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Jihong Lian1,2,*, Jelske N. van der Veen1,3, Russell Watts1,2, René L. Jacobs1,3, and Richard Lehner1,2,4,*
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Abstract The liver is the central organ regulating
cholesterol synthesis, storage, transport, and elimi-
nation. Mouse carboxylesterase 1d (Ces1d) and its hu-
man ortholog CES1 have been described to possess
lipase activity and play roles in hepatic tri-
acylglycerol metabolism and VLDL assembly. It has
been proposed that Ces1d/CES1 might also catalyze
cholesteryl ester (CE) hydrolysis in the liver and thus
be responsible for the hydrolysis of HDL-derived CE;
this could contribute to the final step in the reverse
cholesterol transport (RCT) pathway, wherein
cholesterol is secreted from the liver into bile and
feces, either directly or after conversion to water-
soluble bile salts. However, the proposed function of
Ces1d/CES1 as a CE hydrolase is controversial. In this
study, we interrogated the role hepatic Ces1d plays in
cholesterol homeostasis using liver-specific Ces1d-
deficient mice. We rationalized that if Ces1d is a
major hepatic CE hydrolase, its absence would (1)
reduce in vivo RCT flux and (2) provoke liver CE
accumulation after a high-cholesterol diet challenge.
We found that liver-specific Ces1d-deficient mice did
not show any difference in the flux of in vivo HDL-to-
feces RCT nor did it cause additional liver CE accu-
mulation after high-fat, high-cholesterol Western-
type diet feeding. These findings challenge the
importance of Ces1d as a major hepatic CE hydrolase.
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The liver is an important organ in maintaining
whole-body cholesterol homeostasis by mediating
cholesterol synthesis, uptake, storage (in lipid droplets
[LDs]), transport (VLDL), and elimination (bile).
Accumulation of excessive cholesterol in the periph-
eral tissues such as the arteries drives pathological
consequence including atherosclerosis (1). Reverse
cholesterol transport (RCT) is a pathway by which
cholesterol is removed from peripheral tissues and
delivered to the liver, where it is excreted in bile, and
subsequently into the feces in the form of bile acid
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and free cholesterol (FC). HDL acts as the acceptor of
cholesterol effluxed from peripheral tissues and the
transport vehicle for delivery of cholesterol to the
liver. The majority of effluxed cholesterol is esteri-
fied to cholesteryl ester (CE) by LCAT (2). Scavenger
receptor class B type I (SR-BI) then mediates selective
uptake of CE from HDL particles into the liver.
However, the detailed process downstream of CE
uptake by SR-BI in hepatocytes is not fully
understood.

It has been reported that in the liver, CE derived
from HDL requires neutral CE hydrolase activity for
conversion to FC (3). FC can then be secreted into bile
(either as FC or after conversion to bile acids) or
esterified by ACAT to CE, which is stored in LDs or
secreted in VLDL. Mobilization of CE stored in LDs also
requires participation of CE hydrolase(s). Despite the
important roles of CE hydrolysis in the last step of RCT
and in the liver cholesterol homeostasis, the CE hy-
drolase(s) that is/are involved in these biological pro-
cesses in the liver still remain(s) to be determined.

The roles of carboxylesterases, including carbox-
ylesterase 1d (Ces1d, previously annotatedasCes3 orTGH,
human ortholog CES1), in lipid metabolism have been
studied extensively (reviewed in (4, 5)). In the liver, Ces1d/
CES1 has been shown to participate in triacylglycerol
(TAG) metabolism and the mobilization of preformed
TAG for VLDL assembly (6–8). Loss of Ces1d in mice
enhances insulin sensitivity and protects from high-fat
diet–induced liver steatosis by increasing FA oxidation
and decreasing hepatic de novo lipogenesis (6, 8).

It has been proposed that CES1 catalyzes CE hydrolysis
in the human macrophage (9, 10) and that Ces1d/CES1
catalyzes CE hydrolysis in the liver (11–13), thereby pro-
moting cholesterol removal from the body by the RCT
pathway. Excess cholesterol in peripheral tissues and
macrophages is esterified to CE and stored in LDs. This
storage of CE is initially beneficial to avoid cell toxicity
from FC, but excessive accumulation of CE in macro-
phages leads to the formation of foam cells. Foam cells
accumulated in the intima of arterial walls promote the
development of atherosclerotic lesions. Hydrolysis of CE
in macrophages is the rate-limiting step of cholesterol
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efflux, which is the first step of RCT (14). It is important to
note that mouse macrophages do not express Ces1d, sug-
gesting Ces1d does not play a critical role in mouse
macrophage CE metabolism. Specific expression of CES1
in mouse macrophages was reported to reduce athero-
sclerosis in Ldlr−/− mice (9). However, the CE hydrolase
activity of Ces1d/CES1 and the role of CES1 in macro-
phage CE turnover have been challenged (15–17). In line
with these studies, it has been also reported that CES1
knockdown in human macrophages did not reduce
cholesterol efflux, but decreased cholesterol uptake by
attenuating CD36 and scavenger receptor-A (SR-A)
expression (18, 19), thereby preventing atherosclerosis
development.

The controversial studies on the role of CES1 as a CE
hydrolase in cholesterol efflux from macrophages also
question the function of Ces1d/CES1 in liver cholesterol
metabolism. In one study, overexpression of CES1 in the
liver increased bile acid content in gallbladder bile and
enhanced the output of [3H]cholesterol from macro-
phages to bile and feces in the form of bile acid (11). In
line with this, ablation of Ces1d expression in the liver of
Ldlr−/−micewas reported to decreaseHDL-to-feces RCT
indicated by decreased flux of radioisotope derived
from HDL-cholesterol to fecal cholesterol and bile acid,
and increased atherosclerotic lesions in the aortic arch
(13). In contrast, in another study, it was shown that
ablation of Ces1d expression in Ldlr−/− mice alleviated
Western-type diet (WTD)-induced atherosclerosis (20).
These contradictory observations lead us to re-examine
the role of Ces1d in hepatic cholesterol homeostasis.

By utilizing liver-specific Ces1d-KO mice (LKO), we
assessed the effect of Ces1d inactivation on in vivo RCT
and liver cholesterol storage. The results suggest that
ablation of Ces1d in the liver did not alter cholesterol
metabolism and challenge the proposed role of Ces1d
in hydrolysis of hepatic CE.
MATERIALS AND METHODS

Animals
All animal procedures were conducted in compliance with

protocols approved by the University of Alberta’s Animal
Care and Use Committee and in accordance of the Canadian
Council on Animal Care policies and regulations. Ces1dflox/flox

(Lox) and LKO mice were generated previously (21). Animals
were maintained on a 12-h light (7 am - 7 pm)/12-h dark (7
pm–7 am) cycle, controlled for temperature and humidity,
and were fed a chow diet (5% fat (w/w) and 0.04% cholesterol)
(PicoLab Rodent Diet). In a separate cohort, 10-week-old male
mice were fed a high-fat, high-cholesterol WTD (42% kcal
from fat, 0.2% cholesterol, Envigo TD 88137) for 2 weeks.
Tissues were collected after 5-h fasting.

Cell culture and generation of McArdle RH-7777
cell lines stably expressing Ces1d

McArdle RH-7777 (McA) cells were obtained from the
ATCC and cultured in DMEM containing 50 units/ml
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penicillin/streptomycin, 10% horse serum, and 10% FBS at
37◦C in humidified air containing 5% CO2. Wild-type McA
cells were transfected with empty vector pCI-neo or with
Ces1d-cDNA construct cloned into pCI-neo using Lipofect-
amine 2000. Transfected cells were grown in media contain-
ing 1.6 mg/ml G-418 for 5 days to select for neomycin
resistance. Individual clones were isolated and analyzed for
Ces1d protein by immunoblotting. Stable cell lines, designated
pCI-neo and Ces1d, were thereafter maintained in media
containing 0.4 mg/ml G-418.

Immunoblot analyses
Proteins in cell lysates were resolved by SDS-polyacrylamide

gels and transferred to PVDF membranes (catalog
#IPVH00010; Millipore). Antibodies used in this study include
anti-Ces1d (1:1,000 dilution, catalog # sc-374160; Santa Cruz) and
anti-GAPDH (1:5,000 dilution, catalog # ab8245; Abcam).
Immunoreactivity was detected by enhanced chem-
iluminescence and visualized by G:BOX system (SynGene).

Measurement of CE hydrolase activity in the
microsomes of Ces1d-expressing McA cells

Because Ces1d is a disulfide-bonded glycoprotein localized
in the lumen of the endoplasmic reticulum (ER) (22–26), mi-
crosomes were isolated from cells for measurements of lipase
activity. pCI-neo and Ces1d McA cells harvested from three
100 mm dishes with 80% confluence in homogenate buffer
(250 mM sucrose, 20 mM Tris, 1 mM EDTA, pH 7.4) were
homogenized using an isobiotec cell homogenizer (H&Y en-
terprise) with 0.1574 inch diameter ball using 3 ml syringes to
pass cells firmly through the chamber 40 times to disrupt the
cells. Cell lysates were spun at 600 g at 4◦C for 5 min to isolate
supernatants, which were then centrifugated for 15 min at
10,200 g at 4◦C to pellet heavy membranes. The supernatants
were then centrifuged at 425,866 g at 4◦C for 15 min, and the
microsomal pellet was resuspended in 0.1 M potassium phos-
phate buffer (pH 7.0), sonicated to release lumenal contents
(including Ces1d), and used for the CE hydrolase activity assay.
The CE hydrolase assay was performed as described previ-
ously (27). Mixed micelles of cholesteryl-[14C]oleate, phos-
phatidylcholine, and sodium taurocholate were prepared with
the molar ratio of 1:4:2 in 0.1 M potassium phosphate buffer
(pH 7.0) using a sonicator (model W-385, Heat Systems) at the
setting of 2.5 for 2 × 1 min with 1-min interval, followed by 4 ×
30 s with 30 s interval. Micelles containing 0.1 μmol cholesteryl-
[14C]oleate (specific activity 400,000 disintegrations per min-
ute/μmol) were used as the substrate for the assay with 100 ug
of microsomal fractions. The total reaction volume was 1 ml in
0.1 M potassium phosphate buffer (pH 7.0) containing 189 μM
sodium taurocholate. After 1 h incubation at 37◦C, the reac-
tion was stopped by addition of 3.25 ml of methanol/chloro-
form/heptane 3.85:3.42:2.73 (v/v/v) and 50 μl of 1 M NaOH to
0.5 ml of the reaction mixture. After centrifugation at 200 g
for 10 min, 1 ml of the upper phase was used to measure
radioactivity by liquid scintillation counting to assess the
release of oleic acid from cholesteryl oleate. One unit (U) of
enzyme activity corresponds to the release of 1 μmol of
labeled oleate from CE per minute.

Cytosolic fractions of mouse white adipose tissue (WAT)
were used as the positive control for hormone-sensitive lipase
(HSL) CE hydrolase activity (28). In brief, mouse WAT was
homogenized in homogenization buffer containing 1 mM
DTT to make 20% homogenate. Fat-free cytosolic fraction was
obtained by centrifugation of the homogenate at 100,000 g at



4◦C for 45 min and recovery of the clear infranatant under
the fat cake, and 100 μg of the cytosolic protein containing
HSL was assessed for CE hydrolase activity as described above.
4-Methylumbelliferyl heptanoate hydrolysis assay
Lipase activity in the cell lysate and microsomal fraction

was measured utilizing 4-methylumbelliferyl heptanoate as
the substrate as described previously (29). The enzymatic re-
action was initiated by the injection of 20 μl of 1 mM 4-
methylumbelliferyl heptanoate in 20 mM Tris/HCl (pH 8.0),
1 mM EDTA, and 300 μM taurodeoxycholate to fractions
containing 5 μg of protein in a 96-well plate in a final volume
of 200 μl. The plate was incubated at 37◦C, and the release of
fluorescent 4-methylumbelliferone (4-MU) was detected with
a Fluoroskan Ascent FL Type 374 (Thermo LabSystems) with
excitation/emission wavelengths of 355/460 nm. Fluores-
cence values generated with a standard solution of 4-MU
(sodium salt) were used to quantify 4-MU release.
Radiolabeling of HDL-CE
[3H]Cholesteryl oleate was incorporated into purified hu-

man HDL (Calbiochem) using CETP activity in human
lipoprotein-deficient serum. 5 mg HDL and 0.5 mCi [3H]cho-
lesteryl oleate were added to 3 ml lipoprotein-deficient serum,
and the volume was brought to 5 ml with saline. The mixture
was incubated overnight at 37◦C with stirring. Labeled HDL
was then isolated by ultracentrifugation (d = 1.215). Lipid
extraction and analysis was performed with a small aliquot of
labeled HDL (HDL-[3H]CE) to confirm incorporation of the
labeled CE into HDL. Lipids were separated by TLC, and 89%
of radioactivity was confirmed to be associated with CE.
In vivo RCT assessment
Male LKO and Lox mice maintained on chow diet were

used in this study. HDL-[3H]CE (1.5 × 106 disintegrations per
minute) was administrated to each mouse via intravenous
injection. Blood was collected 2 min (as the initial time-point),
1 h, 10 h, 24 h, 36 h, and 48 h after injection, and radioactivity
decay in the plasma was determined. Feces were collected for
48 h. At 48 h after injection, the liver and gallbladder were
collected after a 12 h fast.
Analytical procedures
Liver lipids were extracted from liver homogenates in the

presence of known amounts of phosphatidyl dimethyletha-
nolamine as an internal standard by a modified Folch method
(30). HPLC was carried out to determine liver CE and FC
concentrations on an Agilent 1100 instrument (Santa Clara,
CA) equipped with a quaternary pump and Alltech Evapo-
rative Light-Scattering Detector 2000, using a modified
version of the method of Abreu, Solgadi, and Chaminade (31).

In the in vivo RCT assessment, lipids extracted from liver
homogenates were separated by TLC. Radioactivity in CE and
FC was determined by liquid scintillation counting.

HDL and apoB-containing lipoproteins in plasma were
separated by phosphotungstic acid/MgCl2 precipitation
method (32), and the radioactivity in each fraction was
measured by liquid scintillation counting. Total cholesterol
(TC) and FC concentrations in plasma and the HDL fraction
were determined using a diagnostic kit (WAKO Diagnostics)
according to manufacturer's instructions.
Biliary cholesterol and bile acid concentrations were
determined using kits (Trinity Biotech) according to manu-
facturer's instructions.

Feces collected for 48 h were vacuum freeze-dried,
weighed, and ground into powder. Fecal neutral sterol and
bile acid fractions were separated as described previously
(33, 34). Samples were heated at 80◦C for 2 h in alkaline
methanol and then extracted 3 times with petroleum-ether by
mixing for 30 s followed by centrifugation. Radioactivity
associated with the neutral sterol fraction (top layer) and bile
acid fraction (bottom layer) was quantified. Radioactivity
recovered from each fraction was expressed relative to the
injected tracer dose (total radioactivity in blood of each mouse
at the initial time point after injection [2-min]).
RNA isolation and real-time qPCR analysis
Total liver RNA was isolated using TRIzol reagent (Invi-

trogen). First-strand cDNA was synthesized from 2 μg total
RNA using Superscript III reverse transcriptase (Invitrogen)
primed by oligo (dt)12-18 (Invitrogen) and random primers
(Invitrogen). Real-time qPCR was performed with Power
SYBR® Green PCR Master Mix kit (Life Technologies) using
the StepOnePlus-Real time PCR System (Applied Biosystems).
Data were analyzed with the StepOne software (Applied Bio-
systems). Standard curves were used to calculate mRNA
abundance relative to that of a control gene, cyclophilin. Real-
time qPCR primers are summarized in supplemental Table S1.
All primers used to assess expression of liver carboxylesterases
are listed in supplemental Table S2. All primers were synthe-
sized by Integrated DNA Technologies.
Statistics
All values are expressed as the mean ± SEM. Differences

among group means were assessed by two-way ANOVA
(decay curve), one-way ANOVA followed by Bonferroni post
hoc test, and unpaired t test for two group comparisons
(GraphPad PRISM 8 software). Differences were considered
statistically significant at *P < 0.05, **P < 0.01, ***P < 0.001, and
****P < 0.0001.
RESULTS

Absence of CE hydrolase activity in Ces1d-
expressing McA cells

To determine the CE hydrolase activity of Ces1d, we
expressed Ces1d in rat hepatoma McA cells, and the
expression of the protein was verified by immuno-
blotting (supplemental Fig. S1A). Because Ces1d is
localized in the ER lumen (22–26), lumenal contents
were released by sonication and detergent incubation
of microsomes prepared from pCI-neo and Ces1d cells
to allow access of the substrate for lipase activity mea-
surements. pCI-neo microsomal fractions did not show
lipase activity, whereas microsomal fractions isolated
from Ces1d cells exhibited robust lipase activity
(supplemental Fig. S1B).

Next, we measured CE hydrolase activity in micro-
somal fractions with radiolabeled CE as the substrate.
Microsomal fractions isolated from Ces1d cells showed
similar CE hydrolase activity as fractions prepared
Carboxylesterase 1d in hepatic cholesterol metabolism 3



form pCI-neo cells, suggesting lack of CE hydrolase
activity of Ces1d (supplemental Fig. S1C).

Ablation of Ces1d in the liver did not affect
circulating HDL-CE turnover

To assess the contribution of liver Ces1d in the pro-
cess of removal of HDL-derived CE from the body,
in vivo RCT assay was performed by injecting HDL-
[3H]-cholesteryl oleate into LKO mice and control Lox
mice. Plasma tracer kinetics were measured over 48 h to
estimate the HDL-CE turnover rate. Compared with
Lox mice, ablation of Ces1d in the liver did not alter the
decay rate of plasma radioactivity (Fig. 1A). Further-
more, radioactivity associated with HDL fraction in the
plasma was comparable between genotypes at the initial
time point and 48 h after tracer administration (Fig. 1B
and C). Radioactivity associated with apoB-containing
Fig. 1. Plasma decay of HDL-CE is not affected by liver-specific ab
KO (LKO) mice after intravenous injection of HDL-[3H]CE. B and
(2 min) and radioactivity associated with HDL and apoB-containin
Plasma cholesterol levels. E, Plasma HDL-cholesterol levels. Lox, Ce
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lipoproteins in plasma was decreased in the LKO
mice 48 h after tracer administration (Fig. 1C), sug-
gesting decreased cholesterol re-secretion via apoB-
containing lipoproteins from HDL-derived CE. Consis-
tent with our previous study (21), LKO mice exhibited
decreased TC, FC, and CE concentrations in the plasma
(Fig. 1D). Different circulating HDL-cholesterol pool
size could affect specific radioactivity in HDL-CE, thus
influencing the assessment of HDL-CE turnover and
the uptake rate of radioactive tracer. To exclude this
possibility, cholesterol levels in the plasma HDL frac-
tion were measured, and the results showed that Lox
and LKO mice had comparable HDL-TC, FC, and CE
levels (Fig. 1E); thus, the decreased cholesterol level in
the plasma represents decreased cholesterol associated
with the fraction of apoB-containing lipoproteins.
The liver is the major organ for HDL-cholesterol
lation of Ces1d. A: Decay curve in Lox and liver-specific Ces1d-
C: Radioactivity associated with HDL at the initial time point
g lipoprotein 48 h after HDL-[3H]CE injection, respectively. D:
s1dflox/flox; Ces1d, carboxylesterase 1d.



uptake (35); therefore, these data also suggested that the
in vivo liver uptake rate of HDL-CE was not affected by
Ces1d deficiency.

Ablation of hepatic Ces1d did not alter turnover of
HDL-derived CE in the liver

To investigate whether conversion of HDL-derived
CE to FC in the liver is influenced by liver Ces1d defi-
ciency, radioactivity associated with CE and FC was
measured in liver lipids. 48 h after injection of HDL-
[3H]CE, radioactivity content in CE and FC, and FC/CE
ratio, was not different between Lox and LKO mice
(Fig. 2A–C), suggesting normal hepatic hydrolysis of
HDL-derived CE to FC in LKO mice. Hepatic concen-
trations of CE and FC were not different between Lox
and LKO groups (Fig. 2D, E), indicating comparable TC
pool size in the liver.

Excretion of HDL-derived cholesterol was not
affected by liver Ces1d deficiency

In the final stage of RCT, HDL-cholesterol delivered
to the liver is excreted into bile and subsequently the
feces after conversion to bile acid or in the form of
neutral sterols. Hepatic Ces1d deficiency did not alter
the concentration of [3H] tracer in the gall bladder bile
(Fig. 3A), suggesting the same amount of HDL-derived
cholesterol was secreted into bile either in the form of
bile acids or neutral sterols. 48 h after injection of HDL-
[3H]CE injection, fractions of the tracer recovered in
Fig. 2. Hepatic cholesterol levels are not affected by liver-specific e
FC in the liver of Lox and LKO mice 48 h after HDL-[3H]CE injecti
of Lox and LKO mice 48 h after HDL-[3H]CE injection. D, CE and
liver-specific Ces1d KO; Lox, Ces1dflox/flox; Ces1d, carboxylesterase 1d
fecal neutral sterol and bile acid were analyzed
(Fig. 3B). No difference was observed between the Lox
and LKO groups, indicating that the overall circulating
HDL-to-feces RCT cholesterol excretion was not
influenced by hepatic Ces1d deficiency.

Hepatic metabolic pathways of HDL-derived CE are
intact in liver-specific Ces1d-deficient mice

Hepatic SR-BI mediates selective uptake of HDL-CE
in the liver (36). No difference was observed in SR-BI
(gene name Scarb1) gene expression in the livers of
Lox and LKO mice (Fig. 4). The ABCG5/ABCG8 het-
erodimer mediates FC excretion into bile in the liver
(37, 38). Increased expression of ABCG5/ABCG8 leads
to enhanced biliary neutral sterol secretion and fecal
neutral sterol output (39). Abcg5 gene expression did not
change in the liver of LKO mice (Fig. 4). Expression of
genes encoding key enzymes in the bile acid synthesis
pathway from cholesterol, cholesterol 7α-hydroxylase
(Cyp7a1), sterol 27-hydroxylase (Cyp27a1), and sterol 12-
alpha-hydroxylase (Cyp8b1) did not change in the liver
of LKO mice (Fig. 4). ABCB11 (bile salt export pump) is
the major transporter for bile acid secretion from he-
patocytes into bile (40). No difference was observed in
Abcb11 expression between Lox and LKO mice (Fig. 4).
The small heterodimer partner (SHP) is a nuclear re-
ceptor that mediates feedback inhibition of bile acid
synthesis through inhibition of CYP7A1 (41). Liver X
receptor (LXR) directly activates Cyp7a1 expression,
limination of Ces1d. Radioactivity associated with (A) CE and (B)
on. C: Ratio of radioactivity associated with FC to CE in the liver
(E) FC concentrations in the liver of Lox and LKO mice. LKO,
; FC, free cholesterol.

Carboxylesterase 1d in hepatic cholesterol metabolism 5



Fig. 3. Excretion of HDL-cholesterol is not affected by liver-specific ablation of Ces1d. A: Radioactivity in the gallbladder bile. B:
Excretion of fecal sterol and bile acid after 48 h of HDL-[3H]CE injection. Ces1d, carboxylesterase 1d.
thus promoting conversion of cholesterol into bile acid
(42). Expression of Nr0b2 (encoding SHP) and Nr1h3
(encoding LXRα) was not different between Lox and
LKO mice (Fig. 4).

ACAT2 is responsible for esterification of FC to
produce CE in the liver, and its gene (Soat2) expression
was not changed in the liver of LKO mice (Fig. 4). The
master transcriptional regulator of cholesterol de novo
synthesis SREBP2 (encoded by Srebf2), and its target
genes Hmgcr (encoding HMG-CoA reductase) and Hmgcs
(encoding HMG-CoA synthase), did not show differ-
ences in gene expression between Lox and LKO mice
(Fig. 4). Activation of SREBP2 is controlled by the ER
cholesterol concentration through SREBP-SCAP-INSIG
protein complex (43). The comparable gene expression
in SREBP2-regulated genes suggested that the ER
cholesterol homeostasis was not influenced by liver
Ces1d deficiency, and the unaltered hepatic cholesterol
level in LKO mice was not due to compensation of
cholesterol synthesis regulated by SREBP2.

It has been reported recently that a group of Aster
proteins, which are encoded by LXR target gene
Gramd1, are responsible for the transport of HDL-
derived cholesterol from the plasma membrane to ER
(44), where bile acid synthesis, cholesterol esterification,
and regulation of cholesterol synthesis occur. The
expression of Gramd1a and Gramd1c encoding two liver
Aster isoforms, Aster-a and Aster-c, was not different
between Lox and LKO mice (Fig. 4).
Fig. 4. Regulation of cholesterol and bile acid metabolism in
the liver of liver-specific Ces1d-KO mice.
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Inactivation of Ces1d in the liver did not lead to
hepatic CE accumulation

LKOmice on chow diet did not exhibit accumulation
of CE in the liver (Fig. 2D). To further investigate
whether Ces1d contributes to liver CE hydrolase activity,
we challenged Ces1d-deficient mice with WTD, which
contained high cholesterol content. We hypothesized
that if Ces1d possesses substantial CE hydrolase activity,
inactivation of hepatic Ces1d would lead to dramatic CE
accumulation in the liver after a high-cholesterol diet
challenge. After two weeks of WTD feeding, Lox mice
showed about 60-fold increase in hepatic CE compared
with the same genotype group in the chow-fed condition
(Fig. 5A vs. Fig. 2D), and LKO mice had similar liver CE
and FC concentrations compared with Lox mice after
2 weeks of WTD feeding (Fig. 5A, B), which suggested
that Ces1d does not play a vital role in the hydrolysis of
hepatic CE to FC.

Lox mice and LKO mice exhibited comparable bile
acid and sterol concentrations in the bile (Fig. 5C, D),
which suggested that in the condition of WTD feeding,
the inactivation of liver Ces1d did not alter biliary
excretion capacity of cholesterol.

Expression of genes encoding proteins that partici-
pate in bile acid synthesis and secretion (SHP, ABCB11,
and CYP7A1) was not altered in the LKO mice fed with
WTD (Fig. 5E). Similarly, expression of genes encoding
SR-BI, ABCG5, ACAT2, and SREBP2, HMG-CoA
reductase, and HMG-CoA synthase was not different
between Lox and LKO mice (Fig. 5E). These data sug-
gested that hepatic cholesterol and bile acid metabolism
was not changed in the liver of LKO mice in the con-
dition of WTD feeding.

Influence of Ces1d deficiency on expression of
other carboxylesterases in the liver

To address whether ablation of Ces1d resulted in a
change of expression of genes encoding other hepatic
carboxylesterases, we measured the expression of Ces1
and Ces2 gene families in Lox and LKO mice. In chow
diet–fed mice, no significant change in hepatic Ces1 and



Fig. 5. High-fat, high-cholesterol diet (Western-type diet, WTD) feeding does not cause CE accumulation in the liver of liver-
specific Ces1d-KO mice. A: CE and (B) FC levels in the liver of Lox and LKO mice after 2 weeks of WTD feeding. C: Bile acid
and (D) cholesterol levels in the gallbladder bile of Lox and LKO mice after 2 weeks of WTD feeding. E, mRNA expression of genes
involved in bile acid metabolism and cholesterol metabolism in the liver of Lox and LKOmice after 2 weeks of WTD feeding. Ces1d,
carboxylesterase 1d; FC, free cholesterol; LKO, liver-specific Ces1d KO; Lox, Ces1dflox/flox.
Ces2 gene expression was observed in LKO mice
(supplemental Fig. S2A). After 2 weeks of WTD
feeding, several liver carboxylesterase genes, especially
genes encoding carboxylesterase 1 isoforms (Ces1a, b, c,
e, f), showed increased expression in LKO mice, sug-
gesting compensation for Ces1d deficiency in diet
challenge (supplemental Fig. S2B).

DISCUSSION

RCT is a pivotal pathway that removes excess
cholesterol from peripheral tissues and transports it to
the liver for excretion into bile and feces. This route is
the major process by which HDL exerts protection
against atherosclerosis (45). Lipid poor pre-β-HDL
secreted from the liver and intestine initializes this
process by taking up excess unesterified cholesterol
from cells via ABCA1-mediated efflux, and mature
HDL can further acquire unesterified cholesterol from
cells via ABCG1-mediated efflux. Cholesterol acquired
by HDL through efflux is esterified to CE by plasma
LCAT. HDL-CE is then selectively taken up by the liver
via SR-B1 (3) and hydrolyzed, and the resulting choles-
terol can be exported to bile either in its unesterified
Carboxylesterase 1d in hepatic cholesterol metabolism 7



form or as a bile acid, or esterified by ACAT to CE,
which can be stored in LDs or secreted in VLDL. Hy-
drolysis of CE is the rate-limiting step of ABCA1/
ABCG1-mediated cholesterol efflux frommacrophages
(14) and hydrolysis of CE in the liver is necessary for
cholesterol export into bile. Although CE hydrolase
activity is critical for both the first step and the last step
of RCT, the enzyme(s) responsible for the catalytic ac-
tivity is/are still not fully elucidated. Ces1d (murine)/
CES1 (human) has been reported to exhibit CE hydro-
lase activity in the macrophage (human) and liver and
has been postulated to be involved in the RCT process
(9–12). However, the role of Ces1d/CES1 as a CE hy-
drolase has been disputed (15–17).

In the present study, we utilized LKO mice and
performed an in vivo RCT assay by injecting mice
with HDL-[3H]CE. The results suggest that absence of
hepatic Ces1d did not affect the rate of uptake of
HDL-CE into the liver, the conversion of HDL-CE into
FC, or the elimination of HDL-derived cholesterol
from the liver into bile and subsequently feces. Thus,
Ces1d does not appear to play an important role in
HDL-to-feces RCT flux in mice. Furthermore, LKO
mice did not exhibit further CE accumulation in the
liver compared with Lox mice when fed with either
chow diet or WTD, which suggested that liver CE hy-
drolase activity was not significantly impaired by
Ces1d inactivation. This conclusion was supported by
the in vitro assay showing that Ces1d did not exhibit
significant CE hydrolase activity, which is also in
agreement with earlier studies (16, 17). In addition,
ablation of Ces1d expression did not result in signifi-
cant changes in expression of genes regulating
cholesterol synthesis, uptake, and efflux. After
2 weeks of WTD feeding, several carboxylesterase
genes encoding carboxylesterase 1 isoforms showed
increased expression in the liver of LKO mice, sug-
gesting compensation for Ces1d deficiency in diet
challenge. However, owing to the lack of CE hydrolase
activity of Ces1d observed in this and other studies (16,
17), the elevated expression of hepatic carbox-
ylesterases is unlikely to compensate for the loss of CE
hydrolase activity but may be related to other func-
tions of Ces1d. The roles of other carboxylesterases
beside Ces1d/CES1 in hepatic cholesterol metabolism
have not yet been studied.

Bie et al. (13) reported that after 16 weeks of WTD
feeding, Ces1d-deficient Ldlr−/− mice exhibit decreased
HDL-to-feces RCT and increased atherosclerosis
without changes in liver lipids or plasma cholesterol
levels. Although the distinct role of Ces1d in the in vivo
RCT was observed, the abovementioned study (13) was
performed with a different animal model and feeding
regimen from this study. LDLr deficiency and long-
term (16 weeks) WTD feeding would cause more
severe hepatic lipid accumulation and hypercholester-
olemia in mice. However, we previously reported (20)
alleviated hyperlipidemia and atherosclerosis in Ces1d-
8 J. Lipid Res. (2021) 62 100093
deficient Ldlr−/− mice after 12 week WTD feeding.
And, if HDL-CE taken up into the liver and/or intra-
cellular CE stores could not be converted to FC and/or
bile acids for excretion because of Ces1d deficiency,
excessive accumulation of cholesterol in vivo would be
expected and this was not observed in the study (13),
and therefore, the fate of cholesterol in that study is
unclear.

In support of our findings, the lack of direct
involvement of Ces1d/CES1 in the catabolism of HDL-
derived or LD-stored CE in the liver is also supported
by the localization of Ces1d/CES1 in the cell. Ces1d/
CES1 are disulfide-bonded glycoproteins localized in
the lumen of the ER (22–26). The proteins are targeted
to this compartment by cleavable signal sequences and
are retained in the ER by C-terminal ER-retrieval do-
mains (HVEL in Ces1d and HIEL in CES1) (24). The
location of HDL-derived CE hydrolysis after its uptake
by the SR-BI is unclear but would not be expected to
take place in the lumen of the ER because this would
necessitate the transfer of CE from cytosol across the
ER bilayer.

Other lipases have also been reported to participate
in the cellular CE hydrolysis. Two other neutral CE
hydrolases that have been reported in macrophages
are HSL (46) and KIAA1363 [also called neutral
cholesterol ester hydrolase 1 or arylacetamide
deacetylase-like 1] (47). In a direct comparison study,
ablation of HSL in mouse macrophages decreased
cholesterol efflux, whereas inactivation of KIAA1363
did not affect CE hydrolase activity and cholesterol
efflux in mouse macrophages (48), which challenged
the function of KIAA1363 in macrophage CE meta-
bolism. However, the expression of HSL was reported
to be absent in human macrophages (49), which
questions its role as a CE hydrolase in the human
macrophage. In addition to neutral CE hydrolases, it
has been reported that lipophagy and lysosomal acid
lipase could mediate CE hydrolysis and produce FC
for cholesterol efflux in CE-laden foam cells (50), thus
providing an alternative mechanism for macrophage
CE hydrolysis.

In the liver, additional CE hydrolase candidates need
to be explored. HSL is involved in HDL-CE hydrolysis
in mouse adrenal cortex (51, 52), but its role in liver
HDL-derived CE metabolism has not been systemically
elucidated. HSL would not be expected to play a major
role in hepatic CE metabolism in humans because like
in human macrophages, HSL is not expressed in the
human liver. The potential role of lysosomal acid lipase
in HDL-CE hydrolysis in the liver has not yet been re-
ported. Arylacetamide deacetylase (AADAC) is another
lipase that exhibits CE hydrolase activity and is
expressed in the liver (53, 54). AADAC is a type II ER
membrane glycoprotein with the active site oriented
toward the ER lumen (55). In a proteomic study
exploring LD-associated proteins in the mouse liver,
some AADAC was found to coisolate with LDs (56),



suggesting that AADAC could be localized at ER-LD
contact sites (57). However, the detailed role of
AADAC in RCT and CE hydrolysis is currently
unknown.

CES1/Ces1d has been reported as a TAG hydrolase
(58–60), and its roles in physiological processes that are
related to TAG metabolism have been documented in
several studies, including LDmaturation (25) and VLDL
assembly (7) in the liver, and also lipolysis in WAT (61).

In conclusion, our study suggests that Ces1d is not an
important CE hydrolase catalyzing HDL-derived CE or
stored CE turnover in the liver. Deficiency of Ces1d in
the liver does not influence HDL-to-feces cholesterol
excretion or liver CE storage. Future studies in this field
should be directed to identification and characteriza-
tion of other potential candidates of hepatic CE
hydrolases.
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