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• PCSK9 reduces the expression of hepatic CD36 in
mice.

• CD36 is a known driver of liver steatosis and injury.

• PCSK9 protects from palmitate-induced ER stress and
ROS in cultured hepatocytes.

• High-fat diet causes severe hepatic steatosis, ER
stress, inflammation and insulin resistance in Pcsk9-/-

mice.

• PCSK9 expression protects mice from diet-induced
liver injury.
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Lay summary
The proprotein convertase subtilisin/kexin
type 9 (PCSK9) is a circulating protein
known to reduce the abundance of receptors
on the surface of liver cells charged with the
task of lipid uptake from the circulation.
Although PCSK9 deficiency is known to
cause lipid accumulation in mice and in cul-
tured cells, the toxicological implications of
this observation have not yet been reported.
In this study, we demonstrate that PCSK9
can protect against cytotoxicity in cultured
liver cells treated with a saturated fatty acid
and we also show that Pcsk9 knockout mice
develop increased liver injury in response to
a high-fat diet.
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Background & Aims: The fatty acid translocase, also known as CD36, is a well-established scavenger receptor for fatty acid
(FA) uptake and is abundantly expressed in many metabolically active tissues. In the liver, CD36 is known to contribute to
the progression of non-alcoholic fatty liver disease and to the more severe non-alcoholic steatohepatitis, by promoting trigly-
ceride accumulation and subsequent lipid-induced endoplasmic reticulum (ER) stress. Given the recent discovery that the
hepatocyte-secreted proprotein convertase subtilisin/kexin type 9 (PCSK9) blocks CD36 expression, we sought to investigate
the role of PCSK9 in liver fat accumulation and injury in response to saturated FAs and in a mouse model of diet-induced hepa-
tic steatosis.
Methods: In this study, we investigated the role of PCSK9 on the uptake and accumulation of FAs, as well as FA-induced toxi-
city, in a variety of cultured hepatocytes. Diet-induced hepatic steatosis and liver injury were also assessed in Pcsk9-/- mice.
Results: Our results indicate that PCSK9 deficiency in cultured hepatocytes increased the uptake and accumulation of satu-
rated and unsaturated FAs. In the presence of saturated FAs, PCSK9 also protected cultured hepatocytes from ER stress and
cytotoxicity. In line with these findings, a metabolic challenge using a high-fat diet caused severe hepatic steatosis, ER stress
inflammation and fibrosis in the livers of Pcsk9-/- mice compared to controls. Given that inhibition of CD36 ablated the
observed accumulation of lipid in vitro and in vivo, our findings also highlight CD36 as a strong contributor to steatosis and liver
injury in the context of PCSK9 deficiency.
Conclusions: Collectively, our findings demonstrate that PCSK9 regulates hepatic triglyceride content in a manner dependent
on CD36. In the presence of excess dietary fats, PCSK9 can also protect against hepatic steatosis and liver injury.
© 2019 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
Introduction
Given that the liver plays a central role in glucose and lipidmetabo-
lism, it is no surprise that non-alcoholic fatty liver disease (NAFLD)
has emerged as a contributor to other chronic diseases, such as type
2 diabetes and cardiovascular disease (CVD).1,2 Severity ranges
from simple steatosis to progressive stages of non-alcoholic steato-
hepatitis (NASH), depending on the presence or absence of inflam-
mation, fibrosis and hepatocyte injury. Excessive consumption of
dietary saturated fats and sugars is widely accepted as the primary
driver of NAFLD and its prevalence is currently on the rise; affecting
30 to 46% of individuals in Western societies.3

Although the exact mechanisms by which NAFLD progresses
to NASH are not well understood, an accumulation of events
including oxidative stress, mitochondrial dysfunction, adipokine
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alteration, lipid peroxidation and Kupffer cell activation are all
believed to contribute to the currently accepted multiple hit
hypothesis.4 Chief among these hits is the process by which mis-
folded polypeptides accumulate in the ER and cause ER stress.
Paradoxically, this cellular stress pathway is also known to pro-
mote oxidative stress, mitochondrial dysfunction and Kupffer
cell-mediated inflammation.5,6 In a manner similar to other
secretory cells, hepatocytes are rich in ER and the signaling
cascades associated with its state of stress have been shown to
promote apoptotic cell death, lipotoxicity, inflammation and
insulin resistance; all of which are commonly observed in
patients with obesity, NAFLD and NASH.4

In response to ER stress, the unfolded protein response (UPR) is
activated via 3 signaling cascades that include (a) the highly con-
served inositol-requiring 1α (IRE1α)-X-box-binding protein 1
(XBP1) pathway required for hepatic lipid regulation during condi-
tions of ER stress,7 (b) the PKR-like ER kinase (PERK)-activating
transcription factor (ATF)4 pathway known to modulate de novo
lipogenesis through fatty acid synthase (FAS) and the sterol regula-
tory element-binding protein-1C (SREBP1-C),8 and (c) ATF6, which
in its nuclear active form interacts directly with nuclear SREBP-2,

http://creativecommons.org/licenses/by-nc-nd/4.0/
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thereby attenuating the expression of lipid regulatory genes.9

Overall, canonical UPR activation increases the folding capacity of
the ER and blocks global protein synthesis in order to reduce ER
burden. In a manner similar to NAFLD, ER stress and ER stress-
induced apoptosis are also well-established contributors to CVD.10

In recent years, CVD has been considered the leading cause of
mortality in the USA, accounting for 34% of total deaths in indivi-
duals <75 years of age.11 The discovery of PCSK912 and its ability
to induce the degradation of the low-density lipoprotein (LDL)
receptor (LDLR) once secreted from the liver, firmly positioned
PCSK9 as a target for the management of CVD.13 These seminal
discoveries have since led to the development of human anti-
PCSK9 monoclonal antibodies capable of reducing circulating
LDL levels by 60% in patients at high risk of CVD.14 In addition
to its ability to induce the degradation of cell-surface LDLR,
secreted PCSK9 was recently shown to promote the degradation of
several other receptors known to be involved in the uptake of lipid
from the circulation into the liver, such as the very low-density lipo-
protein receptor (VLDLR),15,16 LDLR-related protein-1,17 the apoli-
poprotein E (ApoE) receptor-215 and CD36.18

Based on these studies, circulating PCSK9 may impact the
levels of these receptors on the cell surface of hepatocytes,
thereby increasing liver burden via enhanced hepatic lipid uptake
and accumulation. The purpose of this study was to determine
whether the previously reported increase in hepatic lipid content
observed in Pcsk9-/- mice18 correlated with the hallmark features
of NASH, such as ER stress, apoptosis, inflammation and fibrosis.

Materials and methods
Cell culture and free FA treatments
HuH7 and HepG2 immortalized human hepatocytes were cultured
at 37oC with 5% CO2 in complete Dulbecco's Modified Eagles Med-
ium (Gibco, Thermorfisher Scientific) containing 10% fetal bovine
serum (Sigma-Aldrich) and 50 U/ml of penicillin and streptomycin
(Sigma-Aldrich). HepatoSure 100-donor primary human hepato-
cytes were purchased fromXenotech and cultured in completeWil-
liam’s Emediumas permanufacturer’s instructions. FAs used for cell
treatment such as oleate (OA; Sigma-Aldrich), linoleate (LA; Sigma-
Aldrich), stearate (SA; Sigma-Aldrich) and palmitate (PA; Sigma-
Aldrich) were conjugated to FA-free bovine serum albumin (BSA;
Sigma-Aldrich), as previously described,19 to a stock concentration
of 1 mM. Cells were also treated with LDL (Lee Biosolutions), high-
density lipoprotein (HDL; Alpha Aesar) and oxidized (ox)LDL
(Alpha Aesar). Additional treatments used in cell culture studies
included recombinant human PCSK9 (Cayman Chemical), DiI-LDL
(AlphaAesar) and sulfo-N-succinimidyl oleate (SSO;CaymanChemi-
cal). All cell treatments were carried out for 24 h, unless specified
otherwise. Small interfering RNA (siRNA) targeted against PCSK9
(siPCSK9) and CD36 (siCD36) were purchased from siGenome, Dhar-
macon, and transfections were carried out as per manufacturer’s
instructions using RNAiMAX (ThermoFisher Scientific). The overex-
pression of human wild-type PCSK9WT and the secretion-deficient
PCSK9Q152H, as well as human CD36 (Addgene, # 52025) was
achieved using X-tremeGENE transfection reagent as per manufac-
turer’s instructions.

Animal studies
Hepatic lipid accumulation was first examined in 12-week-old
male Pcsk9-/- mice (n = 10) on a C57BL/6J background and age-
matched C57BL/6J controls (Pcsk9+/+; n = 10) fed normal control
diet (NCD). Experiments were then repeated in a second cohort
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of Pcsk9-/- mice (n = 5) on a C57BL/6J background and age-
matched Pcsk9+/+ controls (n = 5), which were fed either NCD or
a high-fat diet (HFD) (60% fat/kcal, ENVIGO #TD.06414), starting
at 6 weeks of age for an additional 12 weeks prior to sacrifice. A
final cohort of 12-week-old male Pcsk9-/-mice on a C57BL/6J back-
ground (n = 6) were treated with SSO (10 mg/kg; intraperitoneal
injection) and 1 h later with OA (1 g/kg, intraperitoneal injection)
for an additional 2 h prior to study endpoint. All animals were
housed in a vented rack system, had access to food and water ad
libitum and were exposed to 12 h light:dark cycles. Animal experi-
mentswere performed in strict accordancewith theMcMaster Uni-
versity animal care guidelines.

Statistical analysis
All data are presented as themean and error bars as SD. Statistical
differences between 2 groups were determined using the
unpaired t test. For analysis of experiments involving multiple
groups, the one-way ANOVA was performed. All comparisons
were considered statistically significant when p <0.05. For further
details regarding the materials used, please refer to the CTAT
table and supplementary information.

Results
PCSK9 reduces lipid accumulation in cultured hepatocytes
treated with FAs and lipoproteins
The effect of PCSK9 on cellular lipid accumulation was first exam-
ined in cultured HepG2 hepatocytes stably transfected with short
hairpin RNA (shRNA) targeted against PCSK9 or control shRNA.
Knockdown of PCSK9 in these cells was first confirmed via
ELISA for secreted PCSK9 and immunoblotting of PCSK9-
regulated receptors, LDLR and CD36 (Fig. 1A and B). Consistent
with previous studies, PCSK9 expression was inversely correlated
with LDLR and CD36 expression.13,18 Increased uptake of fluores-
cently labelled DiI-LDL cholesterol was also observed in PCSK9
shRNA knockdown cells compared to shRNA controls (Fig. S1A
and S1B). Staining with Oil red O (ORO), as well as triglyceride
extraction and quantification, revealed a marked increase in tri-
glyceride accumulation in PCSK9 shRNA cells treated with dietary
saturated FAs (PA and SA), unsaturated FAs (OA and LA) and lipo-
proteins (LDL and HDL) (Fig. 1C and D). The dose-dependent
effect of exogenously added extracellular PCSK9 on intracellular
lipid accumulation was also examined in OA-treated HepG2
cells using recombinant human PCSK9 (Fig. 1E). Modest but sig-
nificant reductions in CD36 expression and in OA-induced lipid
accumulation were also observed in HepG2 cells and primary
mouse hepatocytes transfected with PCSK9WT compared to
those transfected with a loss-of-function PCSK9Q152H variant
that fails to be secreted (Fig. S1C to S1F).20 Transfection efficiency
in these cells was confirmed via immunoblotting for PCSK9 and
GFP encoded by the bicistronic plasmid utilized in these studies
(Fig. S1G). Lipid uptake and accumulation was also assessed in
primary human hepatocytes that were exposed to medium har-
vested from HuH7 cells transfected with either PCSK9WT or the
secretion-deficient PCSK9Q152H variant (Fig. 1F). Consistent with
cultured HepG2 cells, secreted PCSK9WT significantly reduced
OA-induced lipid accumulation in primary human hepatocytes.

The CD36 inhibitor SSO reduces OA-induced lipid droplet
accumulation in PCSK9 knockdown hepatocytes
Our next aim was to assess the recently described inhibitory role
of PCSK9 on CD36 (using a pharmacologic antagonist of CD36,
vol. 1 | 418–428 419
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Fig. 1. PCSK9 reduces the triglyceride content of HepG2 cells and primary human hepatocytes. (A,B) PCSK9 knockdown in PCSK9 shRNA HepG2 cells was
confirmed via ELISA for secreted PCSK9 (*p <0.05) and immunoblots for PCSK9-regulated receptors LDLR and CD36. (C) ORO lipid droplet staining of HepG2
control cells (shRNA control) and PCSK9 knockdown cells (PCSK9 shRNA) in the presence or absence of OA (200 μm) and LDL (50 μg/ml). (D) Intracellular
triglyceride content was also quantified in cells treated with either OA (200 μM), LA (200 μM), PA (200 μM), SA (200 μM) and lipoproteins LDL (50 μg/ml) and HDL
(50 μg/ml) for 24 h (*p <0.05; †p<0.05 vs. vehicle-shRNA control; ‡p<0.05 vs. vehicle-PCSK9 shRNA). (E) The effect of recombinant human PCSK9 on OA uptake was
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SSO) as this is the mechanism by which PCSK9 is thought to reg-
ulate hepatic lipid levels.21 Consistent with PCSK9 shRNA knock-
down HepG2 cells, the knockdown of PCSK9 in HepG2 and HuH7
cells using siRNA increased intracellular lipid content; a result
that was further exacerbated by incubating cells in OA (Fig. 2A
and B). No such increase in lipid accumulation, however,
was observed in cells pre-treated with SSO. Consistently, SSO
pre-treatment also attenuated hepatic lipid accumulation in
Pcsk9-/- mice exposed to a bolus injection of OA (Fig. 2C). The
knockdown of CD36 using siRNA (siCD36) also reduced lipid
accumulation in HepG2 cells challenged with OA (Fig. 2D and
E). Lastly, to confirm the role of CD36 as a driver of lipid accu-
mulation in the context of PCSK9 deficiency, experiments were
repeated in cells co-transfected with siPCSK9 and siCD36. ORO
extract and quantification from these cells demonstrates that
ablation of CD36 expression markedly reduced lipid accumula-
tion occurring as a result of PCSK9 knockdown in the presence
or absence of OA (Fig. 2F). Similar findings were observed in
HuH7 cells (Fig. S2A). The difference in lipid accumulation
between control and PCSK9 shRNA cells was also lost in cells
overexpressing CD36 (Fig. 2G). Effective knockdown of PCSK9
and CD36, as well as overexpression of CD36 in HepG2 cells,
was confirmed via immunoblotting (Fig. S2B to S2D). Collec-
tively, these data suggest that increased expression of CD36
strongly contributes to the heightened levels of intracellular
JHEP Reports 2019
lipids observed in hepatocyte cell lines with reduced PCSK9
expression.

PCSK9 protects cultured hepatocytes from palmitate-induced
ER stress and cytotoxicity
To substantiate our findings, we next investigated whether
PCSK9 would protect from the well-established ER stress-
associated effects of increased CD36 expression, such as ER Ca2+

depletion, reactive oxygen species (ROS) production and cyto-
toxicity.22 First, increased expression levels of the ER stress mar-
kers IRE1α and glucose-regulated protein of 78-kDa (GRP78), and
the pro-apoptotic markers CCAAT/enhancer-binding protein
homologous protein (CHOP), ATF6 and sXBP1 were observed in
PCSK9 shRNA compared to control shRNA HepG2 cells treated
with PA, via immunoblotting and quantitative real-time PCR
(Fig. 3A and B). Similarly, primary human hepatocytes exposed
to medium harvested from HuH7 cells transfected with PCSK9
Q152H also yielded increased PA-induced expression of ER stress
markers compared to those exposed tomedium containing PCSK9
WT (Fig. 3C). Consistent with previous studies,19 treatment with
OA and lipoproteins did not cause ER stress in HepG2 cells (Fig.
S3A, S3B and S3C).

PCSK9 shRNA HepG2 cells also exhibited increased cytotoxi-
city in response to PA relative to controls (Fig. 3D and S3D). Inter-
estingly, although SSO-mediated CD36 inhibition failed to reduce
vol. 1 | 418–428 420
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Fig. 2. PCSK9 regulates FA uptake in immortalized hepatocytes through CD36. (A,B) HepG2 and HuH7 cells were transfected with siPCSK9 or scrambled control
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PA-induced cytotoxicity in shRNA control cells, the CD36 inhibi-
tor attenuated cytotoxicity in PCSK9 shRNA knockdown cells
(Fig. 3D). Given the role of ER stress in the production of ROS,
the ability of PCSK9 to protect from PA-induced ROS was also
examined in HepG2 cells (Fig. 3E). We observed that PA treat-
ment led to a significant increase in ROS production in PCSK9
shRNA HepG2 cells compared to shRNA controls during the
course of the experiment.

Next, we assessed ER Ca2+ depletion, which represents another
established outcome of ER stress in cells treated with PA.23 The
fluorometric cytosolic Ca2+ indicator utilized in these studies,
Fura-2-AM, increases in fluorescence intensity as Ca2+ exits the ER
into the cytosol.24 To measure relative ER Ca2+ content, HepG2
cells pre-treated with PA (5 h; 500 μM) were exposed to a potent
sarco/endoplasmic reticulum ATPase (SERCA) pump inhibitor,
cyclopiazonic acid (CPA; 50 μM; Fig. 3F). In response to CPA, we
observed that PA-treated shRNA control cells exhibited ER Ca2+

loss to a similar extent as untreated controls. In contrast to this
result, PCSK9 shRNA knockdown cells pre-treated with PA failed
to exhibit loss of ER Ca2+ in response to CPA, suggesting that PA
induced ER Ca2+ depletion during pre-treatment in these cells. In
support of these results, a time-course study in which ER Ca2+

depletion was monitored over a 210 min period yielded similar
JHEP Reports 2019
findings (Fig. S3E). Increased ER expansion, another hallmark fea-
ture of ER stress, was also observed in HepG2 cells transfected
with a splice-switching oligomer that causes ER retention of
PCSK9 in response to PA25 (Fig. S4A and S4B). Appropriate splice-
switching and ER retention of PCSK9 in these cells was confirmed
by immunoblotting (Fig. S4C).

Pcsk9-/- mice exhibit compensatory changes in biliary
cholesterol excretion and in the expression of hepatic lipid
regulatory proteins
Given the observed increase in lipid droplet content in cultured
hepatocytes, PCSK9-dependent changes in hepatic lipid content
were also examined in vivo. The livers of NCD-fed 12-week-old
Pcsk9-/- mice exhibited increased ORO staining of lipid droplets
and protein levels of the lipid droplet marker perilipin (Fig. 4A)
compared to controls. Consistent with previous reports, immuno-
histochemical staining also demonstrated a marked increase in
cell-surface levels of LDLR, VLDLR and CD36 expression in the livers
of Pcsk9-/- mice compared to controls.13,16,18 We also report the
novel finding that Pcsk9-/- mice exhibit increased levels of the cho-
lesterol efflux transporter ABCA1 compared to controls (Fig. 4A and
S5A). In contrast to the LDLR, CD36 and theVLDLR, changes in hepa-
tic ABCA1 expression in Pcsk9-/- mice likely occurred as a result of
vol. 1 | 418–428 421

Image of Fig. 2
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increased mRNA transcript expression (Fig. S5B). Elevated expres-
sion of hepatic PCSK9-regulated receptors, LDLR, VLDLR and CD36
was also confirmed using immunoblots (Fig. 4B). Given that hepatic
biliary secretion or transintestinal cholesterol excretion are estab-
lished mechanisms of cholesterol clearance,26,27 fecal cholesterol
content was also assessed (Fig. 4C). The feces of Pcsk9-/- mice con-
tained increased levels of cholesterol compared to controls. The
positive correlation between PCSK9 and circulating cholesterol
and triglycerides was also confirmed via colorimetric assays (Fig.
4D). Consistentwith our hypothesis that elevated hepatic lipid con-
tent in Pcsk9-/- mice occurs as a result of increased lipid uptake, no
difference was observed in the FA oxidation marker, β-
hydroxybutyrate (Fig. 4E). Furthermore, we observed that the livers
of Pcsk9-/- mice exhibited (a) a significant reduction in peroxisome
proliferator-activated receptor gamma (PPARγ) coactivator 1-
alpha (PGC1α), a protein commonly associatedwith de novo choles-
terol synthesis and PPARγ-mediated NAFLD; (b) a modest but sig-
nificant increase in mRNA levels of the lipolysis markers ACOX1
JHEP Reports 2019
and APOC2; and (c) no change in the expression of the FA oxidation
marker PPARα (Fig. 4F). Consistent with immunohistochemistry
data, a significant increase of perilipin at the mRNA level was also
observed in Pcsk9-/- mice relative to controls (Fig. 4F). Although
additional studies are required to confirm that de novo lipogenesis
and lipid oxidation do not contribute to the observed phenotype,
our data suggest that lipid accumulation in the livers of Pcsk9-/-

mice occurs largely as a result of increased lipid uptake at the cell
surface.

Pcsk9 knockout exacerbates diet-induced hepatic steatosis
in mice
Although we did not observe profound differences in gross liver
morphology or injury in NCD-fed Pcsk9-/- mice compared to
Pcsk9+/+ counterparts, this diet is not lipid-rich or used for the
study of hepatic steatosis. Therefore, our next aim was to assess
the effect of a HFD on liver function and injury in the context of
PCSK9 deficiency and increased hepatic CD36 expression.
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Accordingly, 6-week-old Pcsk9-/- mice and Pcsk9+/+ controls were
fed either NCD or HFD for 12 weeks. Upon removal of the liver
from these animals during sacrifice, an apparent increase in size
and change in color were observed in the HFD-fed Pcsk9-/- mice
compared to controls (Fig. 5A). Assessment of hepatic lipid droplets
via ORO and H&E staining also demonstrated an increase in lipid
droplets in the livers of HFD-fed Pcsk9-/- mice compared to HFD-
fed controls (Fig. 5B). Although total body weight was not affected
by PCSK9 (Fig. 5C) in these experiments, significant increases in
liver weight (Fig. 5D) and liver triglyceride and cholesterol content
(Fig. 5E) were observed in HFD-fed Pcsk9-/- mice compared to con-
trols. A trend was also apparent for elevated gonadal, inguinal and
brown adipose tissue weights in the Pcsk9-/- mice on HFD, but the
differences between genotypes were not statistically significant in
this experiment (Fig. 5F).

Pcsk9 knockout mice exhibit increased diet-induced liver
injury and insulin resistance
We next examined hepatic ER stress in these mice; a process well
known to contribute to hepatic steatosis.4–6 Increased expression
levels of ER stress markers, pro-apoptotic markers, and pro-
fibrotic markers were observed in the livers of HFD-fed Pcsk9-/-

mice compared to HFD-fed Pcsk9+/+ control mice (Fig. 6A, B).
Increased staining of F4/80, a marker of pro-inflammatory Kupffer
JHEP Reports 2019
cells, and increased hepatic mRNA expression of pro-
inflammatory markers were also observed in the livers of HFD-fed
Pcsk9-/- mice compared to controls (Fig. 6A,C). A modest increase
in fibrosis was also observed in these mice via Mason’s trichrome
staining of collagen (blue), as well as immunohistochemical stain-
ing of fibronectin. Assessment of plasma alanine aminotransferase
(ALT) activity, as well as apoptosis using a TUNEL assay, also
revealed that Pcsk9-/- mice were more prone to diet-induced hepa-
tic injury compared to controls (Fig. 6D andE). Similarly, an increase
in protein aggregate accumulationwas observed inHFD-fed Pcsk9-/-

mice compared to controls using thioflavin-T (Fig. S6)
Hepatic steatosis is also an established driver of insulin resis-

tance and diabetes as it tends to promote chronically elevated cir-
culating glucose levels resulting from constitutively activated
gluconeogenic pathways.28 For this reason, our last aim was to
examine the effect of Pcsk9 knockout on markers of hepatic insu-
lin resistance in HFD-fed mice. First, however, we examined glu-
cose production in vehicle- and PA-treated primary hepatocytes
isolated from Pcsk9-/- and Pcsk9+/+ littermate control mice. Glu-
cose production was also examined in PA-treated primary hepa-
tocytes isolated from C57BL/6J mice in the presence or absence of
recombinant PCSK9 (1 μg) for 24 h. In both cases, the presence of
PCSK9 attenuated PA-induced glucose production. Assessment in
HepG2 cells also revealed that PA treatment induced glucose
vol. 1 | 418–428 423
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production to a greater extent in PCSK9 knockdown cells than in
control cells (Fig. S7A). Further, exposure of naive HepG2 cells to
medium harvested from HuH7 cells transfected with either
PCSK9WT or the secretion-defective PCSK9Q152H also demon-
strated that PCSK9 protected against PA-induced gluconeogen-
esis (Fig. S7B).

In mice, glucose and insulin tolerance tests (GTT and ITT,
respectively) revealed that HFD-fed Pcsk9-/- mice exhibited a
reduction in glucose uptake in response to a bolus injection of
glucose or insulin (Fig. 7C), indicative of resistance to insulin.29,30

A significant increase in resting glucose levels, which represents
another characteristic of insulin resistance, was also observed in
HFD-fed Pcsk9-/- mice compared to HFD-fed controls (Fig. 7D). In
contrast to other models of diet-induced insulin resistance,31

plasma insulin levels were reduced in Pcsk9-/- mice compared to
controls, but this likely involved pancreatic islet abnormalities,
as reported previously (Fig. 7E).29,30 Mice were also injected
with insulin 1 h prior to sacrifice in order to examine the phos-
phorylation/activation status of protein kinase B (AKT); a central
regulator and strong promoter of hepatic glucose uptake and
metabolism (Fig. 7F).31 As expected, insulin treatment led to the
phosphorylation of AKT in the livers of NCD-fed mice, but no dif-
ference was observed between Pcsk9-/- and Pcsk9+/+ mice. In
HFD-fed mice, however, the ability of insulin to activate hepatic
AKT was reduced to a greater extent in Pcsk9-/- mice than in the
JHEP Reports 2019
Pcsk9+/+ control mice. Consistent with other studies, hepatic stea-
tosis severity in the mice was positively correlated with the
mRNA abundance of hepatic gluconeogenic markers, including
signal transducer and activator of transcription 3 (Stat3), glucose
6 phosphatase (G6p), stearoyl-CoA desaturase-1 (Scd1), pyruvate
dehydrogenase kinase 4 (Pdk4) and the dimethylaniline monoox-
ygenase [N-oxide-forming] 2 (Fmo2) (Fig. 7G).32 In line with the
other endpoints examined in thesemice, increased gluconeogenic
marker expressionwas observed in the livers of Pcsk9-/- compared
to Pcsk9+/+ mice. Collectively, these data suggest that PCSK9 can
reduce liver lipid accumulation and protect against ER stress,
hepatic insulin resistance and glucose production in response to
a HFD.

Discussion
Previous studies have demonstrated that the equilibrium of
hepatic lipid levels can favor hepatic steatosis during conditions
of (a) increased de novo lipogenesis, (b) heightened lipid uptake
(c) reduced lipid efflux and (d) reduced lipid oxidation.32 In the
case of Pcsk9-/- mice, our studies as well as those of others,18 sug-
gest that PCSK9 prevents the uptake of lipid into the liver by
downregulating the expression of CD36. Consistent with our
observations, previous studies have also shown that increased
expression of CD36 can promote fatty liver disease and contribute
vol. 1 | 418–428 424
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to hepatic insulin resistance.33 Furthermore, CD36-mediated FA
uptake is known to promote ER stress and lipotoxicity in cell
types with high capacity for FA metabolism including adipocytes,
cardiomyocytes, hepatocytes, endothelial cells, macrophages,
pancreatic β cells, podocytes and neurons.22 Here, we demon-
strate that PCSK9 prevents CD36-mediated FA uptake and accu-
mulation in cultured hepatocytes. We also show that under
normal dietary conditions, several compensatory mechanisms in
the livers of Pcsk9-/- mice may act in concert to suppress hepatic
steatosis. During a HFD metabolic challenge, however, we
observed a significant increase in the expression of markers of
ER stress, fibrosis, inflammation and apoptosis, as well as plasma
levels of ALT in Pcsk9-/- mice compared to Pcsk9+/+ controls.

The current landscape of studies examining the role of PCSK9
in hepatic steatosis in humans remains controversial. However,
pre-clinical data have been largely consistent, demonstrating
that circulating PCSK9 can prevent hepatic lipid uptake and accu-
mulation in mice. Demers and coworkers were the first to
demonstrate that PCSK9 negatively regulates the expression of
JHEP Reports 2019
CD36 and also reported a 3- to 4-fold increase in hepatic trigly-
ceride levels in NCD-fed Pcsk9-/- mice.18 Recent studies have
also identified E2f1 as a major regulator of hepatic lipid homeos-
tasis in a manner dependent on PCSK9.34 Lai and colleagues
reported increased hepatic lipid content in E2f1-/- mice and also
discovered that these mice exhibit significantly reduced circulat-
ing PCSK9 levels. Upon re-expression of PCSK9 in these mice, the
fatty liver phenotype was lost. Consistent with this growing body
of literature, a recent network analysis done in primary human
hepatocytes identified PCSK9 as a gene linked to liver fat content
and NAFLD.35

Two independent clinical studies have now demonstrated
consistent findings with regards to the association between liver
fat content and circulating PCSK9 levels. The Dallas heart study
reported a modest but significant positive correlation between
liver fat content and circulating PCSK9 levels (n = 2,027;
p <0.0001).36 Ruscica and colleagues have now also reported a
positive correlation between circulating PCSK9 and liver steatosis
grade (p = 0.0011) as well as necroinflammation, ballooning and
vol. 1 | 418–428 425

Image of Fig. 6


A
Pcsk9+/+

Pcsk9-/-

0

1

2

3

4

5 *

*

R
el

at
iv

e 
gl

uc
os

e
pr

od
uc

tio
n 

(n
or

m
al

iz
ed

to
 p

ro
te

in
) 

Ve
hic

le PA

B

R
el

at
iv

e 
gl

uc
os

e
pr

od
uc

tio
n 

(n
or

m
al

iz
ed

to
 p

ro
te

in
) 

0

1

2

3

NT PA PA
+ 

PC
SK

9

* *

0 15 30 60 120
0

5

10

15

20

25

Time post insulin injection (minutes)

*

*
* *

*

ITT
Pcsk9+/+ Chow
Pcsk9-/- Chow
Pcsk9+/+ HFD
Pcsk9-/- HFD

0

10

20

30

40

50

Pl
as

m
a 

gl
uc

os
e 

(m
M

)

*
* *

*

0 3015 60 120

†

†

*

Time post glucose injection (minutes)

GTTC
Pcsk9+/+ Chow
Pcsk9-/- Chow
Pcsk9+/+ HFD
Pcsk9-/- HFD

5

10

15

20

25

R
es

tin
g 

gl
uc

os
e 

(m
M

) *
*

n.s.

Pcsk9

HFD + +

+/+ -/- +/+ -/-

--
NCD + + --

D E

0

2

4

6

Pl
as

m
a 

in
su

lin
 (n

g/
m

l)

NCD

*
*

*
*

HFD

Pcsk9+/+

Pcsk9-/-

pAKT

AKT

Insulin - +
NCD HFD

Pcsk9+/+ Pcsk9-/- Pcsk9+/+ Pcsk9-/-

63 —

63 —

0 1 0.8 0.4 0.1 pAKT

F

G

STAT3 G6P SCD1 PDK1 PDK4 FMO2
0

10

20

30

40

Fo
ld

 in
du

ct
io

n 
of

 m
R

N
A

(n
or

m
al

iz
ed

 to
 1

8 
s)

*

*

*

*

* *

Pcsk9+/+-NCD
Pcsk9-/--NCD 
Pcsk9+/+-HFD 
Pcsk9-/--HFD

Fig. 7. Pcsk9 knockout contributes to gluconeogenesis and diet-induced insulin resistance. (A) Gluconeogenesis was first examined in primary hepatocytes
isolated from Pcsk9-/- and Pcsk9+/+ littermate control mice (n = 5) treated with PA. (B) Gluconeogenesis was also assessed in primary hepatocytes isolated from
male C57BL/6J mice (n = 4) treated with PA in the presence or absence of recombinant human PCSK9 (1 μg; p <0.05). (C) One week prior to sacrifice, mice were
injected with either insulin (1 IU/kg) or glucose (0.8 g/kg) (ITT and GTT, respectively) to assess insulin resistance in NCD- and HFD-fed Pcsk9+/+ and Pcsk9-/-

mice (*p <0.05 vs. Pcsk9+/+). (D) Resting glucose levels were also assessed prior to injections. (E) Resting plasma insulin levels in these mice were examined
using an ELISA. (F) Mice were injected with insulin 1 h prior to sacrifice to assess hepatic insulin resistance via phosphorylation of AKT by
immunoblotting. (G) The expression of pro-gluconeogenic markers (Stat3, G6p, Scd1, Pdk1, Pdk4 and Fmo2) was examined in the livers of HFD-fed mice by
real-time PCR (*p <0.05. vs. HFD-fed Pcsk9+/+). Results are shown as the mean and error bars as SD. *p <0.05. Differences between groups were determined
via Student’s t test or one-way ANOVA. GTT, glucose tolerance test; HFD, high-fat diet; ITT, insulin tolerance test; NCD, normal control diet; PA, palmitate.

Research Article
fibrosis stage (n = 201).37 Consistent with these findings our
research group has observed that diet-induced steatosis promotes
de novo hepatic PCSK9 expression and increases circulating PCSK9
levels in mice.38 In contrast to these data, Wargny and colleagues
failed to observe a significant correlation between circulating
PCSK9 levels and plasma aminotransferases, liver fat content, his-
tological liver lesions, steatosis severity, NASH activity score, lob-
ular and/or portal inflammation or ballooning in 3 patient cohorts
with advanced stages of NASH (n = 478).39 Given the severity of
steatosis in the patients from this study, however, the authors
highlight that variations between studies suggest that in humans,
PCSK9 likely plays a role in the early development of NAFLD and
not in the late stages of NASH.

Beyond liver fat content, Mbikay and colleagues have reported
abnormalities in pancreatic islets of Pcsk9-/- mice, which were
shown to contribute to insulin resistance.29 Consistent with
these findings, we also report the novel finding that diet-
induced hepatic steatosis attenuates insulin-induced phosphory-
lation and activation of AKT in the livers of Pcsk9-/- mice to a sig-
nificantly greater extent than in controls. We have consistently
shown that HFD-fed Pcsk9-/- mice exhibit reduced rates of glucose
uptake and insulin sensitivity, all of which represent hallmark fea-
tures of hepatic insulin resistance. In line with these findings, a
JHEP Reports 2019
recent study also identified a positive correlation between loss-
of-function PCSK9 mutations and increased fasting glucose, body
weight, waist-to-hip ratio and odds ratio of type 2 diabetes.40

Accumulating evidence demonstrates that PCSK9 regulates
the uptake and accumulation of lipid in the livers of mice. Given
the current inconsistencies in clinical data sets, additional studies
are required before strong conclusions can be made in the con-
text of human disease. Interestingly, recent studies have demon-
strated that FDA-approved monoclonal antibodies targeted
against the LDLR-binding domain of circulating PCSK9 increase
its concentrations 7-fold as a result of antagonizing LDLR-
mediated clearance.41 Given that it is likely that the domain uti-
lized by PCSK9 to interact with CD36 differs from its LDLR-
binding domain,18 it remains possible and even likely that such
antibodies may also reduce CD36 expression as a byproduct of
increasing the circulating pool of PCSK9. Additional studies, how-
ever, are required to answer this important question and to
determine whether anti-PCSK9 antibodies could be utilized to
protect against CD36-driven diseases like NAFLD and NASH.

Overall, the abundance of data characterizing PCSK9 as amodula-
tor of circulating cholesterol strongly suggest that its influence on the
latter exceeds that of its effect on circulating and peripheral triglycer-
ide levels. Nonetheless, our findings aswell as thosediscussedherein,
vol. 1 | 418–428 426
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suggest that hepatic PCSK9 expression is upregulated during condi-
tions of steatosis to prevent further lipid uptake and accumulation
in the liver, thus acting as a classical feedback modulator of hepatic
JHEP Reports 2019
lipid levels. Moreover, our data demonstrate that in mice, PCSK9
can protect against ER stress, fibrosis and injury of the liver in
response to conditions of excessive fat consumption.
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