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ABSTRACT
LY2584702 is an inhibitor of p70 S6 kinase-1 previously de-
veloped for the treatment of cancer. In two phase 1 trials in
oncology patients, significant reductions of total cholesterol,
low-density lipoprotein cholesterol (LDL-C), and triglyceride
were observed. In the current study, we sought to understand
the potential mechanism of action of this compound in regulating
lipid metabolism. In Long Evans diet–induced obese (DIO) rats,
oral administration of LY2584702 for 3–4 weeks led to robust
reduction of LDL-C up to 60%. An unexpected finding of liver
triglyceride (TG) increase implicated a metabolite of LY2584702,
4-aminopyrazolo[3,4-day]pyrimidine (4-APP), in modulation of
lipid metabolism in these rats. We showed that low-dose 4-APP,

when administered orally for 3–4 weeks to Long Evans DIO rats,
produced lipoprotein profile changes that were strikingly similar
to LY2584702. Kinetic studies suggested that both LY2584702
and 4-APP had no effect on chylomicron-TG secretion and only
exerted a modest effect on hepatic very low-density lipoprotein
(VLDL)-TG secretion. In human hepatoma HepG2 cells, 4-APP,
but not LY2584702, increased LDL uptake. We hypothesize
that generation of the 4-APP metabolite may contribute to the
efficacy of LY2584702 in lowering LDL-C in rats and poten-
tially in humans as well. This mechanism of LDL-C lowering
may include inhibition of VLDL production and increase in LDL
clearance.

Introduction
P70 S6 kinase-1 (p70S6K1) is a serine/threonine protein

kinase downstream of the phosphatidylinositol 3 kinase/
protein kinase B/mammalian target of rapamycin signaling
pathway (Pearce et al., 2010; Magnuson et al., 2012). Studies
in the past decade suggest p70S6K1 is an important regulator
of lipid and energy metabolism (Ricoult and Manning, 2013).
The p70S6K1 pathway promotes processing and activation
of sterol regulatory element–binding protein 1c (SREBP1c),
a transcription factor that regulates expression of genes involved
in de novo fatty acid synthesis, de novo sterol synthesis, aswell
as lipoprotein metabolism (Owen et al., 2012). Knockdown
of hepatic S6K1 in db/db mice resulted in downregulation of
SREBP1c-responsive genes in the liver as well as reduced

hepatic triglyceride content and serum triglyceride concen-
tration (Li et al., 2011).
LY2584702 tosylate (hereafter referred to as LY2584702)

is a selective inhibitor of p70S6K1 previously developed for
treatment of cancer (Hollebecque et al., 2014; Tolcher et al.,
2014). In two independent clinical trials in cancer patients,
reductions in serum total cholesterol and triglyceride were
observed after 2–6 weeks of treatment (Hollebecque et al.,
2014; Tolcher et al., 2014). Many patients exhibited greater
than 50% reduction in total cholesterol from baseline. When
serum samples were fractionated, both low-density lipopro-
tein cholesterol (LDL-C) and high-density lipoprotein choles-
terol (HDL-C) were found to be reduced, with LDL-C reduced
to a greater extent (Tolcher et al., 2014). These changes in
serum lipids associated with LY2584702 treatment were
directionally consistent with the postulated role of p70S6K1
in regulation of lipid metabolism. However, the robustness of
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the response also begs the question whether additional mech-
anism may be involved.
Circulating levels of LDL are balanced by its rate of

production and clearance. Several classes of lipid-lowering
drugs are known to work by modulating these key pathways.
For example, statins inhibit cholesterol biosynthesis. Through
feedback regulation of gene expression, statins also enhance
LDL clearance via upregulation of LDL receptor (LDLR)mRNA
(Goldstein and Brown, 2015). Proprotein convertase subtilisin
kexin 9 (PCSK9) inhibitors enhance LDL clearance by in-
creasing cell surface LDLR protein levels (Horton et al., 2009;
Seidah et al., 2014). Microsomal transfer protein (MTP) in-
hibitor lomitapibe blocks production of very low-density lipo-
protein (VLDL) and chylomicron (Rader and Kastelein, 2014).
In this work, we asked whether LY2584702 perturbs any of
these pathways both in vivo in rodent models and in vitro in
human hepatoma cell systems.
During the course of these investigations, we identified a

metabolite of LY2584702 (4-aminopyrazolo[3,4-day]pyrimidine;
4-APP) that accumulates in the liver of LongEvans diet–induced
obese (LE-DIO) rats after oral administration of LY2584702.
When administered orally to LE-DIO rats, LY2584702 and
low-dose 4-APP led to comparable reductions in serum LDL-
C. Kinetics studies showed that both LY2584702 and low-
dose 4-APP had no effect on chylomicron secretion and only
minimal effect on VLDL secretion, suggesting enhanced LDL
clearance may play a role. Indeed in a human hepatoma
HepG2 cell line, 4-APP enhanced LDL uptake. We hypoth-
esize that formation of the 4-APP metabolite may contrib-
ute to the efficacy of LY2584702 in lowering LDL-C in the
LE-DIO rat model. This study also highlights the importance
of metabolite identification work and emphasizes the need to
investigate potential metabolites that may contribute to both
efficacy and/or safety of an investigational drug.

Materials and Methods
Materials. HepG2 cells were obtained fromATCC (cat. no. HB-8065;

Manassas, VA). 4-APP (20289-44-5) was obtained from Sigma-
Aldrich (St. Louis, MO). Both unlabeled LY2584702 tosylate and [14C]
LY2584702 tosylate (specific activity 52.4 mCi/mg) were synthesized at
Eli Lilly and Company (Indianapolis, IN).

Bioanalytical Methods for LY2584702 and 4-APP Metabo-
lite. The tissue samples were homogenized in 3ml of methanol/water
(1:1, v/v) for each gram of tissue with a Bio-Gen Pro200 tissue grinder
(Pro Scientific, Oxford CT). Calibration standards were prepared by
serial dilution of a 100-mg/ml analyte stock solution with methanol/
water (1:1, v/v) to produce working solutions that were then used to
fortify control plasma and tissue homogenates to yield analyte con-
centrations of 1, 2.5, 5, 25, 125, 250, 1250, and 5000 ng/ml. A 25-ml
aliquot of each study sample, appropriate calibration standard, and
control matrix were transferred to a 96-well plate, then mixed with
180 ml of acetonitrile/methanol (1:1, v/v) saturated with ascorbic acid
containing internal standard. After mixing, the samples were centri-
fuged to pellet the precipitated proteins, and 50 ml of the resulting
supernatants were transferred to a clean 96-well plate, evaporated to
dryness, and then reconstituted with 100 ml acetonitrile for 4-APP
analysis, and aliquots of the original supernatants were analyzed for
LY2584702.

4-APPwas quantified with a Sciex API6500 triple quadrupolemass
spectrometer (Applied Biosystems/MDS, Foster City, CA) equipped
with a TurboIonSpray interface, and operated in positive ion mode.
The analyte and internal standard were chromatographically sepa-
rated using an Atlantis HILIC 5-mm 2.1 � 50 mm high-performance

liquid chromatography (HPLC) column (Waters Corporation, Milford,
MA) and a gradient elution. LC conditions were: water/2 M ammonium
bicarbonate (1000:25, v/v) (mobile phase A), and acetonitrile/acetic acid
(1000:0.5, v/v) (mobile phase B). The gradient profile changed from
99.9% B at 0 minutes, 98% B at 0.01–0.33 minutes, 84% B at
0.43–0.50 minutes, and 20% at 0.51–0.70 minutes. The flow rate was
1.5 ml/min. Chromatography was performed at ambient tempera-
ture, with flow directed to the mass spectrometer between 0.30 and
0.70 minutes. Selected reaction monitoring (M1H)1 m/z transitions
were 136.1 . 64.0 for 4-APP and 150.1 . 133.1 for N-methyl adenine
(internal standard). It is important to note that the 64.0-Da product ion
in 4-APP is not detected in the tandemmass spectrumof adenine, which
is an isobaric isomer. Thus, it was concluded that measurement of
4-APP concentrationswere not skewed by interferencewith endogenous
adenine. The TurboIonSpray temperature was maintained at 500°C,
with collision, curtain, nebulizing, and desolvation gas (nitrogen)
settings of 30, 45, and 60, respectively. The ionspray voltage was set to
5500 V, and the respective declustering, entrance, and exit potentials
were 40, 10, and 11.

LY2584702 was determined with a Sciex API4000 triple quadrupole
mass spectrometer (Applied Biosystems/MDS). Analyte and internal
standard were separated using a Betasil C18 5-mm 2.1� 20 mm Javelin
(Thermo Electron Companies., Madison, WI) and LC conditions:
water/2 M ammonium bicarbonate (1000:2.5, v/v) (mobile phase A),
and methanol/2 M ammonium bicarbonate (1000:2.5, v/v) (mobile
phase B). The gradient profile changed from 10% B at 0 minutes,
47% B at 0.01–0.20 minutes, 77% B at 0.30–0.40 minutes, and 98%
at 0.41–0.72 minutes. The flow rate was 1.5 ml/min. Chromatogra-
phy was performed at ambient temperature, with flow directed to
the mass spectrometer between 0.25 and 0.50 minutes. The selected
reaction monitoring (M1H)1 m/z transition was 446.2 . 311.2. The
TurboIonSpray temperature was maintained at 740°C, with collision,
curtain, nebulizing, and desolvation gas (nitrogen) settings of 50, 10, 50,
and 70, respectively. The ionspray voltage was set to 1500 V, and the
respective declustering, entrance, and exit potentialswere 80, 10, and 9.

Gene Expression Analysis in HepG2 Assay. The effect of
4-APP and LY2584702 on gene expression was determined using
HepG2 cells (ATCC; cat. no. HB-8065; Manassas, VA). Cells were
plated at 50,000 cells/well on poly-D-lysine–coated 96-well plates (cat.
no. 354461; Corning Life Sciences, Teterboro, NJ) in MEMa Media
(Gibco, cat. no. 12561-049; Thermo Fisher Scientific, Waltham,MA)/1%
MEM Essential Vitamins (cat. no. 13-607C; Lonza, Allendale, NJ)/10%
HI FBS (Gibco, cat. no. 10082-147; Thermo Fisher Scientific)/1%
Pen/Strep (Gibco, cat. no. 15140-122; Thermo Fisher Scientific), then
incubated overnight at 37°C and 5% CO2 in humidified chambers.
Cells were treatedwith LY2584702 and 4-APP (N5 4) at the indicated
concentrations for 24 hours at 37°C and 5% CO2 in humidified
chambers. Total RNA was isolated using QIAGEN RNeasy Mini Kit
(cat.no. 74104;Hilden,Germany). cDNAwassynthesizedusingSuperScript
III First-Strand Synthesis System for reverse transcription–polymerase
chain reaction (RT-PCR; cat. no. 18080051; Thermo Fisher Scientific). Real-
time PCR was carried out using the 7900 HT Sequence Detection System
fromAppliedBiosystemspermanufacturer’s instructions.All reagentswere
from ThermoFisher Scientific. These include TaqMan Gene Expression
Master Mix (cat. no. 4369016); primer and probe mixed for 18S rRNA (cat.
no. 4310893E); human acetyl-CoA carboxylase 1 (ACC1; Hs01046047_m1);
human ATP citrate lyase (ACLY) mRNA (Hs00982738_m1); human fatty
acid synthase (FASN) mRNA (Hs01005622_m1); human stearoyl-CoA
desaturase 1 (SCD1) mRNA (Hs01682761_m1); human PCSK9 mRNA
(Hs00545399_m1); human 3-hydroxy-3-methyl-glutaryl-coenzyme A
reductase mRNA (HMGCR; Hs01102995_g1); and human LDLR
(Hs00181192_m1).

Rat PCSK9 Enzyme-Linked Immunosorbent Assay. Rat
PCSK9 levels were determined using an enzyme-linked immunosorbent
assay. Specifically, Immulon 4HBX 96-well plates (Thermo Fisher
Scientific) were coated with 100 ml anti-PCSK9 antibody (diluted 1:100,
cat. no. AF3888; R&D Systems, Minneapolis, MN) overnight at 4°C.
The plate was washed three times with phosphate-buffered saline/0.1%
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Tween 20 and then blocked with 200 ml of casein blocking buffer (cat. no.
37528; Pierce, Waltham, MA) for 1 hour at room temperature. The plate
was washed three times, then 100-ml samples and standards were added
to the plate and incubated for 16 hours at room temperature with slow
rotation on a plate shaker. The platewaswashed three times, then 100ml
of biotinylated anti-PCSK9 antibody (cat. no. BAF3888, diluted 1:100;
R&D Systems) was added to the plate and incubated for 2 hours at room
temperature with slow rotation on a plate shaker. The plate was washed
three times, then 100ml of streptavidin-horseradish peroxidase conjugate
(diluted 1:5000, cat. no. 18-152;Millipore, Temecula,CA)wasadded to the
plate and incubated for 1 hour at room temperature with slow rotation on
a plate shaker. The plate was washed three times, then 100 ml of color
reagent (cat. no. DY999; R&D Systems) was added to the plate for
20minutes at roomtemperaturewith slow rotation onaplate shaker. The
reaction was stopped by the addition of 50 ml 2 N H2SO4 and the plate
read at 450 nm on the SpectraMax Plus 384 plate reader (Molecular
Devices, Sunnyvale, CA). PCSK9 values were calculated using the
standard curve.

LDL Uptake Assay. A modified LDL uptake assay was carried
out as previously described (Han et al., 2014). HepG2 cells over-
expressing human PCSK9 were plated in a poly-D-lysine–coated
96-well black plate (BioCoat, cat. no. 354640; Corning, Teterboro,
NJ) and incubated with LY2584702 or 4-APP (N 5 6) for 20 hours at
37°C and 5%CO2 in a humidified chamber. Fluorescent LDL-BODIPY
(cat. no. L-3483; ThermoFisher Scientific) was then added to the assay
and incubated with cells for an additional 4 hours at 37°C and 5% CO2

in a humidified chamber. Cells were fixed with Prefer (cat. no. 414;
Anatech Ltd., Battle Creek, MI) for 20 minutes at room temperature.
Cells were washed twice with Dulbecco’s phosphate-buffered saline
without calcium chloride and magnesium chloride (DPBS; cat. no.
14190; Thermo Fisher Scientific) and were then treated with 0.01%
Triton-X 100 (cat. no. T-9284; Sigma-Aldrich) diluted in DPBS for
15 minutes at room temperature. Cell nuclei were stained with
0.01 mg/ml propidium iodide (cat. no. P-3566; Thermo Fisher Scien-
tific) diluted in DPBS. LDL uptake was determined using Acumen
(TTP Labtech, Melbourn, UK) and presented as total fluorescence
intensity verses total cell areas.

In Vivo Studies. All animal procedures were approved by and
conducted in accordance with the Lilly and Covance Institutional
Animal Care and Use Committee guidelines.

Rat Metabolism and Disposition Study with [14C]LY2584702.
Male Sprague-Dawley rats were obtained from Hilltop Laboratory
Animals, Inc. (Scottdale, PA). [14C]LY2584702 tosylate was administered
by oral gavage to rats at a target dose of 50mg/kg (1.14mCi/mg) as a clear
solution in 5% vitamin E D-a-tocopherol polyethylene glycol 1000 succi-
nate, 1% hydroxyethyl-cellulose, and 0.05% Dow Corning Antifoam (cat.
no. 1510-US, Midland, MI) in purified water. Three animals were
sacrificed by exsanguination (cardiac puncture) under isoflurane anes-
thesia at 2 hours postdose. Blood (approximately 5–10ml) was collected
into tubes containing K2EDTA anticoagulant from all animals at
sacrifice and the resulting plasma was designated for metabolism
profiling by HPLC radioprofiling and liquid chromatography–tandem
mass spectrometry (Finnigan LCQ Advantage and Orbitrap instru-
ments; Thermo Fisher Scientific).

In a separate group of intact animals, urine was collected in plastic
containers surrounded by dry ice at 0–12 hours and 12–24 hours
postdose, and at 24-hour intervals through 168 hours postdose. Feces
were collected in plastic containers surrounded by dry ice at 24-hour
intervals through 168 hours postdose. In bile duct-cannulated ani-
mals, urinewas collected in plastic containers surrounded by dry ice at
0–12 and 12–24 hours postdose, and at 24-hour intervals through
72 hours postdose. Feces samples were collected in plastic containers
surrounded by dry ice at 24-hour intervals through 72 hours postdose.
Bile was collected in plastic containers surrounded by dry ice at 0–6,
6–12, and 12–24 hours postdose, and at 24-hour intervals through
72 hours postdose. The weights of all collected samples were recorded.
Plasma, urine, feces, and bile samples were stored frozen at approx-
imately –70°C until analysis.

Lipid Metabolism Study in Long Evans Diet–Induced Obese
Rats. Male Long Evans rats (Harlan Laboratories, Indianapolis, IN)
were given food and water ad lib throughout the experiment unless
otherwise indicated and kept on a 12-hour light/dark cycle. Animals
were fed a high-energy diet (Teklad TD95217; Harlan Laboratories)
for 10 weeks starting at age 4–5 weeks to develop diet-induced obesity
(DIO) and dyslipidemia. The compounds were then given for 4 weeks
as the animals continued on high-fat diet feeding. Each compound
(N ∼ 7–8) was administered to these diet-induced obese rats in a
formulation of 1% hydroxyethylcellulose, 0.25% polysorbate 80, and
0.05% Antifoam in purified water via oral gavage once daily at the
indicated doses.

After 3 weeks of compound administration, we performed an oral
olive oil challenge. Animals were fasted overnight and compound was
administered at the indicated doses 4 hours prior to baseline blood
collection. Olive oil bolus (10 ml/kg) was administered following the
baseline blood collection. Blood samples were taken at 2, 4, and
6 hours after olive oil bolus. Food was returned following the final
blood collection.

A tyloxapol infusion study was performed after 4 weeks of com-
pound administration. Compound was administered at the indicated
doses 4 hours prior to baseline blood collection and tyloxapol
treatment. Food was removed at this time and the animals were
fasted for the rest of the study. Four hours after compound dosing,
baseline blood was collected and tyloxapol (400 mg/kg at 5 ml/kg,
prepared in sterile saline) was given by slow intravenous infusion.
Blood samples were taken at 1 and 2 hours after tyloxapol treatment.
Animals were sacrificed after the last blood collection.

Lipoprotein Fractionation by HPLC. Lipoprotein fractions
were analyzed by HPLC as previously described (Kieft et al., 1991).
Briefly, 20–50ml of serumsamplewas applied to a Superose 10/300GL
size exclusion column (GE Healthcare Lifesciences, Port Washington,
NY) and eluted with phosphate-buffered saline, pH 7.4 (diluted 1:10,
cat. no. SH30258.01; HyClone, Logan, UT), containing 5 mMEDTA at
0.5 ml/min. Cholesterol reagent (Cholesterol/HP Reagent 450061;
RocheDiagnostics) at 0.12ml/minwasmixedwith the column effluent
through a T-connection, and themixturewas passed through a 15-m�
0.5-mm internal diameter knitted tubing reactor (Aura Industries,
New York, NY) immersed in a 37°C water bath. The colored product
produced in the presence of cholesterol was monitored in the flow
stream at 505 nm. Analysis was done using ChemStation for LC
Systems.

Liver Triglyceride Measurement. Liver triglycerides were
measured using a commercial kit from Wako Diagnostics (cat. no.
46109092, Mountain View, CA) per the manufacturer’s instruction.
Briefly, about 0.05 g of liver was combinedwith 2ml of water in poly-D-
lysine tube (cat. no. 6913-100; EMD Millipore, Temecula, CA), and
homogenate was prepared using a Fast Prep homogenizer (FP120;
Thermo Savant, Vernon Hills, IL). Standard was prepared by serial
dilution of lipid calibrator (cat. no. 464-01601; Wako Diagnostics) in
water. Standard and samples (20 ml) were pipetted to a microplate,
and 120 ml of reagent A (preheated to 37°C) was added to each well.
After incubating for 10 minutes at 37°C, 80 ml of reagent B was added
to each well. Samples were well mixed and incubated at 37°C for
10 minutes. The absorbance was read at 600/700 nm using a
SpectraMax M2 plate reader (Molecular Devices). The concentrations
of liver triglycerides were calculated from the standard plot using
appropriate dilution factor.

Lipidomics Analysis. Analysis of liver lipids was conducted
via flow injection electrospray ionization–tandemmass spectrometry
using an AB-SciEx 5600 TripleTOF as previously described (Newsom
et al., 2016). The mass spectra were acquired in two stages. In the first
stage the time-of-flight spectra were scanned with no fragmentation
from 100 to 1200 daltons with a resolution of 40,000. The second stage
consisted of time-of-flight product ion scans of 611 precursor masses
from 349.199–959.809 isolated with a resolution of 0.7 daltons and
changed stepwise in 1.001-dalton increments. Sphingomyelins were
identified and distinguished from phosphatidylcholine analytes by
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unfragmented proton adducts during the first stage. The remaining
lipids were identified in the second stage by precursor and product ion
pairs predicted by the analyte species and lipid class.

Liver tissue was homogenized to 50 mg/ml in isopropanol,
then extracted along with an internal standard solution (143 ng of
D5-triacyl glycerol 16:0, 16:0, 16:0; 509 ng of phosphatidylcholine 14:
0, 14:0; 71.7 ng sphingomyelin 17:0; 7.50 ng of 15N,13C3-Cer 16:0;
72.2 ng of lysophosphatidylcholine 15:0; 27.1 ng phosphotidylethanolamine
15:0, 15:0; and 15.0 ng diacyl glyceride 15:0, 15:0 per mg of tissue) by a
modified Bligh-Dyer extraction. The chloroform extract was combined
with a spray solvent (20 mM ammonium acetate in 1:1 isopropanol/
methanol) and injected directly into the instrument. Analyte
concentrations were reported as an area ratio calculated as the
analyte peak area normalized to the internal standard peak area.

Gene Expression Analysis of Liver Samples. Liver tissues
from LE-DIO rats were clamp frozen. Total RNA was isolated using
QIAGEN RNeasy Mini Kit (cat. no. 74104). cDNA was synthesized
using SuperScript III First-Strand Synthesis System for RT-PCR (cat.
no. 18080051; Thermo Fisher Scientific). Real-time PCR was carried
out using the 7900 HT Sequence Detection System from Applied
Biosystems per manufacturer’s instructions. All reagents were from
Thermo Fisher Scientific. These include TaqMan Gene Expression
Master Mix (cat. no. 4369016); primer and probe mixed for 18S
rRNA (cat. no. 4310893E); rat ACC1 (Rn00573474_m1); rat ACLY
(Rn00566411_m1); rat FASN mRNA (Rn01463550_m1); rat SCD1
mRNA (Rn00594894_g1); rat PCSK9 mRNA (Rn01416753_m1); rat
HMGCR (Rn00565598_m1); rat low-density lipoprotein receptor
mRNA (LDLR, Rn00598442-m1), rat ATP binding cassette subfamily
G member 5 (ABCG5, Rn01499073_m1), rat ATP binding cassette
subfamily G member 8 (ABCG8, Rn00590367_m1), cytochrome P450
family 7 subfamily A member 1 (Cyp7a1, Rn00564065_m1).

Clinical Pathology Methods. Serum levels of triglycerides (cat.
no. 11877771), total bilirubin (cat. no. 11822713), alkaline phospha-
tase (cat. no. 12172933), alanine aminotransferase (ALT) (cat. no.
11876805), aspartate aminotransferase (cat. no. 11876848), albumin
(cat. no. 11970909), and total protein (cat. no. 11929917) were all
determined using the Roche Hitachi Modular P System Analyzer
(Roche Diagnostics). All kits were purchased from Roche and run per
manufacturer’s instructions.

Results
LY2584702 Significantly Lowered LDL-C in Long

Evans Diet–Induced Obese Rat Model. To reverse-
translate the clinical efficacy of LY2584702 to a preclinical
model, we selected the Long Evans diet–induced obese
(LE-DIO) rat model for the study. LE-DIO rats develop

significant obesity and dyslipidemia when fed a high-energy
diet (Li et al., 2008). LY2584702 was administered orally to the
animals at 15 or 50 mg/kg (mpk) per day for 4 weeks.
LY2584702 was well tolerated at both doses with no clinical
signs of distress. Slight reductions in average daily food intake
were observed (–10.9% and –14.1% for 15 mpk and 50 mpk of
LY2584702 treatment groups, respectively), but this did not
result in body weight reductions (data not shown). Nonfasting
serum samples were collected at 4 hours after compound
administration on study day 29. Lipoprotein changes were
analyzed by HPLC. As shown in Fig. 1, A and B, significant
reductions in VLDL-C (–43.2%, –64.2%) and LDL-C
(–45.3%, –60.2%) were observed with 15 mpk and 50 mpk
of LY2584702. Reduction in HDL-C (–20.6%, –39.9%) was
also observed for the two compound-treated groups, although
to a lesser extent compared with reductions in LDL-C (Fig.
1C). Interestingly serum triglycerides (TG) were not changed
by administration of either dose level of LY2584702 (Fig. 1D).
Serum PCSK9 levels were modestly reduced (–16.0% and
–17.6% for 15mpk and 50mpk of LY2584702, respectively; Fig.
1E). The hypolipidemic effects of LY2584702 also appeared to
be time-dependent. In a separate study, we treated LE-DIO
rats with 25 mpk and 50 mpk of LY2584702 for 1 week. Only
slight reductions in LDL-C were observed (–10.6% and –25.5%
for 25 mpk and 50 mpk of LY2584702, respectively; Supple-
mental Table 1). Similarly, lesser changes in VLDL-C, HDL-C,
serum PCSK9, and liver TG were observed after 1 week
compared with 4 weeks of treatment (Supplemental Table 1
and Fig. 1). Together, these data suggest treatment with
LY2584702 in the LE-DIO ratmodel resulted in time- and dose-
dependent lowering of lipids, particularly LDL-C.
Surprisingly, we also observed dose-dependent increase

in liver TG (1.9- and 2.8-fold versus vehicle for 15-mpk
and 50-mpk-LY2584702 groups, respectively; Fig. 1F) after
4weeks of compound administration. This increase in liver TG
is inconsistent with a literature report on p70S6K1 knock-
down inmice (Li et al., 2011).We hypothesized this increase in
liver TG may be attributed to off-target activity of LY2584702
or the result of a metabolite.
Metabolite Identification of 4-APP after Oral

Administration of LY2584702 in Rats. The pharmacokinetics,
distribution, excretion, and metabolism of LY2584702 were eval-
uated in Sprague-Dawley intact and bile duct–cannulated rats
following a single oral dose of 50 mg/kg of [14C]LY2584702

A B C

D E F

Fig. 1. Effects of LY2584702 (LY) on lipid related
endpoints in LE-DIO rat model. Vehicle, 15 mpk of
LY, and 50 mpk of LY were administered to LE-DIO
rats (N = 8 per treatment group) daily via oral gavage
for 4 weeks. Lipid related endpoints were measured at
4 hours after last dose without fasting. (A) Serum
VLDL-C. (B) Serum LDL-C. (C) Serum HDL-C. (D)
Serum triglycerides. (E) Serum PCSK9. (F) Liver
triglyceride content. Error bars depict standard devi-
ation. P values were calculated using one way ANOVA
followed by Dunnett’s test. *P , 0.05 versus vehicle;
**P , 0.01 versus vehicle; ***P , 0.001 versus
vehicle.

4-APP Metabolite May Contribute to LY2584072 Hypolipidemic Effects 111

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.117.240242/-/DC1
http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.117.240242/-/DC1
http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.117.240242/-/DC1
http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.117.240242/-/DC1
http://jpet.aspetjournals.org/


administered as the tosylate salt. The chemical struc-
tures of [14C]LY2584702 and a potential metabolite 4-amino-
pyrazolo[3,4-d]pyrimidine (4-APP) are shown in Fig. 2A. The
radiolabel was inserted at the C2 carbon in the pyrimidine ring.
In plasma, the parent drug was the largest radiocomponent
observed for all time points examined (0.5, 1-, 2-, 4-, 8-, and
12-hour samples), representing 94, 96, 90, 87, 82, and 72% of the
circulating radioactivity, respectively. Four metabolites of
LY2584702 were identified in plasma, including 4-APP (A18 in
Fig. 2), which resulted from apparent N,N-dealkylation of the
piperidine ring nitrogen. 4-APP was first detected at the 1-hour
time point and represented 3%of the circulating radioactivity up
to 12 hours (Fig. 2B). Radioprofiling of feces from the bile
duct–intact rats (0–48 hours) revealed the presence of parent
drug and 11 metabolites, with 4-APP (A18) representing 4% of
the dose within the first 24 hours of fecal collection (Fig. 2C).
Radioprofiling of bile from the bile duct-cannulated rats revealed
the presence of parent drug and 16metabolites, but 4-APP itself
was not detected in bile. This observation suggests that either
LY2584702may degrade to 4-APP in feces, or biliary secretion of
4-APP from plasma is followed by rapid elimination into feces.
Alternatively, 4-APP may be subsequently metabolized and
rapidly eliminated. Radioprofiling of urine from bile duct-intact

rats revealed the presence of 12 components, but 4-APP was not
detected in that matrix. Thus, results from the oral disposition
study with [14C]LY2584702 in rats confirm that 4-APP is
generated as a circulating metabolite in that species.
4-APP is an adenine nucleic acid analog originally investi-

gated for the treatment of cancer (Shaw et al., 1960). Preclin-
ical studies with 4-APP revealed hepatic fat accumulation in
multiple species (Shaw et al., 1960). Interestingly, it was also
reported that when administered intraperitoneally at 5–50
mpk, 4-APP acutely and markedly lowered serum triglyceride
and total cholesterol levels (Shiff et al., 1971). These data
prompted us to ask whether 4-APP can be formed in the
LE-DIO rats after administration of LY2584702 and may to
some degree contribute to the lipid-lowering efficacy.
Formation of 4-APP from LY2584702 in LE-DIO

Rats. A bioanalytical method was specifically developed to
quantify concentrations of 4-APP in serum and liver samples
after treatment with ∼15–50 mpk of LY2584702 for 1 week or
4weeks. LY2584702was detected in both serum (Fig. 3A, open
bars) and liver (Fig. 3A, filled bars) at both time points. Liver
concentrations of LY2584702 were higher than concentra-
tions in serum. As shown in Fig. 3B, 4-APP was detected in
both serum (open bars) and liver (filled bars) after 1 week of

Fig. 2. Reconstructed radioprofiles from intact Sprague-Dawley rats after a single oral dose of 50 mpk of [14C]LY2584702. (A) Chemical structures of
LY2584702 and 4-APP. (B) Pooled 2-, 4-, and 12-hour plasma samples. (C) Pooled 0–24 hour and 24 –48 hour fecal samples. (Note: A18 = 4-APP.)
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administration of LY2584702. As with LY2584702, liver
concentrations of 4-APP were higher than those in the serum.
Interestingly, liver 4-APP concentrations continued to in-
crease after 4 weeks of LY2584702 administration, whereas
serum concentrations remained low (Fig. 3B). These data
suggest that 4-APP was formed as a metabolic product of
LY2584702 in the liver. The relative molar quantity of hepatic
levels of 4-APP versus LY2584702 increased from 0.5% at
week 1 to 5.2% at week 4 in the 50-mpk-LY2584702 treatment
groups. Total concentrations of 4-APP were higher in the liver
than in serum and increased over time, reaching 1160 nM
after 4 weeks of treatment with 50 mpk of LY2584702.
Correcting for unbound fraction of 4-APP in bothmatrices, the
liver/serum ratio of 4-APP at 4 hours postdose on day 29 in this
treatment group was 12.7 6 5.3.
Comparisons between LY2584702, 4-APP, and MTP

Inhibitor Lomitapibe in LE-DIO Rats. It was previously
reported that when administered intraperitoneally at 5–50
mpk, 4-APP acutely and markedly suppressed hepatic VLDL
secretion and intestinal chylomicron production (Krause et al.,
1981; Shiff et al., 1971). This activity profile of high-dose
4-APP is distinct from the observation with LY2584702 in
LE-DIO rats that nonfasting serum triglyceride levels were
minimally affected (Fig. 1D). To understand how low-dose
4-APPmay impact lipidmetabolismwhen dosed orally, 4-APP
was tested at 0.5mpk in the LE-DIO ratmodel in parallel with
50 mpk of LY2584702. The 4-APP dose level of 0.5 mpk was
selected on the basis of hepatic safety concerns anticipated
with long-term dosing (Shaw et al., 1960; Henderson, 1963).
The material safety data sheet indicates that 4-APP has an
oral LD50 of 141 mg/kg in the rat.
For comparison, an MTP inhibitor lomitapibe (MTPi) was

also included in the study at 1-mpk dose level (Funatsu et al.,
2002). After 3 weeks of once-daily dosing, animals were fasted
overnight and serum samples were collected and subjected to
lipoprotein analysis by HPLC. As shown in Fig. 4A, 0.5-mpk-
4-APP treatment group demonstrated remarkably similar
lipoprotein profiles compared with the 50-mpk-LY2584702
treatment group. These lipoprotein profiles differ from those
observed in the MTPi-treated group. Specifically, MTPi
most significantly suppressed VLDL-C by 90.9%, whereas
LY2584702 and 4-APP modestly suppressed VLDL-C by
46.8% and 31.0%, respectively (Fig. 4B). All three compounds
lowered LDL-C to a similar extent, reaching 70.0%, 58.4%, and
58.0% for the MTPi, LY2584702, and 4-APP groups, respec-
tively (Fig. 4C). Reduction in HDL-C was modest for all three
treatment groups (Fig. 4D). Interestingly, the HDL fraction
in MTPi-treated group shifted slightly left on the chromato-
gram compared with the vehicle group (Fig. 4A), indicating

potential increase in HDL particle sizes. This phenomenon
was not observedwith LY2584702 or 4-APP treatment groups.
Serum PCSK9 levels were not affected by MTPi treatment,
whereas the 4-APP treatment group showed a very modest
reduction in PCSK9 compared with vehicle (–24.3%, Fig. 4E).
All three compounds were well tolerated in the 4-week

study. No significant changes in food intake or body weight
were observed for the duration of the study (data not shown).
Other than a slight increase in serum ALT levels in the MTPi-
treated group, there were no significant changes in a panel of
hepatobiliary biomarkers including ALT, aspartate amino-
transferase, alkaline phosphatase, total protein, and albumin
after 3 weeks of treatment (Supplemental Table 2).
Minimal Effects of LY2584702 and Low-Dose 4-APP

on Chylomicron-TG and VLDL-TG Secretion. We con-
ducted kinetic studies to probe how LY2584702 and low-dose
4-APP regulate lipoprotein metabolism. An oil fat tolerance
test was performed on animals fasted overnight following
3 weeks of oral administration of 1 mpk of MTPi, 50 mpk of
LY2584702, and 0.5 mpk of 4-APP. Consistent with the
changes in VLDL-C (Fig. 4B), baseline (time 0) serum TG
were significantly suppressed by MTPi (–91.8%, Fig. 5A) but
modestly suppressed by LY2584702 and 4-APP (–46.9% and
–39.1%, respectively, Fig. 5A). Following an oral olive oil
bolus, serum TG excursions were monitored. No effects on
serum TG excursion were observed in animals treated with
LY2584702 or 4-APP compared with vehicle-treated animals
(increased by 1.4% and 0.1% in area under the curve, re-
spectively), whereas MTPi significantly suppressed serum TG
excursion (–55.9% in area under the curve) (Fig. 5, B and C).
Studies on VLDL secretion were conducted after 4 weeks of
oral administration of 1 mpk of MTPi, 50 mpk of LY2584702,
and 0.5 mpk of 4-APP. Animals were fasted for 4 hours prior to
tyloxapol infusion. Baseline (time 0) serum TG were signifi-
cantly suppressed by MTPi (–92.8%, Fig. 5D) but modestly
suppressed by LY2584702 and 4-APP (–19.0% and –41.5%,
respectively, Fig. 5D). Following tyloxapol infusion, serum TG
rapidly increased in the vehicle group (Fig. 5E). LY2584702
and 4-APPmodestly inhibited serumTG increase (–15.8% and
–26.8%, respectively, Fig. 5, E and F), whereas MTPi signif-
icantly inhibited serum TG increase (–65.6%, Fig. 5, E and F).
Together, these data suggest that LY2584702 and low-dose
4-APP did not impact intestinal chylomicron-TG secretion and
only modestly inhibited hepatic VLDL-TG secretion.
Hepatic Lipid and Gene Expression Changes in

LE-DIO Rats after Treatment with LY2584702, 4-APP,
or MTP Inhibitor Lomitapibe. To compare howLY2584702,
4-APP, and MTPi affect hepatic lipids after 4 weeks of
oral administration, we first measured liver TG content by a

Fig. 3. Formation of 4-APP from LY2584702 (LY) in
LE-DIO rats. Data were collected from two separate
in vivo studies. In the first study, 25 mpk of LY, 50 mpk
of LY were administered to LE-DIO rats (N = 7 per
treatment group) daily via oral gavage for 1 week. In
the second study, 15 mpk of LY, 50 mpk of LY were
administered to LE-DIO rats (N = 8 per treatment
group) daily via oral gavage for 4 weeks. Liver (filled
bars) and serum (open bars) compound exposure for LY
and 4-APP were monitored at 4 hours after last dose.
(A) Liver and serum concentrations of LY. (B) Liver and
serum concentrations of 4-APP. Error bars depict
standard deviation.
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biochemical method using the Wako Diagnostics kit. Consis-
tent with their differential effects on VLDL secretion, the
1-mpk-MTPi treatment group showed a dramatic increase in
liver TG levels after 4 weeks of compound administration (11.9-
fold versus vehicle), whereas 50mpk of LY2584702 and 0.5mpk
of 4-APP treatment groups each demonstrated more modest
increase in liver TG levels (4.1- and 3.4-fold versus vehicle,

Fig. 6A). To further confirm these findings, we carried out a
lipidomics analysis on the liver samples following extraction
with organic solvent. Liver total TG content by this measure-
ment closely aligns with the data derived from biochemical
measurement (data not shown). Semiquantitative data of
10 types of lipids are shown in Fig. 6B. Both total TG and total
cholesterol ester (CE) were significantly increased in the MTPi

Fig. 4. Effects of LY2584702 (LY), 4-APP, and MTP inhibitor lomitapibe (MTPi) on lipoprotein profile in LE-DIO rat model. Vehicle, 1 mpk of MTPi,
50 mpk of LY, or 0.5 mpk of 4-APP was administered to LE-DIO rats (N = 8 per treatment group) daily via oral gavage for 3 weeks. Serum samples were
obtained at 4 hours postdose from animals fasted overnight and subject to lipoprotein analysis via HPLC. (A) HPLC chromatograms of cholesterol
content of lipoprotein fractions. (B) Serum VLDL-C. (C) Serum LDL-C. (D) Serum HDL-C. (E) Serum PCSK9. Error bars depict standard deviation.
P values were calculated using one way ANOVA followed by Dunnett’s test. *P , 0.05, **P , 0.01, ***P , 0.001 versus vehicle.

Fig. 5. Effects of LY2584702 (LY), 4-APP, and MTP inhibitor lomitapibe (MTPi) on chylomicron-TG secretion and VLDL-TG secretion in LE-DIO rat
model. Vehicle, 1 mpk of MTPi, 50 mpk of LY, or 0.5 mpk of 4-APP was administered to LE-DIO rats (N = 8 per treatment group) daily via oral gavage for
4 weeks. On day 21, animals were challenged with oral olive oil bolus following overnight fasting. (A) SerumTG after overnight fasting immediately prior
to olive oil bolus (To: time zero). (B) Serum TG increase (from time point 0) at 2, 4, and 6 hours after olive oil bolus. (C) Area under the curve for serum TG
(AUC) following oral fat challenge. In (A–C), one animal in the vehicle group was excluded from the analysis owing to technical failure in olive oil gavage.
(D–F) On day 28, animals were fasted for 4 hours and infused with 400 mpk of tyloxapol to inhibit lipolysis of TG via lipoprotein lipase. (D) Serum TG
after 4 hours of fasting immediately prior to tyloxapol infusion. (E) Serum TG increase (from 0 time point) at 1 and 2 hours after tyloxapol infusion. (F)
Area under the curve for serum TG (AUC) following tyloxapol infusion. In (E) and (F), one animal in the 4-APP treatment group was excluded from the
analysis owing to technical failure in tyloxapol infusion.
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treatment group, consistent with MTPi’s mode of action.
LY2584702 and 4-APP treatment groups showed modest in-
crease in both TG and CE, also consistent with their modest
effects on VLDL secretion. Most of the other types of lipids were
only minimally affected, with the exception of total PE and
total lysophosphotidylethanolamine (LPE). Interestingly, both
LY2584702 and 4-APP treatment increased PE and LPE by
about 2-fold, whereas the MTPi treatment had minimal effect.
This data further supports the notion that LY2584702 and
4-APP share similar pharmacology profiles distinct from that of
MTPi.
To understand the potential mechanism related to these

lipid changes, we next evaluated mRNA expression levels
of a panel of genes involved in lipid metabolism. As shown
in Fig. 6C, treatment with MTPi, LY2584702, or 4-APP all
significantly suppressed mRNA levels of a list of de novo
lipogenic genes, including ACC1, ACLY, FASN, and SCD1.
The 4-APP treatment group also showed significant suppres-
sion of several SREBP2 genes, including HMGCR, LDLR, and
PCSK9.
LY2584702 treatment group showed a trend in suppressing

HMGCR and PCSK9. We also evaluated several genes in-
volved in cholesterol/bile acid metabolism, including ATP
binding cassette subfamily G members 5 and 8 (ABCG5,
ABCG8) and cytochrome P450 family 7 subfamily A member

1 (Cyp7a1). All three genes showed a trend of increase after
treatment with MTPi, LY2584702, or 4-APP, with changes in
ABCG5 and Cyp7a1 reaching statistical significance for the
MTPi treatment group. These data suggests the possibility of
increase in biliary and fecal cholesterol/bile acid excretion
following compound treatment.
The MTPi treatment group had significantly greater

accumulation of neutral lipids in the liver (Fig. 6, A and B),
which could lead to feedback regulation of gene expression.
The mechanism for how LY2584702 regulates gene expres-
sion is not entirely clear. On the basis of the LY2584702
concentrations in the liver, P70S6K1 is predicted to be only
partially inhibited throughout the course of the study, with
∼50% inhibition at the time point when the pharmacology
endpoints were taken (Supplemental Fig. 1). Inhibition of
P70S6K1 may partly contribute to the suppression of de
novo lipogenic genes via inhibition of SREBP1c (Li et al.,
2011). However, 4-APP did not inhibit P70S6K1 (Supple-
mental Fig. 1A). The mechanism for how 4-APP treatment
regulates expression of lipogenic genes remains to be de-
termined. The similar patterns of regulation in hepatic lipids
and gene expression following LY2584702 and 4-APP treat-
ment further support the notion that 4-APP, as ametabolite of
LY2584702 in the liver, may contribute to its observed
pharmacology.

Fig. 6. Effects of LY2584702 (LY), 4-APP, and MTP inhibitor lomitapibe (MTPi) on hepatic lipids and mRNA expression in LE-DIO rat model. Vehicle,
1 mpk of MTPi, 50 mpk of LY, or 0.5 mpk of 4-APP was administered to LE-DIO rats (N = 8 per treatment group) daily via oral gavage for 4 weeks. Four
hours postdose on day 29, all animals were sacrificed and liver samples were analyzed for lipid content and gene expression. (A) Liver TG levels
measured by biochemical method using the Wako Diagnostics kit. (B) Relative levels of 10 types of lipids in liver measured by lipidomics method. (C)
Hepatic mRNA relative expression of lipid metabolism genes. Error bars depict standard deviation. P values were calculated using one-way analysis of
variance followed by Dunnett’s test. *P , 0.05, **P , 0.01, ***P , 0.001 versus vehicle. DAG, diacyl glyceride; LY, PC, phosphatidylcholine; PI,
phosphatidylinositol; LPC, lysophosphatidylcholine; CER, ceramide; SPM, sphingomyelin.
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4-APP versus LY2584702 Treatment on LDL Uptake
and Gene Expression in HepG2 Cells. Using human
hepatoma HepG2 cells overexpressing high levels of exoge-
nous PCSK9, we next asked whether LY2584702 and low-dose
4-APP may enhance LDL clearance. Compared with normal
HepG2 cells, these PCSK9 overexpressing cells have lower
baseline levels of LDL uptake owing to suppressed LDLR
protein, resulting in higher assay sensitivity and reproduc-
ibility in our hands. As shown in Fig. 7A, 24-hour treatment
with low concentrations of 4-APP (0.08–2 mM) dose depen-
dently enhanced uptake of Bodipy-labeled LDL particles
into the HepG2 cells. In contrast, treatment with 10 mM
LY2584702 slightly reduced LDL uptake in this system (Fig.
7A). These observations were confirmed in several indepen-
dent studies. These data suggest 4-APP may be the active
entity that may enhance LDL clearance, leading to lowering of
LDL in vivo in both rat model and humans.
We next tested these two compounds for their effects

on mRNA expression in HepG2 cells (Fig. 7B). Treatment
of HepG2 cells with 4-APP for 24 hours led to significant
reduction of mRNA levels of a panel of lipogenic genes,
including ACC1, ACLY, FASN, and SCD1. 4-APP treat-
ment also significantly reduced mRNA levels of PCSK9 and
HMGCR (Fig. 7B). In the same study, treatment with 10 mM
LY2584702 showed a similar trend in reducing mRNA levels
of PCSK9 and the lipogenic genes. However, the magnitude of
mRNA suppression is generally less in the LY2584702-treated
group comparedwith the 4-APP-treated groups. Interestingly,
mRNA levels of LDLR were dose dependently increased with
4-APP treatment compared with dimethyl sulfoxide control
(Fig. 7B), whereas LY2584702 treatment did not change
LDLRmRNA levels (Fig. 7B). A similar observation wasmade
in HepG2 cells with PCSK9 overexpression (Supplemental
Fig. 2). The inhibition of lipogenic genes was generally less
robust and induction of LDLR mRNA was more significant,
probably as a result of experimental variation. Endogenous
PCSK9 mRNA cannot be assessed in this system owing to
interference from the overexpressed PCSK9.

Discussion
It has been reported previously that LY2584702, a selective

inhibitor of p70S6K1, lowered serum total cholesterol, LDL

cholesterol, and triglyceride in cancer patients (Hollebecque
et al., 2014; Tolcher et al., 2014). This hypolipidemic effect of
LY2584702 was recapitulated in a rodent model of metabolic
syndrome: Long Evans diet–induced obese rats. Reduction in
serum LDL-C was observed in a time- and dose-dependent
manner after 4 weeks of treatment with LY2584702 (Fig. 1,
Supplemental Table 1). SerumPCSK9was reduced in LE-DIO
rats after 4 weeks of treatment with LY2584702, but to a
lesser extent compared with observed changes in LDL-C (Fig.
1E).Whether this small reduction in PCSK9may have a direct
and meaningful impact on LDL clearance is not clear.
Surprisingly, we also observed significant increases in liver

TG in this model following LY2584702 treatment (Fig. 1F).
These data contradict the genetic data from the knockdown of
p70S6K1, the known biologic target of LY2584702, that led to
reduction in liver TG inmice (Li et al., 2011). We hypothesized
this increase in liver TG may be attributed to off-target
activity of LY2584702 or the result of formation of a drug
metabolite.
Metabolite identification in Sprague-Dawley rats confirmed

that 4-APP is generated as a metabolite in the plasma and
feces following a single dose of [14C]LY2584702 (Fig. 2). In fact,
4-APP circulated in plasma and comprised 4% of the dose in
feces collected within the first 24 hours postdose. In LE-DIO
rats administered LY2584702 for 1 week or 4 weeks, 4-APP
was detected and quantified in both serum and liver. Total
concentrations of 4-APP were significantly higher in the liver
than in serum and increased after 4 weeks of treatment with
LY2584702. Accumulation of 4-APP in the liver would prob-
ably impact hepatic lipid metabolism.
4-APP is a purine nucleic acid analog previously shown to

have hypolipidemic effects in rodents. High doses of 4-APP,
when administered intraperitoneally, acutely shut down
hepatic VLDL secretion and intestinal chylomicron secretion
(Krause et al., 1981; Shiff et al., 1971). However, these dose
levels were associated with significant toxicity when admin-
istered for longer than 2 weeks (Shaw et al., 1960). It was
intriguing, however, that oral administration of up to 0.15
mpk of 4-APP in cancer patients for 2 weeks waswell tolerated
and serum cholesterol was reported to remain normal in these
patients (Shaw et al., 1960). Whether oral administration of
low-dose 4-APP could produce similar hypolipidemic effects in
rodents was not initially clear.

Fig. 7. Effects of LY2584702 (LY) and 4-APP on LDL uptake and gene expression in HepG2 cells. (A) HepG2 cells with overexpression of human PCSK9
were treated with LY and 4-APP at the indicated concentrations for 20 hours followed by incubation with Bodipy-labeled LDL for additional 4 hours.
Efficiency of LDL uptake was assessed by fluorescence intensity normalized by cell areas and presented as fold changes over dimethyl sulfoxide (DMSO)
control. (B) HepG2 cells were treated with LY2584702 and 4-APP for 24 hours at the indicated concentrations. mRNA levels of lipid metabolism genes
were measured by quantitative PCR. Error bars depict standard deviation. P values were calculated using one way ANOVA followed by Dunnett’s test.
*P , 0.05, **P , 0.01, ***P , 0.001 versus DMSO control.
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In this preclinical investigation, we report that chronic
oral administration of low-dose 4-APP effectively lowered
LDL cholesterol with minimal impact on hepatobiliary bio-
markers (Fig. 4, Supplemental Table 2). Lipoprotein pro-
file changes were remarkably similar between treatments
with 4-APP and LY2584702. Specifically, after 3 weeks of
treatment, both LY2584702 and 4-APP produced very signif-
icant reduction in LDL-C (Fig. 4C). VLDL-C was modestly
reduced (Fig. 4B). These lipoprotein profile changes are
distinctly different from changes elicited by an MTP in-
hibitor, lomitapibe, in which the most significant inhibition
is on the VLDL fraction.
As with the time-dependent pharmacology observed with

LY2584702, low-dose 4-APP also lowered serum lipids in a
time-dependent manner. Inhibition of serum lipids was
minimal after 1 week of treatment with 4-APP (data not
shown) but reached ∼60% after 3–4 weeks of treatment
(Figs. 4 and 5). There may be several reasons for the slow
onset of pharmacology. For example, 4-APP (or related
metabolites) may accumulate in the liver over time. To test
this possibility, we monitored 4-APP levels after 1 week or
4 weeks of oral dosing of 4-APP. Interestingly, 4-APP was
not detectable in either serum or liver even after 4 weeks of
treatment (when the limit of quantitation was 55 nM). We
hypothesize that 4-APP may be rapidly converted to APP-
ribosides or other nucleic acid analogs as previously report-
ed for orally administered 4-APP in rodents (Henderson and
Junga, 1961). It is possible that the 4-APP generated from
LY2584702 metabolism may have a different pharmacoki-
netic profile, leading to apparently higher liver exposure at
the single fourth-hour time point following administration
of LY2584702 (Fig. 3B).
In an effort to understand which lipid metabolism path-

way(s) may be affected by these agents, we carried out an
oral fat tolerance test and a VLDL secretion assay following
tyloxapol infusion. The data suggest that 3 weeks of oral
administration of LY2584702 and low-dose 4-APP had no
measurable effect on chylomicron-TG excursion (Fig. 5, B
and C). Only modest inhibitory effects on VLDL-TG secre-
tion were observed in the VLDL secretion assay following
4 weeks of treatment (Fig. 5, E and F). Consistent with the
modest inhibition of VLDL secretion, we did observe a small
increase in liver TG and CE in both LY2584702 and 4-APP-
treated groups after 4 weeks of treatment (Fig. 6, A and B).
In comparison, treatment with MTPi in LE-DIO rats led to
significantly greater accumulation of TG and CE in the liver
(Fig. 6, A and B), consistent with the substantial inhibition
of VLDL secretion observed with MTPi treatment (Fig. 5, E
and F). Lipidomics analysis further revealed ∼2-fold in-
creases in total PE and LPE in liver samples of LY2584702
and 4-APP treatment groups but not in the MTPi treatment
group (Fig. 6B). The mechanism for these increases is
currently unclear. PE is a major component of plasma
membrane and an important constituent of lipoprotein
particles. In liver, high levels of PE and low PC/PE ra-
tios have been associated with risk for steatosis (Arendt
et al., 2013). However, in skeletal muscle, total levels of PE
are positively associated with insulin sensitivity (Newsom
et al., 2016). Whether the increases in PE and LPE as-
sociated with LY2584702 and 4-APP may influence lipo-
protein metabolism is an interesting topic for future
investigation.

One limitation of this work was that no direct assessment of
LDL clearance rate occurred in vivo after administration of
4-APP or LY2584702 in LE-DIO rats. However, since serum
levels of LDL are balanced by production and clearance, the
lack of effect of these agents on chylomicron secretion and
their minimal effects on VLDL secretion would suggest that
enhanced LDL clearance plays an important role in the robust
LDL lowering observed with both 4-APP and LY2584702. In
direct support of this notion, we observed a statistically
significant increase in LDL uptake after 24 hours of treatment
with low concentrations of 4-APP in an in vitro LDL uptake
assay in HepG2 cells (Fig. 7A). These activities were not seen
with LY2584702 treatment. It is known that HepG2 cells are
deficient in oxidative drug metabolism enzymes compared
with primary hepatocytes (Wilkening et al., 2003). We reason
that during the short treatment duration (24 hours) there was
insufficient conversion from LY2584702 to 4-APP to produce
pharmacology similar to that seen following direct treatment
with 4-APP. These data further support the possibility that
4-APP, as a metabolite of LY2584702, may contribute to the
in vivo LDL-lowering efficacy following oral administration of
LY2584702.
Gene expression data from HepG2 cells and from liver

samples of LE-DIO rats suggest that 4-APP can suppress
mRNA expression of a panel of lipogenic genes, including
ACC1, ACLY, FASN, and SCD1 (Figs. 6C and 7B). These
gene expression changes may contribute to the reduction
in VLDL secretion and reduction in serum TG observed
with 4-APP treatment in vivo (Fig. 5). These lipogenic
genes are known to be regulated by transcription factor
SREBP1c (Wang et al., 2015), suggesting 4-APP may
regulate SREBP1c activity. However, the mechanism by
which 4-APP regulates SREBP1c is not yet clear. The
p70S6K1 enzyme was previously reported to promote
processing and activation of SREBP1c (Owen et al., 2012).
However, it is important to note that 4-APP did not
demonstrate any measurable p70S6K1 activity in cells
(Supplemental Fig. 1A), and thus it must modulate
SREBP1c activity via other as yet unknown mechanisms.
4-APP treatment also suppressed PCSK9 and HMGCR

mRNA expression levels in both HepG2 cells and in LE-DIO
rat liver (Figs. 6C and 7B). Interestingly, LDLR mRNA ex-
pression levels were suppressed by 4-APP treatment in
LE-DIO rat liver but enhanced in HepG2 cells at high
concentrations (Figs. 6C and 7B). This increase in LDLR
mRNA expression was also seen in a different human hepa-
toma cell line Huh7 (data not shown) and in HepG2 cells
overexpressing PCSK9 (Supplemental Fig. 2). PCSK9,
HMGCR, and LDLR genes are known to be coregulated in
similar fashion by transcription factor SREBP2 (Horton et al.,
2003). Cholesterol feeding suppresses, whereas cholesterol
depletion by statin treatment enhances, mRNA levels for all
three genes (Dubuc et al., 2004). This pattern of differential
regulation of PCSK9 and LDLR mRNA levels by 4-APP
was previously reported with the natural product berber-
ine, which has also been shown to lower LDL in humans
(Cameron et al., 2008; Kong et al., 2004). Berberine was
reported to increase LDLR mRNA levels through a post-
transcriptional mechanism that stabilizes the mRNA (Kong
et al., 2004). It is currently unclear whether 4-APP enhances
LDLR mRNA levels in human hepatoma cells through a
similar mechanism.
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It is important to note that 4-APP treatment in LE-DIO
rats significantly lowered LDL-C in the absence of LDLR
mRNA increase (Figs. 4C and 6C). This data suggests ad-
ditional mechanism(s) beyond regulation of LDLR mRNA
levels may contribute to the LDL-C-lowering efficacy in vivo.
The discrepancy between HepG2 cells and LE-DIO rats in
LDLR mRNA regulation may be attributed to differences in
compound concentration, treatment duration, species activ-
ity, etc. Nevertheless, the phenomenon of 4-APP increasing
LDL uptake is in keeping with the in vivo observation that
4-APP significantly lowers LDL-C beyond what can be
explained by reduction in VLDL secretion. To our knowledge,
this is the first report on hypolipidemic effect of low-dose
4-APP in cells as well as in whole animals. At these low
exposure levels, 4-APP was well tolerated with nomeasureable
sign of cytotoxicity. 4-APP itself may not be a suitable agent for
treatment of dyslipidemia owing to hepatic lipid accumulation
reported in preclinical species as well as coagulopathy reported
in humans (Henderson, 1963; Shaw et al., 1960). It would be
important to understand whether this mechanism for increas-
ing LDL uptake is independent of 4-APP’s other effects. If so,
this mechanism could be exploited for future development of
LDL-lowering agents that may be complementary to current
standard-of-care statins that work through enhancing LDLR
mRNA transcription.
In conclusion, we conducted a series of mechanistic studies

in preclinical models to investigate potential mechanisms
underlying the lipid-lowering efficacy of a p70S6K1 inhibitor
LY2584702. The robust LDL-lowering effect observed in
humans with this molecule was recapitulated in an LE-DIO
rat model. Aside from inhibition of p70S6K1 by LY2584702,
we identified an additional mechanism that may contribute
to the lipid-lowering efficacy. Specifically, a 4-APP metabo-
lite was found to accumulate in the liver of LE-DIO rats
following oral administration of LY2584702. In vivo, treat-
ment with low-dose 4-APP led to reductions in serum LDL-C
comparable to LY2584702. In vitro in a human hepatoma
HepG2 cell line, 4-APP enhanced LDL uptake. We hypoth-
esize that formation of the 4-APP metabolite contributes to
the efficacy of LY2584702 in lowering LDL-C in the LE-DIO
rat model. This mechanism may be relevant to the lipid-
lowering efficacy in humans observed with LY2584702.
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MATERIALS AND METHODS 

  P70S6K inhibition in primary mouse hepatocytes  Primary mouse hepatocytes were isolated 

from female C57BL/6 mice using a method essentially as previously described (Seglen, 1972).  

The cells were suspended in Williams E media (GIBCO Cat # A1217601) containing 10% fetal 

bovine serum, 2 mM Gluta-MAX-1, 50 µg/ml gentamicin solution, 2.5 µg/ml insulin, 2.5 µg/ml 

transferrin, 2.5 ng/ml sodium selenite, and 400 ng/ml dexamethasone and seeded onto GIBCO 

collagen 1 coated 96 well plates (Cat # A1142803) at 16,000 cells per well and incubated in a 

37
o
 C, 5% CO2 incubator for 4-6 hours.  The cells were switched to serum free Williams E media 

(containing 2 mM Gluta-MAX-1, 50 µg/ml gentamicin solution, 2.5 µg/ml insulin, 2.5 µg/ml 

transferrin, 2.5 ng/ml sodium selenite, and 400 ng/ml dexamethasone) and incubated in a 37
o
 C, 

5% CO2 incubator overnight.  The next day cells were treated with 50 µL of a 10 dose series of 

test compound (starting at 80 µM, 1:3 serial dilutions) in DMEM/High Modified media (4500 

mg/L Glucose, 110 mg/L Sodium Pyruvate Hyclone Cat # SH30285.01) for 30 minutes.  50 µL 

of media with 200 nmol/L human insulin (Sigma Cat # I9278) was then added to each well and 

incubated for an additional 45 minutes in a 37
o
 C, 5% CO2 incubator.  Media was aspirated and 



50 µL of lysis buffer (PerkinElmer) was added to each well and the plates were placed on a 

slowly rotating plate shaker (~350 rpm) for 10 minutes at room temperature and then the plates 

were put in the -80
o
C freezer. 

  Phosphorylation of S6RP was determined by utilizing the phosphoS6RP AlphaScreen SureFire 

kit (PerkinElmer #TGRS6P2S10K).  Using a Multimek robot, 4 µL of lysate and 5 µL of 

activation buffer/reaction buffer/acceptor beads solution (PerkinElmer) were transferred to 384 

well ProxiPlate (PerkinElmer).  The plate was incubated at room temperature while on a plate 

shaker for 2 hours.  Then 2 µL of donor beads (PerkinElmer) were added to each well and 

incubated for another 2 hours at room temperature on the plate shaker.  The plate was then read 

on a Wallac EnVision plate reader.  Percent inhibition was calculated as ((Control-

Value)/Control) X 100.  

  P70S6K inhibition in mouse liver in vivo. Wild type C57BL/6 male mice of 10-14wks of age 

from Envigo were fasted by placing them in a new clean cage for 3 hrs under normal light cycle. 

The mice were then dosed orally at 10ml dose volume / kg body weight with vehicle (1% 

Hydroxymethylcellulose / 0.25% Tween80 / 0.05% Antifoam) or LY2584702 prepared as fine 

suspension in the same vehicle.  Two hours after compound administration, they were re-fed 

with STAT high calorie liquid diet (PRN Pharmaceutical, cat#14151) orally at 10 ml / kg body 

weight.  Forty five minutes after the re-feeding all the animals were euthanized.  Blood samples 

were collected via cardiac puncture.  The left lateral lobes of the liver were clamp frozen and 

placed in polycon tube in dry ice.  Concentration of LY2584702 in serum and liver was 

quantified as described in the Materials and Methods section in the main text.  Liver levels of 

phospho-S6 ribosomal protein (pS6RP) were quantified as described below. 



  Measurement of pS6RP in mouse liver: The phosphorylation (Ser240/244) of S6RP levels in 

mouse liver was measured with a MSD ELISA kit (Catalog# K150DGD-1, MSD). Briefly, 

25~40 mg frozen liver tissue was placed in cold tube containing Lysing Matrix D beads (MP 

Biomedicals).  10 µl per mg liver tissue of cold lysis buffer (provided in the MSD kit) containing 

protease and phosphatase inhibitor cocktail was added to each tube followed by homogenization 

using FastPrep for 30 seconds at 4⁰C.  Homogenate was centrifuged for 10 minutes at 4⁰C and 

the supernatant was collected and protein concentration was determined using the Pierce BCA 

protein assay kit (Catalog # 23225).  Protein concentration of each homogenate was then 

adjusted to 0.8mg/ml with the lysis buffer.  The pS6RP MSD ELISA was then performed 

following the manufacturer’s protocol.  Briefly the plate coated with anti-pS6RP antibody was 

blocked for 1 hour with vigorous shaking at room temperature.  After the plate was washed 3 

times, 25 μL of homogenate (20 µg protein) was added to each well.  The plate was sealed and 

incubated for 1 hour at room temperature and then washed 3 times.  The detection antibody 

solution was added and incubated for another hour.  Following 3 washes, 150 μL of the read 

buffer was added to each well.  The phospho-S6RP signals were read in a MSD Sector Imager 2 

minutes after the read buffer was added.  The data was expressed as counts per 20 µg protein. 

RESULTS 

  Inhibition of pS6RP by LY2584702 in isolated primary mouse hepatocytes and in mouse 

liver. To understand potential contribution of P70S6K1 inhibition on the pharmacology observed 

with LY2584702 and 4-APP, we asked whether treatment with these compounds affect phospho-

S6 ribosomal protein (pS6RP), a product of P70S6K1 activity.  We have found that liver pS6RP 

signals are more variable in rats in fed state, making it difficult to accurately assess compound 

activity in this system.  As an alternative approach, we evaluated activities of LY2584702 and 4-



APP in mouse systems with which we have more extensive experience.  Rat and mouse 

P70S6K1 are 100% identical in their amino acid sequences in the catalytic domain, and 99.4% 

identical over all, it is thus reasonable to predict compound activity in rat using data from mouse.  

In a cell based assay of insulin induced pS6RP in primary mouse hepatocytes, LY2584702 

demonstrated an IC50 of 0.097 µM whereas 4-APP was inactive in this assay (Fig. S1A).  In a 

mouse model of fast-refeed induced pS6RP, we observed dose dependent inhibition of pS6RP in 

the liver by LY2584702 (Fig. S1B).  4-APP was not tested in this model due to its lack of 

activity in the cell based assay (Fig. S1A).  pS6RP inhibition correlates with exposure of 

unbound levels of LY2584702 in the liver, demonstrating an IC50 of 0.104 µM unbound 

LY2584702 (Fig. S1C).  This in vivo activity is in line with the cellular IC50 in primary mouse 

hepatocytes (0.097 µM, Fig. S1A).  Based on the total exposure data of LY2584702 in liver of 

LE DIO rats (20~40 µM, Fig. 3A), and in silico predicted unbound fraction (Fu=0.0029), the 

liver concentration of unbound LY2584702 is calculated to be 0.058~0.116 µM.  This exposure 

level would predict ~50% inhibition of pS6RP at this time point when the measurements were 

taken (4 hr post dose).  Pharmacokinetic study of LY2584702 suggests the compound reaches 

maximum plasma exposure (Tmax) at around 4 hours post dose in rats (data not shown).  The 

level of pS6RP inhibition by LY2584702 in the LE DIO rats is thus predicted to decline to below 

50% in the later part of the dosing cycle in accordance with the pharmacokinetic profile of 

LY2584702. 

  4-APP vs. LY2584702 treatment on gene expression in HepG2 cells overexpressing 

PCSK9.  We tested LY2584702 and 4-APP for their effects on mRNA expression in HepG2 

cells over expressing PCSK9 (Fig. S2).  Treatment with 4-APP for 24 hours led to significant 

reduction of mRNA levels of lipogenic genes ACLY, FASN, and SCD1.  A biphasic response 



was observed with SREBP2 regulated gene HMGCR, showing a dose dependent suppression at 

low concentrations of 4-APP (0.08, 0.4 µM) and a gradual rebound at higher concentrations (2, 5 

µM).  For another SREBP2 regulated gene LDLR, a dose dependent increase in mRNA 

expression was observed at all compound concentrations tested (0.08~5 µM) (Fig. S2).  

Regulation of endogenous PCSK9 mRNA can not be assessed in this system due to interference 

from the overexpressed PCSK9 which is under the control of a human cytomegalovirus 

promoter.  In the same study, treatment with 10 µM LY2584702 did not show any meaningful 

effect on these genes.   

SUPPLEMENTAL FIGURES 

 

 

 

 

 

 

 

 

Supplemental Figure 1.  Inhibition of pS6RP by LY2584702 (LY) in isolated primary mouse 

hepatocytes and in mouse liver.  (A) Freshly isolated primary hepatocytes were treated with LY 

and 4-APP at the indicated concentrations.  Changes in pS6RP signals were quantified and 
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presented as % inhibition versus DMSO control.  Compound potency was calculated using 

GraphPad Prism.  LY demonstrated an IC50 of 0.097 μM whereas 4-APP was inactive in this 

assay.  (B) Vehicle and 1.67, 5, 15, 45 mpk of LY were administered to 3 hour fasted C56BL/6 

mice via oral gavage.  Mice were fasted for 2 additional hours followed by refeeding with a 

nutrient rich STAT diet.  45 minutes later, livers were collected and pS6RP signals were 

quantified.  Treatment with LY led to dose dependent reduction in pS6RP signals, indicating 

inhibition of P70S6K1.  Error bars depict standard deviation.  P values were calculated using one 

way ANOVA followed by Dunnett’s test.  ***P<0.001 versus vehicle.  (C) % inhibition of liver 

pS6RP signal versus vehicle control was plotted against liver concentration of unbound LY.  

Each dot represents an individual animal.  LY demonstrated exposure dependent inhibition of 

pS6RP signal with IC50 = 0.1037 µM of unbound concentration (Cu).      

 

 

 

 

 

 

 

Supplemental Figure 2.  Effects of LY2584702 and 4-APP on gene expression in HepG2 cells 

over expressing PCSK9.  HepG2 cells with over expression of human PCSK9 were treated with 

LY and 4-APP for 24 hours at the indicated concentrations.  mRNA levels of lipid metabolism 
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genes were measured by quantitative PCR.  Error bars depict standard deviation.  P values were 

calculated using one way ANOVA followed by Dunnett’s.  *P< 0.05 versus DMSO control;  

**P<0.01 versus DMSO control; ***P<0.001 versus DMSO control. 

 

Supplemental Table 1.  Changes in serum lipoproteins, TG, PCSK9 and liver TG in LE DIO rat 

treated with 25, 50 mpk LY2584702 (LY) for 7 days.  Serum samples were obtained at 4 hours 

post compound dosing without fasting.  Average value and standard deviation (SD) for each 

analyte are shown.  P values were calculated using one way ANOVA followed by Dunnett’s test. 

 

Treatment groups 

VLDL-C 

(mg/dL) 

LDL-C 

(mg/dL) 

HDL-C 

(mg/dL) 

Serum TG 

(mg/dL) 

Serum PCSK9 

(ng/ml) 

Liver TG 

(mg/g tissue) 

Vehicle 

Average 16.82 13.68 40.67 822.54 151.86 36.34 

SD 4.63 4.03 5.59 272.23 18.99 13.03 

25 mpk 

LY 

Average 13.82 12.23 41.57 713.49 152.39 36.94 

SD 2.71 3.98 6.55 152.74 25.81 5.64 

% chg vs veh. -17.84 -10.6 2.22 -13.26 0.35 1.65 

P value 0.2741 0.6402 0.8872 0.7854 0.9959 0.9998 

50 mpk 

LY 

Average 12.52 10.19 35.08 811.69 145.12 46.89 

SD 3.9 2.05 2.48 237.27 17.71 10.42 

% chg vs veh. -25.55 -25.48 -13.74 -1.32 -4.44 29.01 

P value 0.1133 0.18 0.1447 0.8869 0.8744 0.1386 

 

 



Supplemental Table 2. Minimal changes in hepatobiliary biomarkers in LE DIO rats following 

daily oral administration of 1 mpk MTP inhibitor lomitapibe (MTPi), 50 mpk LY2585702 (LY) 

or 0.5 mpk 4-APP for 3 weeks.  Serum samples were obtained at 4 hours post compound dosing 

without fasting.  Average value and standard deviation (SD) for each analyte are shown.  P 

values were calculated using one way ANOVA followed by Dunnett’s test. 

Treatment groups ALT (IU/L) AST (IU/L) ALP (IU/L) TP (g/dL) Alb (g/dL) 

Vehicle 

Average 67.63 123.50 222.25 7.29 4.57 

SD 14.66 32.24 34.13 0.42 0.25 

1mpk 

MTPi 

Average 93.13 142.38 247.13 7.01 4.49 

SD 27.48 31.34 43.03 0.66 0.27 

% chg vs veh.  37.71 15.28 11.19 -3.79 -1.83 

P value 0.02 0.42 0.45 0.49 0.79 

50mpk 

LY 

Average 65.00 130.38 207.25 7.01 4.40 

SD 9.70 23.31 50.37 0.37 0.19 

% chg vs veh.  -3.88 5.57 -6.75 -3.84 -3.91 

P value 0.98 0.93 0.78 0.48 0.27 

0.5mpk 

4-APP 

Average 64.88 120.50 213.38 7.32 4.67 

SD 13.20 26.74 22.75 0.30 0.15 

% chg vs veh.  -4.07 -2.43 -3.99 0.53 2.05 

P value 0.98 0.99 0.94 1.00 0.73 
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