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ABSTRACT
Familial LCAT deficiency (FLD) is due to mutations in lecithin:
cholesterol acyltransferase (LCAT), a plasma enzyme that
esterifies cholesterol on lipoproteins. FLD is associated with
markedly reduced levels of plasma high-density lipoprotein and
cholesteryl ester and the formation of a nephrotoxic lipoprotein
called LpX. We used a mouse model in which the LCAT gene is
deleted and a truncated version of the SREBP1a gene is
expressed in the liver under the control of a protein-rich/carbo-
hydrate-low (PRCL) diet-regulated PEPCK promoter. This
mouse was found to form abundant amounts of LpX in the
plasma and was used to determine whether treatment with
recombinant human LCAT (rhLCAT) could prevent LpX formation
and renal injury. After 9 days on the PRCL diet, plasma total and
free cholesterol, as well as phospholipids, increased 6.1 6 0.6-,
9.66 0.9-, and 6.76 0.7-fold, respectively, and liver cholesterol

and triglyceride concentrations increased 1.76 0.4- and 2.86
0.9-fold, respectively, compared with chow-fed animals.
Transmission electron microscopy revealed robust accumu-
lation of lipid droplets in hepatocytes and the appearance
of multilamellar LpX particles in liver sinusoids and bile
canaliculi. In the kidney, LpX was found in glomerular
endothelial cells, podocytes, the glomerular basement mem-
brane, and the mesangium. The urine albumin/creatinine ratio
increased 30-fold on the PRCL diet compared with chow-fed
controls. Treatment of these mice with intravenous rhLCAT
restored the normal lipoprotein profile, eliminated LpX in
plasma and kidneys, and markedly decreased proteinuria.
The combined results suggest that rhLCAT infusion could be
an effective therapy for the prevention of renal disease in
patients with FLD.

Introduction
Lecithin:cholesterol acyltransferase (LCAT) (EC2.3.1.43)

is the only plasma enzyme capable of catalyzing cholesteryl
ester (CE) formation from free cholesterol (FC) and phospha-
tidylcholine (lecithin). Plasma CE formation is a critical step
in high-density lipoproteins (HDL) maturation and reverse
cholesterol transport, the process by which excess cellular
cholesterol from peripheral tissues is transported to the liver
for excretion (Glomset, 1968; Ahsan et al., 2014). FC resides in
the outer shell of HDL and exchanges freely and rapidly
between lipoproteins and membranes. Because of its in-
creased hydrophobicity, CE, once formed, partitions into the
hydrophobic core of HDL, where it is no longer able to
exchange, causing small, discoidal-shaped HDL particles to

mature into larger, spherical HDL particles enriched in CE.
CE is eventually delivered by HDL to the liver either di-
rectly, via the liver scavenger receptor SR-BI, or indirectly,
after cholesterol ester transfer protein-catalyzed transfer
of CE from HDL to low-density lipoproteins (LDL), followed
by LDL-CE delivery to the liver via the LDLR pathway
(Karathanasis et al., 2017).
Familial LCAT deficiency (FLD) is associated with low levels

of plasma HDL cholesterol and cholesteryl ester, corneal
opacities, anemia, and the development of proteinuria in early
adulthood that gradually progresses to nephrotic syndrome
and end-stage renal failure, often by 40–50 years of age.
A number of experimental and clinical studies have shown
that LpX, an abnormal lipoprotein in patients with FLD,
contributes to glomerulopathy (Gjone, 1974; Imbasciati
et al., 1986). Consistent with these findings, LCAT-
deficient mice kept on normal chow diet do not form
substantial amounts of LpX or develop kidney dysfunction,
but injection of synthetic LpX into these mice induces pro-
teinuria (Ossoli et al., 2016). There is no specific therapy for
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FLD, but recombinant human LCAT (rhLCAT) has been
shown to be safe in a Phase I trial (Shamburek et al., 2016b)
and to rapidly normalize the lipoprotein profile and the
percent of plasma cholesterol esterified in a single FLD
patient treated with rhLCAT (Shamburek et al., 2016a).
Unlike normal lipoproteins, LpX forms vesicular-like

particles rich in phospholipids and FC and is poor in neutral
lipids (cholesteryl esters and triglycerides), because it lacks a
hydrophobic core. It is also relatively depleted of proteins,
which mostly consist of albumin located in its aqueous
core and a small amount of C apolipoproteins on its surface
(Seidel et al., 1969, 1970). The origin of LpX particles is not
well understood, but may form as a consequence of the
partial lipolysis of neutral lipids in VLDL, which in the
absence of sufficient levels of CE, spontaneously reorganize
into phospholipid-rich vesicles (Narayanan, 1979; Zhu et al.,
2004). LpX-like particles also form in plasma of patients with
cholestasis, likely due to reflux of phospholipid and FC-rich
bile into plasma (Kostner et al., 1976; Sörös et al., 1998;
Heimerl et al., 2016). In addition to LpX and low HDL, other
lipoprotein abnormalities have also been noted in FLD that
are mostly related to the enrichment of FC in apoB-containing
lipoproteins (Kostner et al., 1976).
To investigate the relationship between LpX and kidney

dysfunction, we used a previously described LCAT-deficient
mouse model expressing a truncated “dominant positive”
version of the lipogenic transcription factor SREBP1a
under control of the liver-specific rat PEPCK promoter
[LCAT-knockout (KO) � SREBP1a mice] (Short et al., 1992;
Shimano et al., 1996; Zhu et al., 2004). This SREBP1a
transgene is not downregulated by sterols and remains in
the nucleus where it constitutively activates lipid biosyn-
thetic genes, leading to the accumulation of cholesterol and
triglycerides in liver of SREBP1a transgenic mice, particu-
larly when fed a protein rich/carbohydrate low (PRCL) diet
(Shimano et al., 1996) that induces the PEPCK promoter. On
a normal standard mouse chow diet, LCAT-KO � SREBP1a
mice gradually accumulate LpX in plasma and after at least
6 to 7 months of age develop moderate proteinuria.
We developed a more acute model of kidney injury related

to LpX by feeding LCAT-KO � SREBP1a mice with a PRCL
diet to stimulate SREBP1a transgene expression and liver
lipogenesis (Short et al., 1992). After less than 2 weeks on the
PRCL diet, the mice showed a marked increase in total
plasma lipids, liver weight, and cholesterol and triglycerides
content and had large accumulations of LpX in plasma, liver,
and renal glomeruli. These lipid changes were associated
with the development of severe proteinuria. Treatment of
these mice with rhLCAT prevented LpX formation and
proteinuria and therefore demonstrate the feasibility of
using rhLCAT as a potential therapy for the prevention of
renal disease in FLD.

Methods
Animal Studies. LCAT-KO � SREBP1a mice were created by

crossing LCAT-KO mice (Sakai et al., 1997) on a C57Bl/6N back-
ground (MMRRC Stock No. 11840-MU), with transgenic mice
containing the human SREBP1a cDNA under control of the rat
PEPCK promoter on a C57Bl/6J � SJL F1 genetic background
(Shimano et al., 1996) (Stock 002840; Jackson Laboratory, Bar
Harbor, ME), as previously described (Zhu et al., 2004). Routine

genotyping of LCAT-KO� SREBP1a mice was done by Transnetyx
(Cordova, TN) using real-time PCR. No sex-specific differences
were observed in any of the studied parameters, so results from
male and female mice were pooled. Mice were housed under
controlled conditions, with a 12:12-hour light/dark cycle and were
fed ad libitum either a standard rodent autoclaved chow diet
containing 4.0% fat (NIH31 chow diet; Zeigler Brothers Inc.,
Gardners, PA) or a protein-rich/carbohydrate low (PRCL) diet (Cat.
No. TD.140565; Envigo, Huntingdon, UK), containing by weight 70%
casein, 10% carbohydrates, and 10% fat (Short et al., 1992). All
animal experiments were approved by the Animal Care and Use
Committee of the National Heart, Lung, and Blood Institute (NIH
Protocol #H-0050).

Analyses of Plasma Lipids and Renal Function. Plasma was
prepared from blood collected from the periorbital sinus of the
contralateral eye as described earlier, and lipids were measured
enzymatically, as previously described (Rousset et al., 2010). Plasma
lipoproteins were fractionated by fast protein liquid chromatography
(FPLC, Akta FPLC; GE Healthcare, Chicago, IL) on two Superose
6 columns in series (Vaisman et al., 2012). LpXwas detected in plasma
by electrophoresis in Sebia Hydragel Lipoprotein (E) 15/30 gels and in
tissue by transmission electron microscopy (TEM), as previously
described (Ossoli et al., 2016). To determine the FC content of plasma
LpX, the fluorescent intensity of the LpX region of each sample on
filipin-stained gels, as well as total fluorescent intensity throughout
the gel lane for each sample, was quantitated after subtracting
background fluorescence using ImageQuant Version 5.2 (Molecular
Dynamics, Sunnyvale, CA) software. The relative amount of LpX in
each plasma sample was calculated as [(LpX fluorescent intensity)/
(total fluorescent intensity)] and the concentration of FC in LpX was
then determined bymultiplying this ratio by the plasma concentration
of FC in the sample.

Urine albumin was measured by ELISA (Albuwell M ELISA kit)
and creatinine by a colorimetric assay (The Creatinine Companion,
Exocell, PA). Proteinuria was calculated as the ratio of albumin
(micrograms)/creatinine (milligrams).

Analysis of Tissue Lipids and Total Protein. To determine the
cholesterol concentration in liver, lipids were extracted by the Folch
method (Folch et al., 1957) as follows: approximately 50 mg of tissue
was homogenized in Precellys24 (Bertin Technologies, Rockville, MD)
in tubes (CK28) with 1.2 ml of freshly prepared chloroform-methanol
mixture (2:1). Sampleswere homogenized at 6500RPM for 20 seconds,
cooled on ice for 3–5 minutes, and homogenized a second time at
6500RPM for 20 seconds. The tubeswere then vortexed for 15minutes
and centrifuged at 14,000 g for 10 minutes at 4°C. The supernatant
was transferred to new tubes. To the precipitate, 0.3 ml of chloroform-
methanol mixture (2:1) was added, the tubes were vortexed for 20–30
seconds and then centrifuged as before. The supernatant was
combined with the previously collected supernatant. Lipid extracts
were washed with 0.2 volume of saline and the tubes were then briefly
vortexed and centrifuged as before. The upper phase was discarded,
and the lower phase was evaporated under a stream of nitrogen. To
eliminate the last traces of residual solvent, the tubes were placed in a
Speed-Vac for 30 minutes. The cholesterol content in these lipid
extracts was then measured enzymatically, using the Cell Biolabs
total cholesterol assay kit (cat. No. STA-384).

Liver triglycerides were measured as previously described (Norris
et al., 2003; Jouihan, 2012) with minor modifications. The TRIGL
reagent for the Cobas chemistry analyzer (Cat. No. 20767107322;
Roche Diagnostics, Indianapolis, IN) was used for the Triglyceride
(GPO Trinder) reagent A. Three microliters of the final extract and
250 ml of the TRIGL reagent were used. The samples were placed
into a 96-well plate and incubated 10 minutes at room tempera-
ture. Absorbance was measured at 505 nm in a SpectraMax 384Plus
plate reader.

Liver protein concentration was determined using a total protein
assay kit fromQuickZyme BioSciences (Product Code QZBTOTPROT1;
supplier, Cedarlane,Westbury, NY) followingmanufacturer instructions.
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Analysis of Gene Expression in Kidney and Liver. The effect
of the PRCL diet on expression of several cholesterol metabolism-
related genes was studied by real-time PCR with TaqMan assays
(Vaisman et al., 2012). All reagents used in real-time PCR experi-
ments were obtained from Applied Biosystems (Foster City, CA).
mRNA levels of the following genes in kidney were measured: Dhcr24
(Assay ID Mm00519071_m1), Hmgcr (Mm01282499_m1), and Ldlr
(Mm01151337_m1). In liver, mRNA levels of Abca1 (Assay ID
Mm00442636_m1), Abcg1 (Mm00437390_m1), Apoa1 (Mm00437569_m1),
Hmgcr (Mm01282499_m1), Ldlr (Mm01177349_m1), Pcsk9
(Mm01263610_m1), and Scarb1 (known also as Sr-b1) (Mm00450234_m1)
in rhLCAT- versus vehicle-treated mice kept on PRCL diet were
determined. Gene expression was normalized against expression of
two reference genes: mouse beta-actin (Mm02619580_g1) and Gapdh
(Mm99999915_g1). For gene expression analysis, ABI SDS 2.4 and
Qiagen REST 2009 v.2.013 software were used.

Analysis of Tissue by Electron Microscopy. Mouse kidney
cortex and liver samples were cut into 1-mm3 pieces in 2.5%
glutaraldehyde, 1% paraformaldehyde, 0.12 M sodium cacodylate
buffer, pH 7.4, at room temperature and then placed in fresh fixative
overnight at 4°C. Fixed samples were washed in cacodylate buffer,
postfixed in 1% OsO4 in cacodylate buffer, washed, stained en bloc
with uranyl acetate, ethanol dehydrated, and EMbed-812 embedded
(Electron Microscopy Sciences, Hatfield, PA). Thin sections were
stained with uranyl acetate and lead citrate prior to imaging with a
JEM1400 electron microscope (JEOL USA, Peabody, MA) equipped
with an AMT XR-111 digital camera (Advanced Microscopy Tech-
niques Corp., Woburn, MA). A minimum of three mice per control and
experimental groups were processed and imaged.

rhLCAT Treatment of Mice. rhLCAT (MEDI6012) was pro-
duced as previously described (Manthei et al., 2017). Human and
mouse LCAT enzymes possess a high degree of homology (Peelman
et al., 1999), and indeed we found 87% identity between human and
mouse LCAT reference protein sequences byBLAST analysis. Recombi-
nant humanLCATwaspreviously shown to be active and to have a half-
life of 1.23 hours in LCAT-KO mice, with elevated CE and increased
HDL persisting for over 24 hours (Rousset et al., 2010). In the current
study, rhLCAT was injected intravenously through the retro-orbital
sinuswith a 28.5-gauge needle at a dose of 10mg/kg. rhLCAT injections
were started on day 2 of the PRCL diet, and the last injection was
performed 1 day before the animals were euthanized. The complete
dosing schedule for each experiment is described in the figure legends.

Statistical Analysis. All data were analyzed by Student’s t-test
with GraphPad PRISM version 7.02 software. Statistically significant
differences were defined as a two-tailed probability of less than 0.05.
Unless otherwise indicated, all results are presented as mean6 S.E.M.

Results
The PRCL Diet Rapidly Increases Plasma Lipids and

Induces LpX Formation. Using LCAT-KO � SREBP1a
mice (Zhu et al., 2004) fed a PRCL diet, we developed an acute
LpX kidney injury model. Consistent with previous reports

(Zhu et al., 2004), on a normal chow diet, these mice have
nearly normal total plasma cholesterol (Table 1) but, as
expected, have very low levels of HDL cholesterol (Fig. 1).
Most of the plasma cholesterol in these mice on a chow diet is
in the VLDL fraction. Once on a PRCL diet, total plasma
cholesterol increased over sixfold (Table 1), with the majority
of it remaining unesterified as FC. As was previously observed
for LCAT-KO mice on a high-fat diet, plasma CE levels also
increased, likely formed intracellularly in the liver or intestine
by ACAT and later appearing in the plasma as a consequence
of the secretion of lipoproteins (Thacker et al., 2015). By FPLC
analysis (Fig. 1), most of the total plasma lipid changes on the
PRCL diet (Table 1) were due to increases in lipids on VLDL/
LDL-sized lipoproteins (Fig. 1, fractions with elution volume
between 14 and 23 ml), which were enriched in FC and
phospholipids, both hallmarks of LpX formation (Narayanan,
1984; Ahsan et al., 2014). Total plasma lipids returned to near
normal levels 2 weeks after returning the mice to a normal
chow diet (Table 1).
Depending on the agarose gel system, LpX in plasma from

human FLD and cholestatic patients is known either to be
trapped in the origin of the gel or to migrate slightly toward
the cathode during electrophoresis (Torsvik et al., 1972; O and
Frohlich, 1995; Freeman et al., 2017). It can sometimes be
detected by Sudan Black staining for neutral lipids but often
can be more readily observed by staining for FC with filipin
(Ossoli et al., 2016; Freeman et al., 2017). By Sudan Black
staining (Fig. 2), we observed mostly VLDL-like particles and
the lack of HDL frommice on the chow diet. After 9 days on the
PRCL diet, we observed a distinct band after Sudan Black
staining just below the origin, corresponding to the known
migration position of LpX. By filipin staining (Fig. 2), this LpX
band appeared to contain FC. Quantitative analysis indicated
that the concentration of FC in this LpX band was 22.2 6
1.6 mg/dl or 14.6% 6 1.1% of all FC in plasma. Compared with
chow-fed mice, we also observed a marked enrichment of FC
in FPLC fractions corresponding to VLDL and LDL (Fig. 1).
The PRCL Diet Induces Lipid and LpX Accumulation

in the Liver. Previous work showed that mice with a normal
LCAT gene, but transgenic for truncated SREBP1a under
the control of the PEPCK promoter, shows dramatically
increased hepatic biosynthesis of cholesterol and other
lipids and develop hepatomegaly when fed a PRCL diet
for 2 weeks (Shimano et al., 1996). In our study, we found
that the absence of the LCAT gene (LCAT-KO) in the same
SREBP1a transgenic mice background led to a very simi-
lar lipid phenotype even on a normal chow diet. On the
normal chow diet, liver cholesterol levels in the LCAT-KO �
SREBP1a mice was 6.1 6 1.5 mg/g (Fig. 3A) compared with

TABLE 1
Effect of 9 days on PRCL diet on plasma lipids of 2- to 3-mo-old LCAT-KO � SREBP1a mice

Diet
Plasma Lipids

TC TG PL FC CE

mg/dl

Chow diet (n = 35–41) 45.1 6 4.0 36.3 6 3.0 78.8 6 4.7 16.0 6 1.5 29.0 6 2.8
After 9 days on PRCL diet (n = 32–37) 274.2 6 13.7 127.6 6 10.8 525.8 6 42 153.1 6 3.2 121.0 6 12.1
14 d after returning to chow diet, n = 21 53.1 6 4.1 58.7 6 6.1 97.8 6 7.5 19.4 6 1.7 33.7 6 2.8

Fold-increase after 9 days on PRCL diet
6.1 6 0.6 3.5 6 0.4 6.7 6 0.7 9.6 6 0.9 4.2 6 0.6

P value ,0.0001 ,0.0001 ,0.0001 ,0.0001 ,0.0001
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2.1 6 0.1 mg/g for control mice in a similar background
(C57BL/6:129/SvJae) (Repa et al., 2004). On a PRCL diet for
9 days, the concentration of cholesterol in liver of LCAT-
KO � SREBP1a mice was even higher (Fig. 3A, P , 0.02),
reaching 10.1 6 0.6 mg/g. Simultaneously, the liver triglycer-
ide concentration was elevated 2.8 6 0.9-fold (from 66 to
185 mg/g, Fig. 3B, P , 0.0001).
The protein concentration in liver did not change signifi-

cantly (Fig. 3C). However, liver weight increased by 2.6 6
0.7-fold during the relatively short time on the PRCL diet
(9 days) (Fig. 3D, P , 0.001). The effect of the PRCL diet
on liver metabolism was similar to what was previously
observed in SREBP1a transgenic mice, which, in contrast
to our mouse model, had the endogenous mouse Lcat gene
(Shimano et al., 1996). Triglyceride levels were lower in liver
of ourmice compared with Shimano et al., likely because they
were younger, maintained on PRCL diet for a shorter time
(9 vs. 14 days) and were LCAT-deficient.
Transmission electronmicroscopy (TEM) of liver tissue from

chow-fed LCAT-KO � SREBP1a mice revealed large num-
bers of intracellular lipid droplets in hepatocytes (Fig. 4A).
After 9 days on the PRCL diet, the number of lipid droplets in
the hepatocytes was further increased (Fig. 4B), consistent
with increased liver cholesterol and triglyceride content and
liver weight (Fig. 3, A, B, and D). Importantly, TEM also
demonstrated the appearance of multilamellar LpX parti-
cles in liver sinusoids and in bile canaliculi when on the PRCL

diet (Fig. 4, C and D). A similar location of LpX particles
was previously described in the cholestatic rat liver (Felker
et al., 1978).
The PRCL Diet Induces LpX Renal Accumulation

and Proteinuria. In contrast to the liver, kidney weight did
not appear to increase significantly on the PRCL diet (Fig. 3E).
Similarly, kidney cholesterol content did not differ between
the PRCL and chow-diet fed mice (Fig. 3F). Consistent with
this, expression of several cholesterol metabolism-related
genes in the kidney, such as Dhcr24, Hmgcr, and Ldlr, also
did not change significantly on the PRCL diet (Fig. 3G). These
data suggest that PRCL diet feeding has no apparent effects
on kidney lipid metabolism.
TEM analysis of kidney tissue from LCAT-KO � SREBP1a

mice fed the PRCL diet for 9 or 15 days showed similar results.
TEM revealedmultilamellar LpX particles (Fig. 5, B–I), which
were not observed in renal glomeruli from mice on the normal
chow diet (Fig. 5A). Abundant LpX particles were found in the
renal glomerular capillary loops and were also seen bound to
glomerular endothelial cells (Fig. 5, B and C) and to podocytes
in the urinary space (Fig. 5, F and G). Moreover, LpX was also
observed to be entrapped in both the glomerular basement
membrane (GBM) (Fig. 5, D and E) and, at a much higher
level, the mesangium (Fig. 5, H and I).
The presence of LpX particles in the kidney was accompa-

nied by the development of significant proteinuria. After
14 days on the PRCL diet, the albumin/creatinine ratio

Fig. 1. FPLC analysis of lipoproteins of mice on chow vs. PRCL diet. LCAT-KO � SREBP1a mice (2.6 months old) were placed on indicated diet for
9 days. Plasma (200 ml) from a pool of four mice was fractionated by FPLC and analyzed for the following lipids: FC, free cholesterol; PL, phospholipids;
TC, total cholesterol; TG, triglycerides. Locations of known migration position of lipoproteins are indicated.
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increased 31 6 4-fold (Fig. 6, P , 0.05) compared with baseline.
Similar results were obtained for mice kept 7–9 days on the
PRCL diet (see Fig. 11).
Interestingly, all changes induced by the PRCL diet were

reversible. Similar to what was observed for plasma lipids
(Table 1), 2 weeks after the mice were returned to the normal
chow diet, proteinuria returned to near baseline (Fig. 6).
rhLCAT Treatment Prevents Plasma Lipid Abnor-

malities and LpX Formation. We next investigated whether
treatment with rhLCAT prevents the PRCL diet-induced
lipid abnormalities in the LCAT-KO� SREBP1amice. As we
observed before (see Fig. 2A), LCAT-KO�SREBP-1amice on
regular chow diet had very little FC, as assessed by filipin
staining (Fig. 7A), and moderate amounts of neutral lipids,
mostly migrating in the vicinity of VLDL (broad beta) (Fig. 7A,
SudanBlack staining). In contrast, LCAT-KO� SREBP1amice
on the PRCL diet for 9 days had lipoproteins highly enriched in
FC, as seen by filipin staining (Fig. 7B, lanes 1–3). These same
bands were also moderately increased by Sudan Black staining
(Fig. 7B). As before, bands corresponding to LpXwere observed
near the origin. Quantitative analysis demonstrated that after
9 days on the PRCL diet, the concentration of FC in LpX of
LCAT-KO � SREBP1a mice (Fig. 7B, Filipin staining, lanes
1–3) was 31.56 5.1 mg/dl or 20.8%6 3.9% of all FC in plasma.
Four mice (lanes 4–7 in Fig. 7B) were placed on the same

PRCL diet for 9 days but were injected with rhLCAT (three
intravenous injections of rhLCAT, dose 10mg/kg, on days 2, 5,
and 8). Compared with vehicle-treated control mice (Fig. 7B,

lanes 1–3), rhLCAT treatment markedly reduced LpX and the
FC content of VLDL/LDL lipoproteins (Fig. 7B, lanes 4–7,
Filipin staining). The FC content of plasma LpX decreased to
only 4.2 6 1.4 mg/dl in these rhLCAT-treated mice, a 7.5 6
1-fold drop (P , 0.03) in LpX-FC compared with vehicle-
treated control mice (Fig. 7B, lanes 1–3). Similar changes
could also be seen with Sudan Black staining (Fig. 7B).
rhLCAT treatment also resulted in the appearance of a new
band that migrated just below the human HDL standard,
where mouse HDL typically migrates (Fig. 7B, Sudan Black).
These lipid changes and the appearance of HDL in the
rhLCAT-treated animals were confirmed by FPLC analysis
(Fig. 8). The FPLC profile for total cholesterol and phospho-
lipids in rhLCAT-treated mice were similar to normal mice
with most plasma lipids, including CE, in HDL fractions.
Changes observed in total plasma lipids after rhLCAT

treatment are consistent with results by gel electrophoresis
and FPLC analysis and are indicative of the ability of rhLCAT
to normalize the lipoprotein profile of the LCAT-KO �
SREBP-1a mice on the PRCL diet (Fig. 9). Total cholesterol,
phospholipid, and FC showed the greatest changes with
rhLCAT treatment and decreased 4.2 6 1.1-, 5.2 6 2.2-,
and 4.3 6 1.3-fold, respectively. Because phospholipids and
FC are enriched in LpX, this is consistent with the drop in
LpX observed by gel electrophoresis but is also likely due to
decreases in the level of VLDL and LDL that were enriched
in FC. Plasma CE also decreased but based on FPLC analysis
this was mostly on VLDL/LDL, which was likely formed
by ACAT. In contrast, CE on HDL, the preferred lipopro-
tein substrate for LCAT, markedly increased after the
treatment (Fig. 8).
rhLCAT injections significantly altered hepatic mRNA

levels of the murine Abca1 and Apoa1 genes, but the effects
were small (1.12- and 1.14-fold, respectively) (P , 0.05, both).
mRNA levels of Abcg1, Hmgcr, Ldlr, Pcsk9, and Scarb1 were
unchanged after rhLCAT treatment. Hence, rhLCAT restoration
of a near-normal murine plasma lipoprotein profile, with HDL as
themajor lipoprotein (Fig. 8) aremost consistentwithpreviously
demonstrated effects of rhLCAT on conversion of nascent
HDL to mature, spherical HDL, increased HDL half-life,
increased apoA-I and HDL-C levels in plasma, and remod-
eling of other plasma lipoproteins, including LpX (Rousset
et al., 2010; Ossoli et al., 2016; Shamburek et al., 2016a).
Consistent with our TEM findings, rhLCAT treatment

did not significantly alter the concentration of triglycerides
(185 6 9 mg/g on PRCL diet vs. 178 6 11 mg/g on PRCL diet
plus rhLCAT, P5 0.6) and protein (2206 20mg/g on PRCL diet
vs. 21868mg/g onPRCLdiet plus rhLCAT,P5 0.9) in the liver.
rhLCAT Treatment Prevents Renal LpX Accumula-

tion and Decreases Proteinuria. We next examined
whether the normalization of plasma lipids observed with
rhLCAT treatment of the LCAT-KO � SREBP1a mice on a
PRCL diet alters kidney LpX deposition and function. As we
observed before, vehicle-injected LCAT-KO � SREBP1a mice
on the PRCL diet for 9 days show substantial accumulation of
lipid droplets and LpX in the kidney (Fig. 10A). However,
treatment of mice with rhLCAT (10mg/kg on days 2, 5, and 8),
during the 9-day course of the PRCL diet, prevented the
appearance of lipid droplets and LpX in the kidneys (Fig. 10B).
The same was true for LpX in the liver, but the presence of
hepatic intracellular lipid droplets was unchanged with the
rhLCAT treatment (data not shown).

Fig. 2. Electrophoretic analysis of plasma lipoproteins of mice on chow vs.
PRCL diet. Agarose gel electrophoresis of plasma from mice before (A) or
9 days after (B) placement on the PRCL diet. Gels were stained with
filipin to detect free cholesterol (left panels) or Sudan Black to detect
neutral lipids (right panels). Plasma from a total of 21 mice before and
after the diet was divided into four pools, containing plasma from 6, 5, 5,
and 5 mice. Ten microliters from each pool were loaded onto the agarose
gels. LDL, VLDL, and HDL used as markers of lipoproteins were
isolated from human plasma.
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Treatment of mice on the PRCL diet with rhLCAT signif-
icantly improved proteinuria (Fig. 11). On day 1, the albu-
min/creatinine ratio was very low in both vehicle and rhLCAT
treated animals (Fig. 11). After days 7 and 9 on the PRCL diet,
the vehicle-treated animals had markedly increased albumin/
creatinine ratio in the range of 800–1000 mg/mg, a 20- to 24-fold
increase over baseline. Notably, the LpX concentration in the
plasma of mice #1–7, maintained for 9 days on PRCL diet
and treated by saline (mice #1–3) or by injections of rhLCAT
(mice #4–7) (Fig. 7B), strongly correlated with proteinuria
(urine albumin/creatinine ratios, Fig. 11A), with a coefficient
of correlation of 0.85,P, 0.02 (Fig. 12). Moreover, the rhLCAT-
treated animals in Figure 7B had a 7.5 6 1-fold decrease in
plasma LpX concentration and an approximate 3.0-fold de-
crease in the albumin/creatinine ratio compared with vehicle-
treated mice (Fig. 11A). In an independent experiment with a
slightly larger dose and a total of four injections of rhLCAT
during 10 days on PRCL diet, we found an even better
protective effect of the rhLCAT treatment on kidney function,
reaching close to a five-fold decrease in the albumin/creatinine
ratio compared with the vehicle control (Fig. 11B).

Discussion
Our primary goal in this studywas to develop an acute renal

injury model for LpX nephrotoxicity to test the possible

efficacy of rhLCAT for reducing LpX and proteinuria in a
mouse model of FLD. LCAT-deficient mice do not spontane-
ously accumulate LpX or develop kidney dysfunction on a
normal chow diet, and develop only relatively small amounts
of plasma LpX andmild glomerular lesions after 16weeks on a
high-fat/high-cholesterol diet (Lambert et al., 2001). We,
therefore, used a previously described model, LCAT-KO �
SREBP1a mice, in which LCAT-deficient mice express a
truncated, dominant-positive SREBP1a transgene under con-
trol of the PEPCK promoter (Shimano et al., 1996; Zhu et al.,
2004). We found that feeding these mice the PRCL diet, which
induces the PEPCK promoter, further increased cholesterol
and triglyceride concentrations in liver and FC-enriched
VLDL and LDL in plasma and led to LpX formation in plasma
and deposition in kidney. LpX particles, which were present in
plasma with an FC concentration of approximately 20 mg/dl,
induced strong proteinuria. Most importantly, rhLCAT ad-
ministered over the course of the PRCL diet restored a normal
lipid profile, prevented LpX accumulation, and dramatically
reduced proteinuria in these mice.
Typically, patients with FLD have several decades of in-

creasing proteinuria with relatively normal levels of serum
creatinine and blood urea nitrogen. Creatinine and blood urea
nitrogen usually only become abnormal very late in the disease
process when patients ultimately develop end-stage renal dis-
ease, which is themain cause ofmorbidity andmortality for FLD

Fig. 3. Effect of PRCL diet on liver and
kidney. Tissues were isolated from 2.9-
month-old LCAT-KO � SREBP1a mice
fed a regular chow (n = 3 for livers and
4 for kidney) or PRCL diet (n = 6 for liver
and 5 for kidney) for 9 days. The PRCL
diet markedly increased liver concentra-
tion of cholesterol (A) and triglycerides
(B) (1.65 6 0.4-fold and 2.8 6 0.9-fold,
respectively). Changes in protein concen-
tration in liver (C) were statistically non-
significant. Liver weight (D) was increased
2.6 6 0.7-fold on the PRCL diet. Kidney
weight (E) did not significantly increase
after 9 days on the PRCL diet. (F) Choles-
terol concentration in kidney did not sig-
nificantly increase on the PRCL diet. (G)
Expression of cholesterol metabolism genes
Dhcr24, Hmgcr, and Ldlr in the kidney did
not change on PRCL diet. The ratio of
mRNA levels on the PRCL diet (n = 6) to
levels on the chow diet (n = 4) are shown.
*P , 0.05; **P , 0.01; ****P , 0.00001.
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(Ahsan et al., 2014). Currently, there is no specific therapy for
FLD; hence, the relatively slow rate of disease progression
in FLD provides an opportunity to use enzyme replacement
therapy to restore LCAT levels and prevent renal disease.

Several lines of evidence demonstrate that generation of
LpX in LCAT-KO � SREBP1a mice is increased when fed
the PRCL diet. First, TEM analysis revealed the appearance
of multilamellar particles that are characteristic for LpX

Fig. 4. PRCL diet increases lipid accu-
mulation and promotes the appearance of
LpX in the liver of LCAT-KO � SREBP1a
mice. (A) Liver frommice maintained on a
normal chow diet. Note the accumulation
of numerous lipid droplets in hepatocytes.
(B–D) Livers frommice after 9 days on the
PRCL diet. (B) Note the massive increase
in hepatocyte lipid droplet accumulation.
LpX particles were observed in liver
sinusoids (C) containing RBCs and in bile
canaliculi (D) with characteristic micro-
villi. LpX particles are clearly seen to be
multilamellar in the insets (enlarged
red boxes) in (C and D). RBC, red blood
cell; MVs, microvilli. Scale bars (A and B)
4 mm; (C) 500 nm; (D) 1 mm; inset (C);
200 nm; inset (D); 500 nm.

Fig. 5. The PRCL diet induces accumu-
lation of LpX particles in renal glomeruli
of LCAT-KO � SREBP1a mice. (A) LpX
particles were not seen in the renal
glomeruli of mice on a normal chow diet.
(B–I) In mice maintained for 9 or 15 days
on a PRCL diet, LpX was observed in all
renal glomerular compartments. (B) LpX
was observed in the renal capillary lumen
(enlarged in the inset) and was also found
to be bound to capillary endothelial cells
(C) and to podocytes in the urinary space
as well (F and G) [enlargement of area in
black box in (F)]. LpX was observed to be
entrapped in the glomerular basement
membrane (D), (E) enlargement of area
in white box in (D), and in the mesangium
(H and I) [enlargement of area in white
box in (H)]. CL, capillary lumen; EC,
endothelial cell; GBM, glomerular base-
ment membrane; PC, podocyte; RBC, red
blood cell. Scale bars, (A and C) 500 nm;
(B, F, and G) 1 mm, (B inset) 200 nm; (D)
400 nm; (E and I) 100 nm; (F) 300 nm.
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(Laggner et al., 1977; Narayanan, 1979) in the liver and
kidney of the mice. Second, FPLC analysis revealed phospho-
lipid/FC enriched particles in the VLDL/LDL region that
compositionally are similar to LpX isolated by FPLC (O
and Frohlich, 1995; Zhu et al., 2004). Third, electrophoresis
revealed bands with the characteristic migration pattern for
LpX that only appeared after the PRCL diet. These bands
also intensely stained with filipin, indicating that they are
enriched in FC, likewhat has been previously reported for LpX
(O and Frohlich, 1995; Ahsan et al., 2014; Ossoli et al., 2016).
Finally, the intensity of these bands strongly correlated with
development of proteinuria in animals maintained on the
PRCL for 9 days.
Overexpression of the SREBP1a transgene appeared to be

essential for LpX formation and the other lipid-related

changes observed in the LCAT-deficient mice. At least by
agarose gel electrophoresis, virtually no LpX could be detected
in 2- to 3-month-old LCAT-KO � SREBP1a mice on a chow
diet (Zhu et al., 2004 and our data). In contrast, there was a
rapid and dramatic accumulation of LpX in plasma of these
mice when expression of the SREBP1a gene was induced by
the PRCL diet. Upregulation of SREBP1a by the PRCL diet
markedly increased cholesterol synthesis in hepatocytes,
leading to dramatic increases in plasma VLDL and LDL,
which, after the partial lipolysis of triglycerides, has been
proposed to lead to the formation of LpX (Zhu et al., 2004).
These findings suggest that LCAT deficiency, in combination
with excessive liver lipid biosynthesis, potentiates LpX for-
mation and its deposition in tissues. As observed by agarose
gel electrophoresis, the apoB lipoproteins of mice fed the
PRCL diet also became enriched in FC, which has been
previously described in FLD patients (Gjone, 1974).
A key question is howLpX induced proteinuria in ourmouse

model.We showed previously that injection of LpX into LCAT-
KO mice induces kidney dysfunction (Ossoli et al., 2016).
Injected LpX was found to accumulate in the glomerulus
where it caused several gene expression changes associated
with nephrotoxicity. It also caused podocyte effacement,
which is well known to be causally linked with proteinuria.
In both our present and previous studies (Ossoli et al.,
2016), we observed LpX deposition in GBMwith concomitant
damage to the GBM as well as robust intracellular LpX
deposition in the mesangium. The relative importance of
the deposition of LpX into various extracellular or intracel-
lular compartments in the kidney for the initiation and
progression of LpX-induced proteinuria remains to be deter-
mined. There are, however, several other lipoprotein abnor-
malities in FLD that could also potentially contribute to
renal disease. In particular, the enrichment of FC on apoB-
containing lipoproteins, which was also observed in this
study, has also been proposed to be nephrotoxic (Kuroda
et al., 2014), but this has not been experimentally tested.

Fig. 6. PRCL diet induces proteinuria. LCAT-KO� SREBP1amice (n = 5)
weremaintained either on a normal chow or on the PRCL diet for 14 days, and
urine was analyzed for albumin and creatinine. Proteinuria returned to near
baseline 15 days after returning the mice to a normal chow diet. *P , 0.04.

Fig. 7. Electrophoretic analysis of plasma
from LCAT-KO � SREBP1a mice fed a
PRCL diet and treated with rhLCAT. (A)
2.5-month old LCAT-KO� SREBP1a mice
(mice #1–7) were kept on normal chow diet.
10ml plasma from each mouse was loaded
onto agarose gels. (B) The same mice were
then maintained for 9 days on a PRCL diet
and treated with three I/V injections of
either saline (vehicle; n5 3) (mice #1–3) or
rhLCAT (n5 4) (mice #4–7) at a dose of 10
mg/kg on days 2, 5 and 8. After the final
injection, plasma was drawn and 10ml
from each mouse was loaded onto agarose
gels. After electrophoresis, gels were
stained for free cholesterol with Filipin
(left panels) or for neutral lipids with
Sudan Black (right panels) as in Figure 2.
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Wedid observe, however, that this lipid abnormality was also
improved after rhLCAT treatment.
The normalization of the lipoprotein profile of LCAT-KO �

SREBP1a mice by rhLCAT injections that we observed is
similar to previously reported lipoprotein remodeling due to
cholesterol esterification by LCAT in vitro (O and Frohlich,
1995; Ossoli et al., 2016; Freeman et al., 2017). In particular,
formation of mature, spherical HDL particles after rhLCAT
injection in our study can clearly be seen by agarose gel
electrophoresis (Sudan stain) as well as by FPLC. The
observed effects of rhLCAT on plasma lipoproteins in this
study were also similar to previous mouse (Rousset et al.,
2010) and human rhLCAT infusion studies (Shamburek et al.,
2016a,b). In fact, the near restoration of normal HDL levels
after rhLCAT infusion was seen in the one FLD patient
treated to date with rhLCAT (Shamburek et al., 2016a).
A likely major underlying mechanism for increased plasma

HDL-C after rhLCAT injection is the well-defined process of
maturation from small, discoidal, FC-enriched particles to
mature spherical CE-enriched particles (Ahsan et al., 2014).
Large, mature, spherical HDL particles have a longer half-life
than small, discoidal nascent HDL particles, which are
disproportionally excreted by the kidney due to their smaller
size (Ahsan et al., 2014). Conversion of small particles to larger
particles thereby increases the half-life and thus concentration
of HDL particles in plasma. ApoA-I, the main protein compo-
nent of HDL that is also secondarily decreased in FLD, may

contribute to lowering LpX by promoting its solubilization, a
process that would also lead to increased HDL-C in plasma
(Ossoli et al., 2016). Finally, rhLCAT has also been shown to
promote cholesterol efflux in LCAT-KO � hApoa1-Tg mice
(Collins et al., 2016), and the small increase in hepatic Abca1
and Apoa1 mRNA levels might promote this process.
Complete normalization of plasma lipids by rhLCAT

involves not just increased HDL-C and decreased LpX but
also decreased FC in apoB-containing lipoproteins, as seen in

Fig. 8. FPLC analysis of the plasma from rhLCAT-treated mice. LCAT-KO � SREBP1a mice maintained for 9 days on a PRCL diet with three
intravenous injections of saline (vehicle, 200 ml of the plasma was pooled from three mice) or rhLCAT at a dose of 10 mg/kg on days 2, 5, and 8 (200 ml of
the plasma was pooled from four mice). CE, cholesteryl esters; PL, phospholipids; TC, total cholesterol; TG, triglycerides.

Fig. 9. Total plasma lipids from rhLCAT-treated mice. LCAT-KO �
SREBP1a mice maintained on a PRCL diet for 9 days. While on the diet,
the mice received three injections of rhLCAT (10 mg/kg, n = 4) or saline
(“Vehicle,” n = 3) on days 2, 5, and 8. CE, cholesteryl esters; FC, free
cholesterol; PL, phospholipids; TC, total cholesterol; TG, triglycerides.
*P , 0.03; ***P , 0.001.
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Fig. 7B. The mechanisms for this are not as well understood
as for HDL. In experiments on human LCAT transgenic
rabbits, it was shown that LCAT overexpression significantly
increased the rate of clearance of non-HDL lipoproteins,
including LDL, and it was suggested that LCAT is able to
influence the function of LDL receptors (Brousseau et al.,
1997). LCAT can esterify FC on apoB-Lps, possibly using
apoE as an LCAT activator (Zhao et al., 2005), but this
process is much less efficient than FC esterification in HDL
and it is not clear that conversion of FC to CE on apoB-Lps
would necessarily promote their clearance. Perhaps the most
likely scenario might involve transfer of FC on apoB-Lps
to HDL (FC is known to exchange freely between lipopro-
teins), esterification of this FC on HDL particles by rhLCAT
(Huang et al., 1993), and clearance of these apoB-derived
cholesteryl esters from plasma through the SR-BI pathway.
Mice lack CETP, so transfer of the newly formed HDL-CE
back to LDL and clearance through the LDLR is probably
not a major clearance mechanism. Although this scenario is
clearly hypothetical and increased direct clearance of apoB-
Lps after rhLCAT treatment may very well also occur,
equilibration of excess FC from apoB-Lps to HDL, where it
is esterified by rhLCAT and cleared by the liver through
SR-BI, may be a feasible mechanism for decreasing FC in
apoB-Lps after rhLCAT treatment.
A question that will become critical once rhLCAT is tested

in future clinical trials is whether it may reverse existing
LpX-induced renal damage. Although we have not addressed
this question directly by treating animals with established
kidney disease, it is encouraging that returning the LCAT-
KO � SREBP1a mice to a normal chow diet after 9 days on
the PRCL diet eliminated LpX and completely normalized
kidney function. These data suggest a cause-and-effect rela-
tionship between LpX and renal damage and raise the possi-
bility that rhLCAT treatment may not only prevent the
development of kidney dysfunction, but it may also reverse
at least early kidney injury in FLD patients. Because
podocytes are post-mitotic cells (Miyazaki et al., 2014), it
may be necessary, however, to start the treatment early
before the development of advanced renal disease, which
may not be reversible. A single infusion of rhLCATwas found
to normalize cholesteryl ester levels in a FLD patient for at
least a week (Shamburek et al., 2016a), so the periodic
intravenous infusion of rhLCAT in FLD patients could be a
practical treatment approach as has been shown in several
other enzyme replacement type therapies (Brady, 2006).
The effectiveness of enzyme replacement therapies, par-
ticularly for lysosomal storage diseases, is limited by the

requirement for the enzyme to enter the lysosome. In addition,
there often are no convenient plasma biomarkers to monitor
these therapies. As shown in our mouse model, both of these
problems should not be a major issue for using rhLCAT as an
enzyme replacement therapy agent for FLD.
It is known that circulating plasma LpX is present not only

in FLD patients but can also be a marker of cholestatic liver
disease (Narayanan, 1984; Ha et al., 2017; Heinl et al., 2017;
Suzuki et al., 2017). It has been proposed that in cholestasis,

Fig. 10. rhLCAT injection prevents deposition of LpX
particles in renal glomeruli. LCAT-KO � SREBP1a mice
were fed the PRCL diet for 9 days. (A) In the absence of
rhLCAT treatment, massive deposition of LpX particles is
seen in the renal glomerular mesangial matrix. (B) LCAT-
KO � SREBP1a mice fed the PRCL diet for 9 days and
injected with 10 mg/kg rhLCAT on days 2, 5, and 8. Note
the absence of LpX deposition in renal glomerular com-
partments with concomitant rhLCAT treatment. Scale
bar, 1 mm.

Fig. 11. rhLCAT injection decreases proteinuria. Effect of intravenous
injections of rhLCAT on kidney function in LCAT-KO � SREBP1a mice
kept on a PRCL diet. (A) LCAT-KO � SREBP1a mice were placed on
PRCL diet for 9 days and treated as described in the legend for Fig. 10. In
control group (saline injections) n = 3; in the rhLCAT treated group n = 4.
*P , 0.04. (B) LCAT-KO � SREBP1a mice were kept on PRCL diet for
10 days and received four injections of rhLCAT in dose 21.4 mg/kg on days
2, 4, 7, and 9 (n = 8) or vehicle (n = 6). Day 1 baseline, n = 14; *P , 0.02.
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bile, which is rich in bile salts, phospholipids, and FC, enters
the plasma where it is remodeled to LpX after the rapid
hepatic uptake of bile salts (Narayanan, 1979). This process
could also have contributed to the formation of LpX in our
model due to possible cholestasis driven by the accumulation
of fat in the liver. Another potential mechanism for LpX
formation in cholestasis is that LCAT activity levels are
typically suppressed, most likely because the main source of
LCAT is the liver and liver synthetic function can be impaired
(Patsch et al., 1977). The ability of rhLCAT infusion to
eliminate LpX in plasma and peripheral tissues suggests that
rhLCAT could also lower LpX for cholestasis as well as FLD,
but the pathophysiologic consequences of LpX formation from
liver disease is uncertain except for a recent report that LpX
in patients with drug-induced cholestasis can cause xanthoma
formation (Suzuki et al., 2017).
In summary, LCAT-KO � SREBP1a mice on a PRCL diet

can be used as an acutemodel for rapidly inducing renal injury
by LpX. Consistent with prior studies (Rousset et al., 2010;
Ossoli et al., 2016; Freeman et al., 2017), LpX appears to
contribute to the renal damage seen in FLD but can be largely
mitigated by treatment with rhLCAT. Thus, these results
demonstrate the feasibility of potentially using rhLCAT
treatment to prevent renal disease in patients with FLD.
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