Lipid profiles at admission and after
adoption of a fat-restriction diet consisting of 10 g fat, 45 g protein and 1570 kcal
energy per day and administration of losartan 50 mg for 8 months on lipid profile in
a patient with LCAT deficiency.

Lipid fraction Normal value At admission At 8 months

of treatment
Total cholesterol (mg/dl) 120-220 235 80
Triglyceride (mg/dl)  30-150 235 142
LDL~cholesterol (mg/dL)  70-139 39 33
HDL-cholesterol (mg/dL)  40-96 22 19
Free cholesterol (mg/dL)  30-65 205 71
Cholesterol ester (mg/dL)  90-200 30 9
Free/total cholesterol (%) 70—-80 87 88

the smaller HDL particles, indicating that the maturation of HDL
particles was impaired (Fig. 2B). The production of LDL particles
was thus severely disturbed, as evidenced by the presence of an
abnormal “midband” lipoprotein and the disturbed maturation of
HDL particles resulting in a severe decrease in HDL lipoprotein.
Cholesterol and TG staining for lipoproteins which migrate to
the a-position on agarose gel electrophoresis could not be seen in
the serum at admission (Fig. 3A). Lipoproteins which migrate to the
prep-position were also decreased on both cholesterol and TG
staining at admission (Fig. 3A), whereas lipoproteins which migrate
to the B-position showed broad bands in both cholesterol and TG
staining. The amount of cholesterol and TG in each lipoprotein
fraction of serum at admission is shown in Table 2. Apolipoproteins
Al and All, which are predominantly contained in HDL-lipoprotein,

(A)

a midband  origin a B origin

[ N A

(+) () ) )

patient healthy control

healthy control

patient

Fig. 2. Densitometric analysis of lipoproteins on disc polyacrylamide gel electropho-
resis in the patient and a healthy control. (A) Serum at admission shows an increase in
original position lipoproteins, a decrease in o-position lipoproteins, and the appear-
ance of midband lipoproteins instead of B-position lipoproteins. (B) Two-dimensional
disk electrophoresis consisting of charge separation for the first dimension and mo-
lecular weight separation for the second dimension followed by immunostaining for
apolipoprotein. Apolipoprotein distribution was shifted towards the smaller HDL
particles, indicating that the maturation of HDL particles in this patient was impaired.
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Fig. 3. Staining patterns for cholesterol and triglycerides in lipoproteins on agarose gel
electrophoresis. (A) In cholesterol staining, the lipoproteins at original position
increased, while the lipoproteins at «- and P-position decreased in the patient at
admission compared with those of a healthy control. After 8 months on a fat-
restriction diet and administration of losartan 50 mg, a decrease in original position
lipoproteins is seen. In triglyceride staining, the serum sample at admission shows a
decrease in pref-position lipoproteins and increase in [-position lipoproteins
compared with levels of a healthy control. (B) Densitometric analyzes for staining
pattern. Cholesterol staining is shown as a red area, and triglycerides staining as a blue
area. (B)-1) Staining patterns for lipoproteins in the patient’s serum at admission.
(B)-2) Staining patterns for lipoproteins in the patient’s serum at 8 months after a fat-
restriction diet and administration of losartan 50 mg. Original and B-position
lipoproteins stained for cholesterol at admission have decreased after treatment for
8 months.

were decreased at admission (Table 2), whereas apolipoprotein CII
and E were increased (Table 2).

3.4. Effects of a fat-restriction diet on LCAT deficiency-induced lipid
profile and kidney disease

The patient was prescribed a fat-restricted diet consisting of
meals containing 10 g of fat, 45 g of protein and 1570 kcal of energy
during admission, and treatment with losartan, an ARB, was started
by single daily administration at 50 mg from 14 days after admis-
sion. This treatment was continued following discharge, and
follow-up at 8 months showed that compliance with both the diet
and medication was good. Her body weight decreased from 64 to
52 kg at 6 month after the start of the fat-restricted diet, and was
thereafter maintained. At one year of treatment, her proteinuria
had decreased from 2.04 g/g-creatinine (Cr) to 0.62 g/g-Cr, and her
serum Cr level had decreased from 1.83 mg/dl to 1.10 mg/dL
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Table 2

Apolipoprotein profile in a patient with LCAT deficiency before and after treatment
with a fat-restriction diet and administration of losartan for 8 months. Apolipo-
protein profile at admission, and effect of a fat-restriction diet consisting of 10 g fat,
45 g protein, and 1570 keal energy per day for 8 months on apolipoproteins in a
patient with LCAT deficiency.

Apolipoprotein Normal values At admission After 8 months
fraction of treatment
apoA-1 (mg/dL) 126165 39 34

apoA-II (mg/dL) 24-33.3 5.1 33

apoB (mg/dL) 66101 63 55

apoC-I1 (mg/dL) 1.5-3.8 5.6 1.3

apoC-IIl (mg/dL) 5.4-9.0 8.6 35

apoE (mg/dL) 2.8—-4.6 10.8 5.4

Changes in lipid and apolipoprotein fractions in sera samples
collected at admission and 8 months of treatment are shown in
Tables 1 and 2, respectively. Surprisingly, adoption of the fat-
restriction diet resulted in a decrease in cholesterol, while TG
contents and abnormal lipoproteins migrated to their original po-
sition (Table 2, Fig. 3A&B). The cholesterol content of lipoprotein at
the B-position was also substantially decreased (Table 2, Fig. 3A&B).
These data showed that the decrease in abnormal lipoproteins at
the original position and change in lipid content in B-lipoproteins
were the result of the fat-restriction diet and administration of
an ARB.

4. Discussion

In this study, we report a patient with LCAT deficiency who
experienced progressive renal dysfunction, proteinuria, anemia and
corneal opacity. Her renal biopsy specimen showed many foam cell
infiltrates into glomerular capillary tufts and mesangium, and
numerous clear vacuoles containing granular structures within the
GBM and mesangial matrix. Glomerular foam cells infiltrates are a
characteristic feature of LCAT deficiency [18—20]. The numerous
clear vacuoles within the GBM and mesangial matrix are also
consistent with the findings of a previous study of LCAT deficiency
[21]. However, the findings in our patient were not consistent with
the structures of odd-shaped electron-dense materials with a
membranous profile within clear vacuoles described in that study
[21]. Differences in structure in clear vacuoles may be related to
patient age or lipid composition in the vacuoles. It is conceivable
that the glomerular lipid deposits are fully or partially composed of
LpX, a cationized lipoprotein [22]. The glomerular charge barrier is
composed of negatively-changed proteins and may be influenced
by deposited cationized lipoproteins, resulting in the exacerbation
of proteinuria. Indeed, agarose gel electrophoresis of serum from
our patient at admission revealed a substantial amount of abnormal
cationized lipoproteins suggestive of LpX at the original position
(Fig. 3B-1). Proteinuria in this patient might have been induced by
the deposition of this abnormal cationized lipoprotein into
glomeruli.

Our patient had a novel mutation of Cys74Tyr in the lid region of
LCAT protein. LCAT protein contains two functional disulfide
bridges, Cys50-Cys74 and Cys313-Cys356 [23]. It appears likely that
the Cys50-Cys74 bond was disrupted in our patient. In previous
study, disruption of the Cys313-Cys356 bond by an amino acid
substitution was shown to result in LCAT deficiency and early onset
renal disease [10,24]. The former loop region in the LCAT protein,
consisting of Tyr51-Asp73, has binding capacity for HDL- and LDL-
cholesterol [25], and truncation of Lys53-Gly71 or Asp56-Leu68
from LCAT protein abolished the ability of LCAT protein to bind
HDL- and LDL-cholesterol in vitro [26,27]. Our patient also showed a
complete loss of LCAT activity, indicating that the former loop
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region spanned by Cys50-Cys74 is essential for substrate recogni-
tion of LCAT in the esterification process [28]. Further in vitro and
in vivo investigation of the effect of partial transformation of the
Tyr51-Asp73 loop region on the cholesterol esterification process
may contribute to our understanding of the biochemistry of
enzyme-—lipid interactions as well as the pathophysiology of LCAT
deficiency.

Although sequential ultracentrifugation is a standard method in
lipoprotein analysis, we applied agarose gel electrophoresis to
detect abnormal LpX and LDL-like lipoproteins and for visualization
of lipoproteins. Our patient had a significant increase in abnormal
lipoproteins at the original position and a severe decrease in HDL-
lipoprotein. Her serum also showed an abnormal midband lipo-
protein and a disturbance in the maturation of HDL particles. We
suggest that these lipoprotein abnormalities were due to the
disturbance in esterification resulting from the loss of LCAT activity.

We also evaluated the effect of a fat-restriction diet and
administration of an ARB on lipid profile, proteinuria and renal
function in this patient. This treatment decreased proteinuria and
resulted in a delay in the deterioration of renal function. A fat re-
striction diet obviously decreased her serum total-cholesterol and
TG, except HDL-cholesterol and LDL-cholesterol at 8 months of
treatment. The abnormal cationized lipoproteins at original posi-
tions, suggestive of LpX, disappeared after treatment. This disap-
pearance of abnormal cationized lipoproteins in her serum after
treatment may have induced a decreased in the amount of
deposited cationized lipoproteins within the GBM, thereby result-
ing in restoration of the charge barrier in the GBM and decrease in
proteinuria. The lipid content of lipoproteins at the B-position and
the cholesterol content of the midband lipoprotein decreased also
after treatment. Lipoproteins accumulating in the kidney are
thought to be abnormal apoprotein E-rich lipoproteins which have
migrated from the B-position [29], suggesting that the decrease in
serum apoprotein E after treatment may be associated with the
decrease in accumulated lipoproteins in the kidney. A fat-
restriction diet in combination with ARB treatment may
contribute to decrease in proteinuria and result in a delay in the
deterioration of renal function in patients with LCAT deficiency.
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Clinical and Population Studies

Lipoprotein Subfractions Highly Associated With
Renal Damage in Familial Lecithin:Cholesterol
Acyltransferase Deficiency

Masayuki Kuroda, Adriaan G. Holleboom, Erik S.G. Stroes, Sakiyo Asada, Yasuyuki Aoyagi,
Kouju Kamata, Shizuya Yamashita, Shun Ishibashi, Yasushi Saito, Hideaki Bujo

Objective—In familial lecithin:cholesterol acyltransferase (LCAT) deficiency (FLD), deposition of abnormal lipoproteins in
the renal stroma ultimately leads to renal failure. However, fish-eye disease (FED) does not lead to renal damage although
the causative mutations for both FLD and FED lie within the same LCAT gene. This study was performed to identify the
lipoproteins important for the development of renal failure in genetically diagnosed FLD in comparison with FED, using
high-performance liquid chromatography with a gel filtration column.

Approach and Results—1Lipoprotein profiles of 9 patients with LCAT deficiency were examined. Four lipoprotein fractions
specific to both FLD and FED were identified: (1) large lipoproteins (>80 nm), (2) lipoproteins corresponding to large low-
density lipoprotein (LDL), (3) lipoproteins corresponding to small LDL to large high-density lipoprotein, and (4) to small
high-density lipoprotein. Contents of cholesteryl ester and triglyceride of the large LDL in FLD (below detection limit
and 45.8+3.8%) and FED (20.7+6.4% and 28.0+6.5%) were significantly different, respectively. On in vitro incubation
with recombinant LCAT, content of cholesteryl ester in the large LDL in FLD, but not in FED, was significantly increased
(to 4.2+1.4%), whereas dysfunctional high-density lipoprotein was diminished in both FLLD and FED.

Conclusions—Our novel analytic approach using high-performance liquid chromatography with a gel filtration column
identified large LDL and high-density lipoprotein with a composition specific to FLD, but not to FED. The abnormal
lipoproteins were sensitive to treatment with recombinant LCAT and thus may play a causal role in the renal pathology
of FLD. (Arterioscler Thromb Vasc Biol. 2014;34:1756-1762.)

Key Words: chromatography, gel m LDL m lecithin acyltransferase deficiency m renal insufficiency

Lecithin:cholesterol acyltransferase (LCAT)-deficiency
syndromes are rare autosomal recessive diseases, charac-
terized by hypo-a-lipoproteinemia and corneal opacity."? They
are caused by mutations in the LCAT gene, of which 88 have
been reported to date.® Severe mutations lead to familial LCAT
deficiency (FLD), mild mutations lead to fish-eye disease
(FED). In FLD, the mutant LCAT enzyme is either absent in
plasma (not secreted from the hepatocyte or rapidly degraded
on secretion) or exhibits no catalytic activity on any lipopro-
tein; in FED, LCAT cannot esterify cholesterol on high-density
lipoprotein (HDL; loss of a-activity) but retains its activity on
lipoproteins containing apolipoprotein B (3-activity).'? Likely,
the molecular difference is causal to the major clinical differ-
ence between FLD and FED: patients with FLD develop renal
failure, whereas patients with FED do not.>*

To prevent renal failure in patients with FLD, replace-
ment therapy with recombinant enzyme is currently being

developed.>-® Alternatively, we are developing a long-last-
ing gene therapy by transplantation of human LCAT gene-
transduced autologous adipocytes.”® Recombinant LCAT
(tfLCAT) secreted by the LCAT gene-transduced adipocytes
corrected abnormal HDL subpopulations in sera of FED
patients in vitro.'

LCAT catalyzes the esterification of cholesterol with acyl
groups hydrolyzed from phospholipids, predominantly on
HDL particles. This leads to mature lipoproteins with cores
filled with cholesterol ester. LCAT dysfunction leads to
decreased maturation of the HDL particle and to increased
levels of both its substrates: unesterified cholesterol and
phosphatidylcholine. In the absence of LCAT activity, abnor-
mal lipid particles have been observed throughout lipopro-
tein fractions.'-** The HDL fraction contains disk-shaped
particles in rouleaux and small spherical particles. Density-
gradient ultracentrifugation followed by electron microscopy
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Nonstandard Abbreviations and Acronyms
CE cholesteryl ester

FC free cholesterol

FED fish-eye disease

FLD familial lecithin:cholesterol acyltransferase deficiency
GFC gel filtration column

HDL high-density lipoprotein

HPLC high-performance liquid chromatography
LCAT lecithin:cholesterol acyltransferase

LDL low-density lipoprotein

Lp lipoprotein

LpX lipoprotein-X

rLCAT recombinant LCAT

revealed that the low-density lipoprotein (LDL) fraction
contains 3 abnormal particles with different sizes, lipid com-
position, and associated apolipoproteins,'*'? which were
proposed to be important in the pathogenesis of renal mani-
festation in patients with FLD.""'® Of these, lipoprotein-X
(LpX)'"2 have been postulated to accumulate in glomeruli,
potentially causing the renal damage observed in patients
with FLD.'*!® In 1 patient with FL.D, lipid-lowering therapy
led to a reduction of LpX and a concomitant reduction in
proteinuria.?' LpX is phospholipid (PL)-rich and free choles-
terol (FC)-rich but triglyceride (TG)-poor particle without
apolipoproteins, ranging in size between very low density
lipoprotein and large LDL.*

To characterize the abnormal lipoproteins associated with
the renal pathology of FLD, we characterized lipoprotein
fractions by analyzing patients with different mutations and
manifestations in comparison with another LCAT-deficiency
syndrome, FED. We applied high-performance liquid chro-
matography with a gel filtration column (HPLC-GFC) for
the first time to characterize the above abnormal lipoproteins
and in fact identified lipoprotein subfractions specific to FLD.
The lipid contents and particle size were biochemically deter-
mined, and the responsiveness of the lipoproteins against
incubation with rLCAT was investigated in vitro.

Materials andv Methods

Materials and Methods are available in the online-only Supplement.
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Results

Lipoprotein Subfractions Specific to
LCAT-Deficiency Syndromes

Five patients with FLD (1-5) and 4 patients with FED
(6-9) were compared with 4 nonaffected normolipidemic
controls. Clinical and molecular characteristics and lipid pro-
files of the patients are given in Tables 1 and 2, respectively.
Ulwacentrifugation fractionation followed by determination of
lipid contents was performed in patients 1, 2, and 5 (Table I'in the
online-only Data Supplement). LCAT a-activities in the patients’
sera were all <2% of reference. As expected in LCAT deficiency,
mature HDL particles found at fraction (Fr.) 16 and 17 of unaf-
fected controls were absent in the 9 patients (Figure 1). Although
the lipid profiles of patients were heterogeneous, HPLC-GFC
showed 4 lipoprotein fractions in sera of patients with FLD and
FED that were not present in sera of unaffected controls: large
lipoproteins (>80 nm) in Fr. 1 (Lp1), lipoproteins corresponding
to large LDL in Fr. 8 (or Fr. 7-10; Lp8), lipoproteins correspond-
ing to very small LDL and large HDL in Fr. 12 to 16 (Lp12-16),
and lipoproteins corresponding to small HDL in Fr. 18 to 20
(Lp18-20). The levels of cholesterol, TG, and PL in these specific
fractions varied among the 9 patients (Figure 1). Serum apolipo-
protein analyses of Fr. 7 to 10, Fr. 13 to 15, and Fr. 18 t0 20 in 3
patients (1, 2, and 5) showed that Fr. 13 to 15 and Fr. 18 to 20 were
rich in apolipoprotein A as normolipidemic control although var-
ied among patients (Figure I in the online-only Data Supplement).
Apolipoprotein Cs were also rich in Fr. 18 to 20 butnotin Fr. 13 to
15. Apolipoprotein B was mostly distributed in Fr. 8 to 10 among
the 3 fraction categories. Apolipoprotein E was abundant in all 3
fraction categories when compared with that in the control.

Abnormal Lipoproteins Are Present in FLD
Regardless of Degree of Proteinuria

To study the relationship between lipoproteins and the degree
of proteinuria in patients with FLD, lipoproteins between 2
sibling patients with FLD homozygous for the C337Y muta-
tion in LCAT were compared (Figure 1, patients 1 and 3).
Patient 1 had proteinuria in the nephrotic range (6 g/24 h),
whereas patient 3 had only mild proteinuria (0.45 g/L).?
All 4 abnormal lipoproteins were present in both patients
(Figure 2A), although 3 lipoproteins (Lp1, Lp8, and Lp18-20)
were lower in the younger patient.

Clinical and Molecular Characteristics of Patients With Lecithin:Cholesterol Acyltransferase Deficiency

Renal Faifure/Proteinuria Corneal Opacity Anemia CAD Phenotype AA Substitution References

Table 1.

Patient Sex Age,Y Race

1 F 17 White (Morocco) 6g/24h
2 F 61  Japanese 2¢/24h
3 F 12 White (Morocco) 0.45 g/LL

4 F 63  Japanese 0.239/24h
5 M 68 Japanese 0.5g/L

6 M 38  Japanese -

7 M 58  White (Dutch) -

8 M 36 White (Dutch) -

9 F 30 White (Dutch) -

+ 11.4g/dl - FLD C337Y 23
+ 95¢gdl - FLD cagy 24
+ 9.2g/dL - FLD C337v 23
+ 10.3g/dlL - FLD G203R 25
+ 6.6gdl - FLD G54S 26
+ - - FED T1471 10
+ - - FED T1471 None
+ - - FED W99S/T1471 27

+ - - FED T1471/V333M 28

Patients 8 and 9 are compound heterozygotes; others are homozygotes for the indicated mutations. AA indicates amino acid; CAD, coronary
artery disease; F, female; FED, fish-eye disease; FLD, familial lecithin:cholesterol acyltransferase deficiency; and M, male.
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Table 2. Lipid Profiles of Patients With Lecithin:Cholesterol
Acyltransferase Deficiency

Patients TC TG HDL-C LDL-C CE/TC

1 109 179 5.8 67 0

2 123 307 9.3 52 0.13

3 47 56 10.1 26 0
4 47 89 6.3 23 0.13

5 56 59 2.0 42 0

6 85 120 4.0 57 0.57

7 133 120 47 104 0.54

8 144 205 3.9 99 0.57

9 98 118 4.9 70 0.39

Values for LDL-C were calculated according to Friedewald et al.?® CE/TC
indicates cholesteryl ester/total cholesterol ratio; HDL-C, high-density lipoprotein-
cholesterol; LDL-C, low-density lipoprotein-cholesterol; TC, total cholesterol; and
TG, triglyceride.

Next, lipoprotein profiles of a patient with FLD with
homozygous for the C98Y? mutation before and after a fat-
restricted diet, which led to a reduction of proteinuria from 2.0
g/gCr to 0.6 g/gCr, were compared (Figure 1, patient 2). All 4
lipoproteins remained present after the diet although Lpl and
Lp8 were decreased to some extent (Figure 2B).

Lp8 and Lp12 to 16 Are Specific

to FLD and Not to FED

Next, composition of the 4 Lps was analyzed (Figure II in the
online-only Data Supplement). In all lipoproteins, cholesteryl
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ester (CE) was absent in FLD and low in Lpl, Lpl2 to 16,
and Lp18 to 20 in FED (panel A). PL in Lp8 was significantly
lower in FLD when compared with that in FED (panel D). PL
and FC were increased in Lp12 to 16 in FLD when compared
with that in FED (panels B and D). FC, TG, and PL in both
Lp! and Lpl18 to 20 did not differ between FLD and FED.

Lp8 Is a Large LDL, Rich in FC, PL,

and TG, and Different From LpX

In comparison with unaffected controls and to patients with
FED, CE in the LDL fractions of FLD sera was significantly
decreased, whereas TG was increased (Figure 3A). In patients
with both FLD and FED, FC, TG, and PL in Fr. 8 were signifi-
cantly higher than in Fr. 9, whereas in controls, FC, TG, and
PL in Fr. 8 were significantly lower than in Fr. 9 (Figure 3B).
As a result, average sizes of Lp8 (Fr. 7-10) in FLD were sig-
nificantly increased when compared with normal, whereas
averaged particle size in FLD was lower than those in FED
because of the severe deficiency of CE (Figure 3C). The com-
position of Lp8 in our patients with FLD is consistent with
the previously reported FLD-LDL, and not consistent with the
lipid characteristics of LpX.

Abnormal Lipid Compositions of FLD-

Specific Lps Are Ameliorated by In

Vitro Incubation With rLCAT

In vitro rLCAT incubation was performed followed by HPLC-
GFC analyses (Figure IIl in the online-only Data Supplement).
Incubation of patients’ sera with rTLCAT increased CE, TG,
and PL in Fr. 16 to 18 in both FLD and FED (Figure IV in
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Figure 1. Lipoprotein profiles in patients with familial lecithin:cholesterol acyltransferase deficiency (FLD) by high performance liquid
chromatography (HPLC) with gel filtration column (GFC). Sera from patients with 5 FLD (patients [Pts.] 1-5) and 4 Fish-eye disease (FED;
Pts. 6-9) were subjected to lipoprotein size fractionation with concomitant determination of lipid concentrations in each fraction by high-
performance liquid chromatography-GFC analyses. Representative result is shown for normolipidemic subjects. Concentrations of total
cholesterol (®), triglyceride (m), free cholesterol (#), and phospholipid (4; y axis) in each fraction (x axis) are shown.
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Figure 2. Differences in lipoproteins in patients with familial lecithin:cholesterol acyltransferase deficiency (FLD) with or without renal
insufficiency. A, Lipoprotein profiles were compared between a patient with FLD with nephrotic range proteinuria (patient 1, o) and patient
3 with mild proteinuria (@). B, Lipoprotein profiles were compared between before (o) and after (@) fat-restricted diet.

the online-only Data Supplement), indicating LCAT-mediated
maturation of HDL. CE and PL contents of Lp8 were sig-
nificantly increased and decreased, respectively, in FLD after
incubation with rLCAT, whereas TG content was not signifi-
cantly altered (Figure 4A and 4B). In FED, composition of
Lp8 was not significantly altered by the treatment (Figure 4A
and 4B). On incubation with tLCAT, Lp8 increased in size in
FLD and it decreased in size in FED (Figure 4C). However,
FCand PL in Lp12 to 16 decreased on incubation (Figure 4D).

Discussion
In this study, 4 lipoprotein fractions specific to LCAT-deficiency
syndromes were identified by the HPLC-GFC analysis of sam-
ples from genetically diagnosed patients with different muta-
tions and manifestations. Two of these had lipid compositions

that were specific to FLD and thus may be involved in causing
the renal damage that characterizes FLD. In vitro incubation
with rLCAT corrected the abnormal fractions.

Lpl, one of the abnormal lipoproteins characteristic to
LCAT-deficiency syndrome, was rich in TG and PL, and asso-
ciated with the degree of proteinuria in 2 siblings with FLD,
and was decreased on fat restriction in another patient with FLD
(Figure 2). Indeed, abnormal lipoproteins with size of =100
nm corresponding to Lpl have been identified in patients with
LCAT deficiency with renal failure 2215 The lipid composi-
tion of Lp1 did not change on incubation with rLCAT (data not
shown). Together, this suggests that Lp1 is most likely secondary
to renal failure rather than directly caused by LCAT deficiency.

As opposed to controls, Fr. 8 was richer in total choles-
terol, TG, FC, and PL than Fr. 9 in the patients with LCAT
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