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Abstract

Aims/hypothesis Targeting regulators of adipose tissue lipoprotein lipase could enhance adipose lipid clearance, prevent ectopic
lipid accumulation and consequently ameliorate insulin resistance and type 2 diabetes. Angiopoietin-like 8 (ANGPTLS) is an
insulin-regulated lipoprotein lipase inhibitor strongly expressed in murine adipose tissue. However, Angp#l8 knockout mice do
not have improved insulin resistance. We hypothesised that pharmacological inhibition, using a second-generation antisense
oligonucleotide (ASO) against Angptl§ in adult high-fat-fed rodents, would prevent ectopic lipid accumulation and insulin
resistance by promoting adipose lipid uptake.

Methods ANGPTLS expression was assessed by quantitative PCR in omental adipose tissue of bariatric surgery patients. High-fat-
fed Sprague Dawley rats and C57BL/6 mice were treated with ASO against Angptl8 and insulin sensitivity was assessed by
hyperinsulinaemic—euglycaemic clamps in rats and glucose tolerance tests in mice. Factors mediating lipid-induced hepatic insulin
resistance were assessed, including lipid content, protein kinase Ce (PKCe) activation and insulin-stimulated Akt phosphorylation.
Rat adipose lipid uptake was assessed by mixed meal tolerance tests. Murine energy balance was assessed by indirect calorimetry.
Results Omental fat ANGPTLS mRNA expression is higher in obese individuals with fatty liver and insulin resistance compared
with BMI-matched insulin-sensitive individuals. Angp#/8 ASO prevented hepatic steatosis, PKCe activation and hepatic insulin
resistance in high-fat-fed rats. Postprandial triacylglycerol uptake in white adipose tissue was increased in Angp#/8§ ASO-treated
rats. Angptl8 ASO protected high-fat-fed mice from glucose intolerance. Although there was no change in net energy balance,
Angptl8 ASO increased fat mass in high-fat-fed mice.

Conclusions/interpretation Disinhibition of adipose tissue lipoprotein lipase is a novel therapeutic modality to enhance adipose
lipid uptake and treat non-alcoholic fatty liver disease and insulin resistance. In line with this, adipose ANGPTLS is a candidate
therapeutic target for these conditions.
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What is already known about this subject?

* Increased lipid deposition at ectopic sites, such as liver and muscle, can cause insulin resistance, while therapies that

decrease ectopic lipid improve insulin sensitivity

+  Angiopoietin-like 8 (ANGPTL8) is a member of a class of proteins that inhibit lipoprotein lipase, a key regulator of

tissue triacylglycerol uptake

What is the key question?

+  Can pharmacological knockdown of ANGPTL8 improve white adipose tissue (WAT) lipid uptake, thereby preventing

ectopic lipid deposition and insulin resistance?

What are the new findings?

»  ANGPTL8 expression is increased in the visceral WAT of obese insulin-resistant individuals compared with equally

obese but insulin-sensitive individuals

»  Knockdown of ANGPTLS in fat-fed rodents improves subcutaneous WAT lipoprotein lipase activity and adipose
uptake of mealtime triacylglycerol, prevents hepatic steatosis and reverses lipid-induced hepatic insulin resistance

How might this impact on clinical practice in the foreseeable future?

« Tissue-specific modulation of lipoprotein lipase activity, potentially through targeting ANGPTLS, is a promising
candidate therapeutic strategy for non-alcoholic fatty liver disease and diet-induced insulin resistance

Abbreviations
ANGPTL3/4/8 Angiopoietin-like 3/4/8

ASO Antisense oligonucleotide
BUN Blood urea nitrogen
DAG Diacylglycerol

GINF Glucose infusion rate
HFD High-fat diet

1P Immunoprecipitation

LPL Lipoprotein lipase

MMTT Mixed-meal tolerance test
NAFLD Non-alcoholic fatty liver disease
PKCe Protein kinase Ce

gPCR Quantitative PCR

RC Regular chow

SD Sprague Dawley

TZD Thiazolidinedione

WAT White adipose tissue
Introduction

Ectopic accumulation of specific lipid species impairs liver and
muscle insulin signalling, causes insulin resistance and ac-
counts for the link between obesity and type 2 diabetes.
However, not all obese individuals are insulin resistant. This
phenotypic heterogeneity may lie in differences in adipose
biology [1]. Notably, some genes linked to forms of
lipodystrophy are also dysregulated in individuals with more
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common forms of insulin resistance [2], lending genetic sup-
port for a key role for adipose dysfunction in individuals who
develop insulin resistance [3]. Thiazolidinediones (TZDs) are
the only medications currently available that improve adipose
function. These peroxisome proliferator activated receptor y
agonists increase adipogenesis and adipose lipid storage and
decrease adipose lipolysis, effectively redistributing lipid from
ectopic storage sites (liver, muscle etc.) to eutopic sites (sub-
cutaneous adipose tissue) [4—6]. This dramatically improves
insulin resistance and glycaemic control with the added benefit
of reducing the risk for cerebrovascular and acute coronary
events [7, 8]. TZDs are also beneficial in individuals with type
2 diabetes and non-alcoholic fatty liver disease (NAFLD) or
non-alcoholic steatohepatitis [9—11]. Unfortunately, numerous
side effects (e.g. weight gain, volume retention and osteopo-
rotic fractures) limit the clinical utility of TZDs [12]. Thus,
newer agents are needed.

The transfer of lipids from circulating lipoproteins to tissues is
largely catalysed by lipoprotein lipase (LPL) and is tightly regu-
lated. The combined effect of a cohort of endogenous activators
and inhibitors determines the quantity, timing and location of
tissue lipid uptake during feeding and fasting [13, 14]. Changes
in endogenous regulators of LPL can influence the propensity for
insulin resistance. For example, alterations in the LPL inhibitor
APOCS3 have been seen in individuals with an increased suscep-
tibility to insulin resistance [15, 16]. Thus, pharmacological mod-
ulation of endogenous LPL regulatory factors to promote the
storage of lipid in eutopic sites may be a novel paradigm to
prevent or treat insulin resistance and NAFLD.
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The angiopoietin-like (ANGPTL) proteins ANGPTL3,
ANGPTL4 and ANGPTLS are a family of differentially-
regulated LPL inhibitors [14]. ANGPTLS was once thought
to have a trophic effect on pancreatic beta cells, although this is
no longer believed to be the case [17-19]. Circulating
ANGPTLS is lower in humans with dyslipidaemia (with the
caveat that circulating ANGPTLS in humans has never been
measured with a validated assay), particularly those with low
HDL-cholesterol or high triacylglycerols [20]. However,
ANGPTLS’s primary functions may be better ascribed to local,
tissue-specific actions. ANGPTLS is an LPL inhibitor that is
expressed strongly in the white adipose tissue (WAT) [17, 21];
it complexes with circulating ANGPTL3 to potently inhibit
LPL [22]. Notably, ANGPTLS expression is increased by in-
sulin stimulation [23], so in the immediate postprandial period,
a high level of circulating insulin increases ANGPTLS expres-
sion and decreases adipose tissue LPL action and lipid uptake,
potentially balancing insulin’s primary actions at adipose tis-
sue, suppression of lipolysis and promotion of lipid storage.

Surprisingly, Angptl8 knockout mice do not manifest a dra-
matic metabolic phenotype [24], exhibiting no change in glu-
cose tolerance or insulin tolerance and no meaningful effect
on ectopic tissue triacylglycerol content. Nonetheless, phar-
macological knockdown of ANGPTLS expression may pro-
vide new insights into the relationship between endogenous
regulation of LPL activity and the deposition of ectopic lipid
and lipotoxic insulin resistance. In this study, we used a
second-generation 2'-O-methoxyethyl antisense oligonucleo-
tide (ASO) against ANGPTLS in rats and mice, evaluating the
potential for adipose-specific disinhibition of LPL to prevent
ectopic lipid deposition and lipid-induced insulin resistance.

Methods

Animals Male Sprague Dawley (SD) rats (250-275 g) and
C57BL/6 mice (8—11 weeks old) were obtained from
Charles River Laboratories (Waltham, MA, USA) and
Jackson Laboratory (Bar Harbor, ME, USA), respectively.
Animals were housed under controlled temperature (23°C)
and lighting (12 h light/dark cycle, lights on at 07:00) with
free access to water and food. For the hyperinsulinaemic—
euglycaemic clamp study, jugular venous and carotid artery
catheters were placed; for the mixed-meal tolerance tests
(MMTTs), jugular venous and gastric catheters were placed.
Rodents were maintained on standard regular chow (RC)
(Envigo 2108S, Envigo, Madison WI, USA); or rats were
placed on a high-fat diet (HFD; D12451, Research
Diets, New Brunswick, NJ, USA); or mice were placed
on an HFD (Research Diets D12492). Rodents were
treated with 2'-O-methoxyethyl chimeric ASO against
Angptl8 or with a control ASO that does not target any
known rat, mouse or human gene; ASO was delivered

intraperitoneally (25 mg kg ' week '). Basal tissues were
taken after a 6 h fast and infusions were performed after
a 12-16 h fast.

All procedures were approved by the Institutional Animal
Care and Use Committee of the Yale University School of
Medicine. Surgeries were performed under isoflurane anaes-
thesia and carprofen analgesia was provided in the postoper-
ative period. Animals were killed either with intravenous pen-
tobarbital or under isoflurane anaesthesia. Care was taken
throughout the study to minimise suffering.

Tissue lipid isolation and measurements All lipids were ex-
tracted from tissues in 2:1 chloroform:methanol. For hepat-
ic diacylglycerol measurements, lipids were first extracted
from cytosolic/lipid droplet and membrane-associated frac-
tions by a modification of a previously published protocol
[25]. Homogenates were separated by ultracentrifugation.
The pellet contains plasma membrane lipids while the su-
pernatant contains cytosolic lipids, including lipid droplets.
The chloroform:methanol extraction was then performed
from each fraction. Lipids from the organic layer were re-
suspended in hexane:methylene chloride:ether (89:10:1).
Diacylglycerols were separated from triacylglycerols using
a diol-bonded solid-phase extraction column (Waters,
Milford, MA, USA) [26]. Triacylglycerols were measured
using the Triglyceride-SL kit (Sekisui, Charlottetown, PEI,
Canada). Diacylglycerols and ceramides were measured by
LC-MS/MS [26].

Plasma biochemical analysis Glucose concentrations were de-
termined using a YSI 2700 select (Yellow Springs
Instruments, Yellow Springs, OH, USA) or a standard kit
(Sekisui). Kits were also used to measure NEFAs (Wako,
Mountain View, CA, USA) and triacylglycerols (Sekisui).
Insulin was measured by radioimmunoassay (EMD
Millipore, Burlington, MA, USA). Leptin was measured by
ELISA (Abcam, Cambridge, UK).

Hyperinsulinaemic—euglycaemic clamp studies Clamps were
performed as previously described [27, 28] with primed-
continuous infusion of [6,6-"H,]glucose tracer with a 2 h
basal period and a 2 h period in which the rats received insulin
(4 mU kg ' min ). During the clamp period, the 20% dex-
trose solution used to maintain euglycaemia was enriched
with tracer to approximately 2.5%.

Lipoprotein lipase activity assay Plasma LPL activity was
assessed by a fluorometric assay (Cell Biolabs, San Diego,
CA, USA). Adipose tissue LPL activity was determined by
incubation of 80—-120 mg adipose tissue at 37°C for 1 hin PBS
(Sigma, St. Louis, MO, USA) with 5 U/ml heparin (Sagent,
Schaumburg, IL, USA) and 2 mg/ml bovine serum albumin
(Sigma); samples were centrifuged (900 g, 4°C, 15 min) and
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supernatant LPL activity assayed in the presence of heat-
inactivated rat serum with a fluorometric kit (Cell Biolabs).

MMTTs A mixed meal (1.16 ml/kg vegetable oil labelled with
1.8 MBg/ml *H triolein [Perkin Elmer, Waltham, MA, USA]
or 0.21 MBg/ml *H retinyl palmitate [American Radiolabeled
Chemicals, St. Louis, MO, USA] and 2.84 ml/kg Ensure Plus
[Abbott Nutrition, Columbus, OH, USA]) was delivered
through gastric catheters, while blood was collected from ve-
nous catheters.

Tissue solubilisation for scintillation counting Tissues were
solubilised (in 400 mM sodium hydroxide, 1% NP-40, 1%
Triton X-100). Liver samples were decolourised in 1.5% hy-
drogen peroxide at 50°C. Samples were mixed with scintilla-
tion cocktail (Ultima Gold, Perkin Elmer) and beta counting
was performed.

IPGTT IPGTTs were conducted as previously described [29].
Mice were injected intraperitoneally with glucose (1 mg/kg
body weight). Blood samples were taken by tail bleed.

Body composition and metabolic cage studies Murine body
composition was measured by 'H magnetic resonance spec-
troscopy (Bruker, Billerica, MA, USA). Energy expenditure
and caloric intake were measured in a Comprehensive
Laboratory Animal Monitoring System (CLAMS; Columbus
Instruments, Columbus, OH, USA).

Western blotting Proteins from tissue lysate were resolved by
SDS-PAGE using a 4-12% gradient gel and electroblotted
onto polyvinylidene difluoride membranes (EMD Millipore).
Secondary antibodies were horseradish peroxidase-conjugated
(Cell Signaling Technology, Danvers, MA, USA) and detec-
tion was performed with enhanced chemiluminescence. For
protein kinase Ce (PKCe) translocation, cytoplasm and plasma
membrane fractions were separated by ultracentrifugation as
previously described [30, 31]. Proteins assessed are listed in
Table 1 and electronic supplementary material (ESM) Table 1.

Quantitative PCR RNA was extracted with a standard kit
(RNeasy, Qiagen, Germantown, MD, USA). cDNA was gen-
erated with the QuantiTect Reverse Transcription Kit
(Qiagen). Abundance of transcripts was assessed by real-
time PCR with a SYBR Green detection system (Bio-Rad,
Hercules, CA, USA). Expression for the genes of interest
and an invariant control were determined using amplification
efficiencies [32]. Genes assessed are listed in Table 1 and
ESM Table 2.

PKCe activity assay The PKCe activity assay is modified from

previously described assays [33, 34] with reagents from a
commercially available PKC assay kit (EMD Millipore).
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Liver tissue was homogenised and protein was extracted,;
500 pg of hepatic protein was diluted in immunoprecipitation
(IP) buffer and precleared with protein A/G agarose beads. IP
was performed with anti-PKCe antibody (Cell Signaling). IP
beads were washed and resuspended in PKC reaction buffer.
The PKC activity kit was used to assess PKC activity, with
0.37 MBq [y->*P] ATP per reaction for detection.

Human adipose and liver tissue Visceral WAT and liver biop-
sies were obtained intra-operatively from individuals with ex-
treme obesity undergoing bariatric surgery at the Geisinger
Clinic (Danville, PA, USA). Liver tissue was preserved in
formalin for histological analysis [35]. Adipose tissue was
preserved in RNALater (Qiagen) and stored at —80°C [36].
Individuals were enrolled in a standardised clinical pro-
gramme at the Center for Nutrition and Weight Management
during which phenotypic data were collected as previously
described [37]. All research participants provided written in-
formed consent using protocols adherent to the Code of Ethics
of the World Medical Association (Declaration of Helsinki).
The Institutional Review Boards of Geisinger Health System
and the Temple University School of Medicine approved the
research.

Statistical analysis Statistical analysis was performed using
GraphPad Prism 7 (GraphPad Software, La Jolla, CA,
USA). Groups were compared by the Student’s unpaired ¢ test
or a one-way ANOVA analysis followed by Tukey’s Multiple
Comparison test. One-way ANCOVA analysis was performed
using a web-based calculator provided by Vassar College
(vassarstats.net; accessed 14 Dec 2017). All data are
expressed as mean £ SEM. p values less than 0.05 were
considered significant.

Table 1 Genes and proteins assessed
Genes assessed by qPCR Proteins assessed by immunoblot
TATA-binding protein (7BP) Akt

Angiopoietin-like 8 (ANGPTLS)
[3-Actin (Actb)
Cd68

Phosphorylated Akt (Ser 473)
PKCe

Sodium—potassium ATPase
(Na*/K*-ATPase)

Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH)

[-Actin

Angiopoietin-like 3 (Angptl3)

Angiopoietin-like 4 (Angpti4)
Apolipoprotein C3 (Apoc3)
Apolipoprotein E (Apoe)
Apolipoprotein C1 (Apocl)
Apolipoprotein AS (Apoas)
Hepatic lipase (Lipc)

Immunoblot antibodies and primer sequences for quantitative PCR are
available in ESM Table 1 and ESM Table 2
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Table2  Clinical data from
patients undergoing bariatric Insulin sensitive Insulin resistant p value
surgery
BMI (kg/m?) 50+2 4843 0.6
HOMA-IR 2.1+0.1 13.5+2.0 <0.001
Age (years) 40+£2 53+3 <0.01
Cholesterol (mmol/l) 4.61+0.18 420+0.39 0.4
LDL-C (mmol/l) 2.82+0.18 2.36+0.34 0.3
HDL-C (mmol/l) 1.24+0.08 0.93+£0.05 <0.01
Plasma triacylglycerols (mmol/l) 1.20+0.19 1.99+0.24 <0.05
AST (pkat/l) 0.40+0.03 0.80+£0.22 0.1
ALT (pkat/l) 0.40£0.05 0.92+0.35 0.2
Liver histology
NAS score 1.6+£0.5 35+04 <0.05
Steatosis score 1.0+0.2 1.9+0.2 <0.01
Inflammation score 0.3+0.2 0.8+0.2 0.09
Ballooning score 0.2+0.1 0.8+0.2 <0.05
Fibrosis score
Grade 0 6/9 1/10
Grade la 3/9 5/10
Grade 1b 0/9 1/10
Grade lc 09 1/10
Grade 34 0/9 2/10
Adipose ANGPTLS expression (relative expression) 1.0+0.3 7.6+2.6 <0.05
ALT, alanine aminotransferase; AST, aspartate aminotransferase; HDL-C, HDL-cholesterol; LDL-C, LDL-cho-
lesterol; NAS, NAFLD activity score
Results LPL such as Angptl3, Apoc3, and Apoe was increased (ESM

Adipose ANGPTL8 expression is increased in insulin-resistant
adults Visceral adipose tissue biopsies were obtained from a
cohort of BMI-matched obese individuals categorised as
‘insulin sensitive’ (HOMA-IR < 3) or ‘insulin resistant’
(HOMA-IR >7) (Table 2). Diabetic individuals taking a TZD
were excluded. As expected, individuals with insulin resistance
had lower plasma HDL-cholesterol and higher plasma triacyl-
glycerol concentrations. Insulin-resistant individuals also had
more advanced NAFLD, as reflected by higher NAFLD
activity scores on liver biopsy (Table 2). ANGPTLS gene ex-
pression normalised to TATA-binding protein gene expression
was 7.6-fold higher (p < 0.05) in insulin-resistant individuals as
compared with the insulin-sensitive individuals (Table 2).
Increased adipose ANGPTLS8 expression could reduce
postprandial adipose LPL activity and predispose to
NAFLD. We performed a series of rodent experiments to de-
termine if inhibiting ANGPTLS8 with a specific ASO
prevented ectopic lipid accumulation and insulin resistance.

Angptl8 ASO treatment reduces fasting plasma triacylglycer-
ols and insulin in fat-fed rats Three weeks of Angptl§ ASO
treatment in HFD-fed male SD rats decreased fasting Angptl8
expression by 73% in the epididymal fat pad and 82% in the
liver. The expression of other hepatic negative regulators of

Fig. 1a,b). ASO treatment did not cause transaminitis or
changes in plasma blood urea nitrogen (BUN). Body weight
was not different, though it did tend to be lower (ESM Fig. Ic,
Table 3). As expected, Angpt/8 ASO decreased fasting plasma
triacylglycerol (59% reduction; Table 3). Plasma glucose after
a 6 h fast was unchanged, while plasma insulin was reduced
by 54% (Table 3), consistent with improved insulin sensitivity.
There was no difference in leptin and adiponectin levels after
an overnight fast (ESM Table 3). Macrophage-associated gene
Cd68 expression was modestly increased in overnight fasted
adipose tissue (ESM Table 3).

Angptl8 ASO treatment prevents lipid-induced hepatic insu-
lin resistance HFD-fed male SD rats were treated with ASO
for 3 weeks; whole-body and tissue-specific insulin action
was assessed by the hyperinsulinaemic—euglycaemic clamp
technique in awake, unrestrained animals. Angpt/§ ASO-
treated rats had a slightly lower body weight prior to clamp
(control ASO: 424 g+ 13; Angptl8 ASO: 382 g+7;p<0.01),
potentially due to slower recovery from surgery. The glucose
infusion rate required to maintain euglycaemia was similar
between the two groups (Fig. la, b) and insulin-stimulated
whole-body glucose disposal was also unchanged (Fig. 1c).
Basal rates of endogenous glucose production, reflecting he-
patic glucose production, were unchanged between control and
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Table 3 Variables after 6 h

fasting in HFD-fed rats Control ASO Angptl8 ASO p value
Body weight (g) 457+ 6 432 + 15 0.15
Epididymal WAT weight (g) 6.8 £0.6 55+04 0.10
Insulin (pmol/l) 243 £ 28 111 £21 <0.01
Plasma triacylglycerol (mmol/l) 145+ 0.17 0.59 + 0.06 <0.001
NEFA (mmol/l) 0.14 £ 0.01 0.17 £ 0.02 0.12
Glucose (mmol/l) 9.05 +0.22 8.49 £ 0.22 0.15
BUN (mmol/l) 3.96 +0.21 3.86 £ 0.14 0.76
ALT (ukat/l) 0.52 +0.03 0.58 +0.07 0.29
AST (pkat/l) 0.87 +0.03 1.0 £0.1 0.22

ALT, alanine aminotransferase; AST, aspartate aminotransferase

Angptl8 ASO-treated groups (Fig. 1d). Angptl8 ASO had no
impact on insulin-stimulated whole-body glucose disposal
(Fig. 1¢) but improved the suppression of endogenous glucose
production (Fig. le). Surprisingly, plasma insulin concentra-
tion was approximately 17% lower during the clamped portion
of the experiment (p < 0.05). Insulin-mediated suppression of
circulating NEFA concentration was not changed by Angp#l§
ASO treatment (Fig. 1f). Thus, Angp#l8 ASO specifically im-
proved hepatic insulin sensitivity.

Angptl8 ASO attenuates HFD-induced hepatic steatosis
Angptl8 ASO reduced hepatic triacylglycerol content by 66%
in comparison with control ASO-treated rats (Fig. 2a). Total
diacylglycerol content was reduced in Angptl§ ASO-treated
rats (Fig. 2b). Diacylglycerol (DAG) was reduced both in a
plasma membrane fraction and in a lipid-droplet-containing
cytoplasmic fraction (ESM Fig. 2). The primary DAG species
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Fig. 1 Hyperinsulinaemic—euglycaemic clamps. Control ASO- and
Angptl8 ASO-treated rats underwent hyperinsulinaemic—euglycaemic
clamps. (a) Plasma glucose and (b) Glucose infusion rate (GINF) time
course throughout the clamp procedure (white squares: control ASO;
black squares: Angptl8 ASO). (¢) Whole-body insulin-stimulated glucose
disposal (Rd). (d) Endogenous glucose production (EGP) measured in
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in both control and Angptl8 ASO-treated groups contained
C18:1, C18:2 and C16:0 fatty acyl moieties, largely reflecting
the lipid content of the lard-based diet. Total hepatic ceramide
content was unchanged (Fig. 2¢). Two ceramide species impli-
cated in resistance, C16 ceramides [38, 39] and C18 ceramides
[40], were actually increased. C24:1 ceramides were elevated,
while C20 ceramides were decreased (ESM Fig. 3).

DAGs impair hepatic insulin signalling by activating
PKCe, which phosphorylates the insulin receptor at an inhib-
itory threonine, thereby reducing insulin receptor signalling
through Akt [41, 42]. Hepatic PKCe enzymatic activity was
decreased by 43% in Angptl§ ASO-treated rats (Fig. 2d).
Similarly, PKCe translocation to the plasma membrane, a
readout of novel PKC activation, was decreased by 51% in
Angptl8 ASO-treated rats (Fig. 2e). Improved hepatocellular
insulin action was reflected in improved insulin stimulation of
hepatic Akt phosphorylation (Fig. 2f).
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and clamped conditions. In all figure parts, data are the mean + SEM of
n=10 (control ASO) or n=13 (Angptl8 ASO). **p<0.01 vs control ASO;
p<0.01 Angptl8 ASO clamp vs control clamp
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Fig.2  Hepatic lipid content and hepatic insulin signalling. (a) Hepatic
triacylglycerol (TAG) content after a 6 h fast. (b) Hepatic DAG content
after a 6 h fast. (¢) Hepatic ceramide content after a 6 h fast. (d) Hepatic
cell lysate PKCe activity and (e) PKCe translocation after a 6 h fast. (f)
Hepatic Akt phosphorylation, comparing basal (B) 6 h fasted livers with
clamped (C) insulin-stimulated livers. Membrane:cytoplasm ratio
quantified with respect to housekeeping proteins sodium—potassium
ATPase (Na*/K*-ATPase) and glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH). Graph in (e) represents membrane:cytoplasm PKCe

Angptl8 ASO treatment increases adipose tissue chylomicron
triacylglycerol uptake We hypothesised that Angptl8§ ASO
prevents ectopic lipid accumulation by enhancing adipose lip-
id uptake. Angptl8 ASO did not affect plasma or epididymal
adipose LPL activity (Fig. 3a,b). However, subcutaneous ad-
ipose LPL activity was increased by approximately threefold
(Fig. 3c). We quantified adipose tissue mealtime triacylglyc-
erol clearance with labelled MMTTs. Mixed meals were given
in combination either with *H-retinyl palmitate or, in a sepa-
rate cohort, *H-triolein. Retinyl palmitate is primarily taken up
by the liver and is used to quantify hepatic chylomicron rem-
nant clearance. Triolein is used to quantify fatty acid uptake
into all lipid-storing tissues. To avoid possible effects of al-
tered body weight on triacylglycerol clearance, these studies
were performed after one week of treatment with ASO when
Angptl8 gene expression was decreased by half (ESM Fig. 4a)
without body weight divergence; ASO was given during the
last week of the 4 week fat-feeding period.

Hepatic retinyl palmitate uptake 4 h after delivery of the
mixed meal was similar between control ASO and Angptl8§

ASO ASO

abundance ratio. (f) Hepatic Akt phosphorylation, comparing basal 6 h
fasted livers with clamped insulin-stimulated livers. Graph represents the
ratio of Akt phosphorylation in the insulin-stimulated state to Akt
phosphorylation in the basal state. For hepatic lipids and PKCe activity,
data are the mean + SEM of n=8; for PKCe translocation, data are the
mean = SEM of n=6 (control ASO) and mean + SEM of n=8 (Angptl8§
ASO); for hepatic Akt phosphorylation, data are the mean + SEM of n=6.
*p< 0.05; **p< 0.01; ***p<0.001 vs control

ASO-treated rats (Fig. 3e), suggesting that chylomicron rem-
nant clearance was unchanged by Angptl§ ASO. MMTTs with
triolein label were performed in both insulin-sensitive RC-fed
rats and in insulin-resistant 4 week HFD-fed rats (Fig. 3 and
ESM Fig. 5). The ratio of adipose triolein uptake per gram of
adipose to hepatic triolein uptake per gram of liver was mea-
sured. Under both RC- and HFD-fed conditions, plasma triac-
ylglycerol concentrations were reduced during the MMTT in
Angptl8 ASO-treated rats (Fig. 3d and ESM Fig. 5a).
Subcutaneous adipose triacylglycerol uptake was increased
in the RC-fed Angptl8 ASO-treated rats (ESM Fig. 5b,c). In
HFD-fed rats, incorporation of labelled triolein was increased
by Angptl8 ASO in both subcutaneous and epididymal adi-
pose tissue (Fig. 3f,g). Together, these data demonstrate that
reducing Angptl8 expression enhances adipose lipid uptake.

Angptl8 ASO protects fat-fed mice from hepatic steatosis and
insulin resistance We assessed the robustness of the effect of
Angptl8 ASO in a second rodent model, the HFD-fed C57BL/6
mouse, a widely studied preclinical model of diet-induced
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Fig.3  LPL activity and tissue triacylglycerol uptake. LPL activity was
determined in plasma and tissues of rats euthanised in the fed state.
MMTTs were performed in HFD-fed rats after an overnight fast. Tissue
lipid uptake was assessed 4 h after delivery of mixed meal. (a) Plasma
LPL activity. (b) Epididymal adipose LPL activity, expressed relative to
control ASO treatment. (¢) Subcutaneous adipose LPL activity, expressed
relative to control ASO treatment. (d) Plasma triacylglycerol during the
MMTT (white squares: control ASO; black squares: Angpt/§ ASO). (e)
Hepatic chylomicron remnant uptake assessed by *H retinyl palmitate
incorporation. (f) Epididymal adipose tissue triacylglycerol uptake

insulin resistance that also enabled us to perform indirect calo-
rimetry to assess energy balance.

Three weeks of Angptl§ ASO treatment in fat-fed mice
reduced fasting adipose ANGPTLS expression by 43% (ESM
Fig. 4b) and hepatic triacylglycerol by 37% compared with
control ASO-treated mice (Fig. 4a). Furthermore, IPGTTs were
performed. Plasma glucose after intraperitoneal glucose
injection was unchanged by Angpt/8 ASO but the insulin level
required to maintain these glucose levels was significantly
reduced (Fig. 4b,c).

Angptl8 ASO alters body composition but not net energy
metabolism in mice We assessed the effect of ANGPTLS
knockdown on calorie intake and energy expenditure.
Metabolic cage experiments were performed with both RC-
fed and HFD-fed cohorts of C57BL/6 mice. Angptl8 ASO did
not alter the growth curve of mice on either diet (Fig. 5a,b).
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Fig. 4  Murine protection from hepatic steatosis and glucose intoler-
ance. (a) Hepatic triacylglycerol (TAG) content. (b, ¢) IPGTT (control
ASO: white triangles; Angptl8 ASO: black triangles), measurements of
plasma glucose (b) and plasma insulin (¢) presented vs time, together with
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(2]

Insulin (pmol/l)

(counts per mg tissue) normalised to hepatic triacylglycerol uptake
(counts per mg tissue). (g) Subcutaneous adipose tissue triacylglycerol
uptake normalised to hepatic triacylglycerol uptake. For LPL activity
measurements, data are the mean + SEM of n=5-6. For chylomicron
remnant uptake, data are the mean + SEM of n=5 (control ASO) or mean
+ SEM of n=7 (Angptl8 ASO). For plasma triacylglycerol, data are the
mean + SEM of n=10-14 rats per group; for adipose triacylglycerol
uptake, data are the mean + SEM of n=10 (control ASO) or mean +
SEM of n=12 (Angptl8 ASO). **p<0.01 vs control

Angptl8 ASO treatment decreased body-fat percentage in RC-
fed mice (Fig. 5¢) but increased body-fat percentage in HFD-
fed mice (Fig. 5d). Angp#l8 ASO had no measurable effect on
food intake in RC-fed mice, but reduced food intake in HFD-
fed mice (Fig. Se,f). As assessed by ANCOVA, energy expen-
diture correlated with muscle mass in both RC-fed mice (R =
0.51) and HFD-fed mice (R>=0.62); adjusted for muscle
mass, Angptl8 ASO had no effect on energy expenditure in
RC-fed mice (p = 1.0) while it reduced muscle-mass-adjusted
energy expenditure in HFD-fed mice (p <0.001) (Fig. Sg,h
and ESM Fig. 6).

Discussion

Adipose dysfunction leads to ectopic lipid deposition and, in
turn, insulin resistance, type 2 diabetes, NAFLD and
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plasma insulin AUC. For hepatic triacylglycerol, data are the mean +
SEM of n=5 (control ASO) or mean + SEM of n=6 (Angptl/8§ ASO).
For IPGTT, data are the mean + SEM of n=8 (control ASO) or mean +
SEM of n=7 (Angptl8 ASO). *p<0.05; **p<0.01; ***p<0.001 vs control
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Fig. 5  Murine growth curves and energy homeostasis. Whole-body

adipose content assessed by 'H magnetic resonance spectroscopy; energy
homeostasis assessed by metabolic cage analysis: Growth curve in (a)
RC-fed mice and (b) HFD-fed mice. Fat mass accretion in (¢) RC-fed
mice and (d) HFD-fed mice (control ASO: white triangles; Angptl8 ASO:
black triangles). Food intake assessed in (e) RC-fed mice and (f) HFD-fed
mice. Energy expenditure assessed in (g) RC-fed mice and (h) HFD-fed
mice. RQ assessed in (i) RC-fed mice and (j) HFD-fed mice. Metabolic
cage variables were normalised to lean body mass. For RC-fed growth
curves and fat mass assessments, energy expenditure and RQ, data are the
mean + SEM of #=8 in both groups. For HFD-fed growth curves and fat
mass assessments, data are the mean + SEM of n=7 (control ASO) or
mean + SEM of n=8 (Angptl8 ASO). For RC-fed food intake, HFD-fed
energy expenditure and RQ, data are the mean + SEM of n=7 in both
groups. For HFD-fed food intake, data are the mean = SEM of n=5
(control ASO) or mean = SEM of n=7 (Angptl§ ASO). *p<0.05;
*#p<0.01; ***p<0.001 vs control

cardiovascular disease. Improving adipocyte function with
TZDs is a well-established treatment for all these conditions

[4, 7-9, 11]. However, weight gain, fluid retention and in-
creased fracture risk limit their clinical utility. Adipose lipid
storage could be improved by enhancing adipose LPL activity,
potentially through targeting ANGPTLS. This paradigm would
leverage a specific biological effect to achieve the same clinical
benefits as TZDs, while minimising off-target adverse effects.
However, Angptl8 knockout mice did not demonstrate signif-
icant improvements in ectopic lipid or glucose metabolism
[24]. In contrast, the data in this study suggest that dysregula-
tion of ANGPTLS is associated with NAFLD and insulin re-
sistance, and pharmacological inhibition using a second-
generation ASO against Angptl8 improves adipose function,
increasing postprandial triacylglycerol uptake and preventing
ectopic lipid accumulation and lipid-induced insulin resistance.

We observed an association between adipose ANGPTLS
expression and metabolic disease. Prior studies of
ANGPTLS in human blood reported increases in circulating
ANGPTLS in individuals with the metabolic syndrome [43]
and type 2 diabetes [44, 45]; furthermore, serum ANGPTLS
levels correlate with BMI [45] and hepatic steatosis [46].
However, circulating ANGPTLS may not accurately reflect
adipose tissue ANGPTLS content and has not been measured
using validated assays. We observed that in BMI-matched
adult human participants with extreme obesity, increased vis-
ceral adipose ANGPTLS expression is associated with insulin
resistance and NAFLD, independent of the documented asso-
ciation with BMI. Increased adipose ANGPTLS8 may inhibit
adipose LPL activity, decreasing eutopic adipose lipid storage
and promoting ectopic lipid accumulation. Adipose
ANGPTLS expression may be induced by the resulting
hyperinsulinaemia, contributing to a pathogenic cycle that fur-
ther sustains ectopic lipid accumulation and insulin resistance.

Our data support the hypothesis that inhibition of
ANGPTLS expression reduces ectopic lipid accumulation by
improving adipose lipid uptake. First, Angp#/§ ASO increased
subcutaneous adipose LPL activity and improved post-prandial
adipose triacylglycerol uptake in both RC-fed and HFD-fed
rats. Angptl8 ASO also decreased hepatic Angptl8 expression.
Since the liver is a major site for ANGPTLS8 expression, this
could have impacted circulating ANGPTLS and possibly plas-
ma LPL activity [47]. However, we did not detect any change in
plasma LPL activity, suggesting the physiological effect of the
ASO is specifically due to its impact on adipose AngptlS. The
lack of effect on global circulating LPL activity may in part be
explained by the dramatic upregulation of other hepatically
produced LPL inhibitory factors seen in the Angptl8§ ASO-
treated animals.

Second, in HFD-fed rats, improved adipose lipid clearance
reduced hepatic steatosis and improved hepatic insulin action.
The reduction in hepatic diacylglycerol content decreased
PKCe activation and improved insulin signalling. Angpt/8§
ASO-treated C57BL/6 mice were also protected from HFD-
induced hepatic steatosis and had improved glucose tolerance.
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Notably, liver ceramide content did not correlate with changes
in tissue insulin action. Taken together, these findings suggest
that diversion of lipid from the liver to the adipose tissue
protects rodents from hepatic DAG-PKCe mediated insulin
resistance.

Some subtleties of the methodology warrant discus-
sion. Tissue-specific triacylglycerol clearance is usually
assessed by oral challenge with a labelled lipid mixture
(e.g. vegetable oil with radiolabelled triolein) or intrave-
nous challenge with radiolabelled lipoproteins. Here, we
labelled the triacylglycerol component of an MMTT. This
allowed us to assess the disposition of mealtime triacyl-
glycerol from physiologically produced chylomicrons in
the context of dietary carbohydrate and prandial insulin
secretion. This is relevant to studies of the function of
ANGPTLS, as Angptl8 gene expression is stimulated by
insulin [23]. This test may help to explain the difference
between this study and the previous study of knockout
mice, in which no change in adipose tissue lipid uptake
was observed. Of course, there is also a difference in
biology between the models, reflecting the difference be-
tween knockdown and complete knockout of ANGPTLS
(which may impact development and/or lead to compen-
satory changes).

The protective effects of Angptl8 ASO are independent of
changes in net energy balance or weight gain. Angptl§ ASO
did not change energy expenditure or food intake under RC-
fed conditions. In HFD-fed mice, there were subtle but
matched decreases in both energy expenditure and food in-
take. These results contrast with a recent report that a mono-
clonal anti-ANGPTLS antibody increased energy expenditure
and weight loss [48], a difference which may be due to the
different treatment modalities. The effects of Angp#/§ ASO on
body composition are intriguing. Angptl8 ASO treatment de-
creased fat mass in RC-fed mice but increased fat mass accre-
tion in HFD-fed mice. This divergence reflects the different
pathways by which adipose fat is delivered with high-
carbohydrate diets and HFDs. In the HFD-fed rodents, dietary
fat is the main source of adipose lipid, and Angptl8 ASO
increased lipid uptake from chylomicrons into adipose tissue
in HFD-fed rats. Subcutaneous adipose lipid uptake was also
increased in RC-fed rats, but RC-fed mice had a decrease in
overall adiposity. In RC-fed rodents, most tissue lipid is pro-
duced via hepatic de novo lipogenesis, which would be deliv-
ered to the adipose tissue in triacylglycerol-rich VLDL parti-
cles. VLDL secretion is highest in the post-absorptive state,
when Angptl8 expression is normally low, hence when
Angptl8 ASO is unlikely to increase lipid uptake. This is con-
sistent with the prior report demonstrating decreased WAT
triacylglycerol uptake of intravenously infused VLDL in
Angptl8 knockout mice [24].

These studies have some limitations. In the clamp
study, the Angptl8 ASO-treated rats were 10% smaller
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than control ASO-treated rats. The reduced body weight
may favour improved insulin sensitivity. However, there
were still improvements in glucose tolerance in the
weight-matched mice and improvements in insulin level
in 6 h fasted rats, suggesting that the improvements in
insulin action are independent of changes in body
weight. Moreover, the plasma insulin concentrations
achieved during the hyperinsulinaemic—euglycaemic
clamps in Angptl8 ASO-treated rats were lower than the
concentrations in the control ASO-treated rats, possibly
due to increased insulin clearance. This unintended dif-
ference would reduce the observed effect of the Angpt/§
ASO on insulin resistance; under matched insulin con-
centrations, an even greater suppression of hepatic glu-
cose production in the Angptl§ ASO-treated animals is
expected.

In contrast to prior studies with adipose-specific
Angptl8 knockout mice [24], the present set of studies
suggest that targeting adipose ANGPTLS can prevent
lipid-induced insulin resistance. Reduction in Angpt/8 im-
proved adipose lipid uptake and reduced the accumulation
of ectopic lipid, addressing a root cause of insulin resis-
tance. These results are intriguing and support further
study of this system, its role in modulating LPL in fed
and fasted conditions, and in modulating fat mass and
possibly energy metabolism. Moreover, additional studies
are needed to determine whether the increases in adipose
ANGPTLS8 in humans are a cause or consequence of in-
sulin resistance. More broadly, campaigns focused on
compounds that specifically activate or disinhibit adipose
LPL may lead to exciting new therapeutic opportunities.
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