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Comparative Evaluation of Gemcabene and Peroxisome
Proliferator-Activated Receptor Ligands in Transcriptional
Assays of Peroxisome Proliferator-Activated Receptors:
Implication for the Treatment of Hyperlipidemia and
Cardiovascular Disease

Charles L. Bisgaier, PhD, Daniela C. Oniciu, PhD, and Rai Ajit K. Srivastava, PhD

Abstract: Gemcabene, a late-stage clinical candidate, has shown
efficacy for LDL-C, non-HDL cholesterol, apoB, triglycerides, and
hsCRP reduction, all risk factors for cardiovascular disease. In
rodents, gemcabene showed changes in targets, including apoC-III,
apoA-I, peroxisomal enzymes, considered regulated through perox-
isome proliferator—activated receptor (PPAR) gene activation, sug-
gesting a PPAR-mediated mechanism of action for the observed
hypolipidemic effects observed in rodents and humans. In the current
study, the gemcabene agonist activity against PPAR subtypes of
human, rat, and mouse were compared with known lipid lowering
PPAR activators. Surprisingly, gemcabene showed no or little
PPAR-a transactivation compared with reference agonists, which
showed concentration-dependent transactivation against human
PPAR-a of 2.4- to 30-fold (fenofibric acid), 17-fold (GW590735),
and 2.3- to 25-fold (WY-14643). These agents also showed robust
transactivation of mouse and rat PPAR-o in a concentration-
dependent manner. The known PPAR-3 agonists, GW1516,
L165041, and GW0742, showed potent agonist activity against
human, mouse, and rat receptors (ranging from 165- to 396-fold).
By contrast, gemcabene at the highest concentration tested (300 M)
showed no response in mouse and rat and a marginal response
against human PPAR-3 receptors (3.2-fold). For PPAR-y, gemca-
bene showed no agonist activity against all 3 species at 100 wM and
marginal activity (3.6- to 5-fold) at 300 wM. By contrast, the known
agonists, rosiglitazone, indomethacin, and muraglitazar showed
strong activation against the mouse, rat, and human PPAR-y recep-
tors. No clear antagonist activity was observed with gemcabene
against any PPAR subtypes for all 3 species over a wide range of
concentrations. In summary, the transactivation studies rule out gem-
cabene as a direct agonist or antagonist of PPAR-a, PPAR-y, and
PPAR-3 receptors of these 3 species. These data suggest that the
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peroxisomal effects observed in rodents and the lipid regulating
effects observed in rodents and humans are not related to a direct
activation of PPAR receptors by gemcabene.

Key Words: gemcabene, PPAR-a, PPAR-5, PPAR-Y, transactiva-
tion, nuclear hormone receptors
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INTRODUCTION

Cardiovascular diseases (CVDs) constitute a broad
number of conditions including heart and vascular disease,
atherosclerosis, stroke, and hypertension and are the leading
cause of global morbidity and mortality.!:> Both genetic and
environmental factors contribute to dyslipidemia and type 2
diabetes and can increase the risk for CVD.!* The discov-
ery that peroxisome proliferator—activated receptors (PPARs)
are key regulators of metabolic pathways that have led to
significant research, drug discovery, and understanding of the
mechanisms of action (MOA) of PPAR receptors and their
implications for the prevention and treatment of metabolic
disorders and CVD.®° Ligand-activated nuclear receptors
have been exploited as treatments for the regulation of lipid
and glucose metabolism to treat and reduce the risk of dia-
betes and CVD.#8-10

PPARs are ligand-activated transcription factors
belonging to the nuclear receptor super family.!! PPARs are
type Il nuclear receptors containing a cysteine-rich Zn finger—
motif DNA-binding domain.'>!3 The subtypes PPARa,
PPARY, and PPARS (also known as PPAR)!'# differ with
respect to their tissue distribution and distinct roles in glucose
and lipid homeostasis!>1° and energy homeostasis,'*2? as
well as in other cellular functions.?>3% PPAR-a receptors
are involved in ensuring energy availability during fasting
with a key role in starvation.3! Their state of activation in
the liver is regulated by dietary fatty acids and during fasting
by fatty acids generated through de novo lipogenesis.3>34 In
humans, these receptors play a broader role in lipid metabo-
lism,32-33 regulating apolipoprotein (apo) genes such as apoA-I,
apoA-II, apoA-V, and apoC-III, fatty acid B-oxidation genes
such as acyl CoA oxidase, CPT-I, and CPT-II, and fatty acyl
CoA desaturase genes (eg, delta-6-desaturase) involved in fatty
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acid interconversion,3®37 phospholipid transfer protein
involved in HDL metabolism, and HMGCoA synthase 2
(HMGCS2) involved in ketone body synthesis.3®37 Many
physiological effects of PPAR-8 activators overlap with those
of PPAR-a activators.

Once the PPAR nuclear receptors were molecularly
characterized and it was realized that fibrates and thiazolidi-
nediones are PPAR ligands, an enormous effort was made
within the pharmaceutical industry to create a large number of
synthetic, specific, and potent direct PPAR activating mole-
cules. However, there are also natural physiological ligands
that can trigger PPAR activation. For instance, there is
a natural importance for providing fatty acid ligands to
activate PPAR-o,3132-34 thereby converting energy balance
from a lipogenic to a ketogenic state in extended fasting
periods.

Gemcabene lipid—regulating activities were discovered
after screening of small molecules with similar chemical
functionalities for triglyceride lowering and other lipid-
regulating activities (ie, HDL-C elevation) in chow-fed
Sprague-Dawley rats.3® Structurally, gemcabene is a fraudu-
lent fatty acid with 2 terminal gem-dimethyl carboxylate
moieties (Fig. 1). Although gemcabene dose dependently
increases liver weight and expression of hepatic peroxisomal
enzymes in rats,® there are insufficient data to conclude
direct activation of the PPAR-a receptor by gemcabene. In
chow-fed Sprague—Dawley rats, gemcabene dose dependently
reduced hepatic apoC-III mRNA levels, plasma triglycerides,
LDL-C, VLDL-C, apoC-II, apoC-III, and apoB and elevated
HDL-C, apoA-1, and apoE.38
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In hypertriglyceridemic patients (TG =200 mg/dL)
with low HDL-C (HDL-C <35 mg/dL) and normal LDL-C
levels, gemcabene lowered plasma apoC-IIl, triglycerides,
LDL-C, non—-HDL-C, apoB, and apoE and elevated apoA-I,
apoA-II, and HDL-C.?° In a placebo-controlled double-blind
clinical study in hypercholesterolemic patients on background
statin therapy, gemcabene further reduced LDL-C, apoB,
non-HDL-C, and C-reactive protein.*® Because gemcabene
showed increased peroxisomal activity in rats and modulated
some of the known hepatic PPAR-a. responsive genes,>® we
evaluated the potential involvement of PPAR subtype activ-
ities by transactivation assays in PPAR subtype constructs.
We present data demonstrating that gemcabene lacks signif-
icant activities against any of the PPAR subtypes for either
mouse, rat, or human receptors.

METHODS

Plasmid and Transactivation Assay

This study was commissioned to and conducted by
Indigo Biosciences, State College, PA, 16801, USA. The
nuclear receptor reporter cells used were available from
Indigo Biosciences, a proprietary cell line expressing a hybrid
receptor comprising the N-terminal Gal4 DNA-binding
domain fused to the ligand-binding domain of the specific
nuclear receptor. The reporter gene, firefly luciferase, is
functionally linked to the Gal4 upstream activation sequence.
Descriptive information on reference compounds (known
drugs and clinical candidates) used for assay validation or

Indomethacin — PPAR-y activator
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EPA - PPAR-$ activator
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Rosiglitazone — PPAR-y activator
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FIGURE 1. Structures of gemcabene and reference compounds evaluated in the PPAR transactivation assays.
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comparative purposes is displayed in Figure 1 and Table 1.
The nuclear receptor assays were performed in 3 steps as
described below.

In step 1, as shown in Figure 2, a suspension of reporter
cells was prepared in cell recovery medium containing 10%
charcoal-stripped fetal bovine serum. For antagonist assays,
reporter cells were first supplemented with 2x-ECgq concen-
tration of the appropriate reference agonist (Table 1). Then,
100 wL of the reporter cell suspension treated with or without
2x-ECgo was dispensed into wells in a white 96-well assay
plate. In step 2, before assay setup, test compounds were
diluted using compound screening medium containing 10%
charcoal-stripped fetal bovine serum to generate “2x-concen-
tration” treatment media. Treatment medium (100 pL of
each) was dispensed into wells predispensed with the reporter
cells. The assay was conducted in triplicate. Assay plates
were incubated at 37°C for 24 hours. Finally, in step 3, after
the 24-hour incubation period, treatment media were dis-
carded and the wells were rinsed once with Live Cell Multi-
plex Assay (LCMA) buffer and subsequently treated with
LCMA substrate. After incubation at 37°C for 45 minutes,
fluorescence was measured to determine the relative number
of live cells expressed as relative fluorescence unit per assay
well. The percent live cells were taken into consideration in
the calculation of ECso. Some of the reference agents were
toxic to the cells, and they have been mentioned in the com-
ments section of Table 2. LCMA substrate was then dis-
carded, and 100 wL/well of luciferase detection reagent was
added. Relative luciferase units were quantified from each
assay well to determine PPAR agonist and antagonist
activities.

Assay Validation

Reference compounds (Table 1 and Fig. 1) were used to
confirm the performance of the specific lot of PPAR reporter
cells. Reference compounds and gemcabene were assayed
simultaneously to insure comparability (see individual
data sets for identity and treatment concentration ranges of

reference compounds). A vehicle control allowed for deter-
mination of background activity in the assay and to calculate
values of fold activation and percent inhibition of receptor
activity.

Graphical Data Methods

Dose-response curve analyses of the tested agents were
performed through nonlinear curve fitting of fold activation
versus log[compound concentration] for PPAR agonist as-
says. Percent inhibition versus log[gemcabene concentration]
for PPAR antagonist assays was calculated using GraphPad
Prism software.

RESULTS

To determine whether gemcabene is a direct activator of
PPAR subtypes, transactivation assays were performed in
Chinese hamster ovary cells in both agonist and antagonist
mode using mouse, rat, and human PPAR subtype constructs.
In this assay, activation of Gal4 expression induces luciferase
activity, a measure of extent of PPAR gene activation. PPAR
transcriptional activation values are presented in Table 2.

The results of PPAR-o. activation in human, rat, and
mouse are shown in Figure 3. Two lots of a potent PPAR-a.
agonist, GW590735, were tested for their PPAR-o0 agonist
activities and, as expected, both showed potent agonist activ-
ity with an ECsy of 23 nM against human, 98 nM against
mouse, and 2.2 puM against rat PPAR-a. WY-14643, a widely
used PPAR-a activator reference agent,*!*2 showed PPAR-
o activation (ECsg) against human (32.6 wM), mouse (4.1
pM), and rat (9.5 wM) PPAR-a. The PPAR-a agonist
GW59073543 showed robust maximal activation of 17-,
89-, and 83-fold against human, mouse, and rat PPAR-a,
respectively (Fig. 3), whereas gemfibrozil showed similar
values to the originally reported ECso of 193 pM.** Muragli-
tazar, with dual PPAR-o/PPAR-Y agonist activity,*> was used
to evaluate the robustness of this assay and to ensure that the
assay can detect simultaneous activation of multiple PPAR

TABLE 1. Descriptive Information on Gemcabene and Reference Agents: Type, Chemical Abstract Service (CAS) Number,

Molecular Weights (MWs), and Molecular Formulas (MFs)

Assay Class Compound IC5o/ECso (M) [Literature] CAS No. MW MF
PPAR-a Gemcabene 183293-82-5 302.05 C16H3005
PPAR-o. Gemfibrozil 193 [44] 25812-30-0 250.33 Cy5H,,03
PPAR-o. Fenofibric acid 18-30 [44] 42017-89-0 318.75 C17H15CI04
PPAR-o. GW590735 0.004 [43] 622402-22-6 478.5 Cy3H,1F3N,04S
PPAR-a WY-14643 6.4 [41] 50892-23-4 323.8 C14H14CIN; 0,8
PPAR-o. Muraglitazar 0.34 [45] 317318-84-6 471.49 Cy1H7F4NO;S,
PPAR-3 Gemcabene 183293-82-5 302.05 C16H3005
PPAR-8 Eicosapentaenoic acid (EPA) Unknown 10417-94-4 302.45 Cy0H300;
PPAR-3 GW0742 0.0011 [46] 317318-84-6 471.49 Cy1H7F4NO;S,
PPAR-3 GW501516 0.0011 [44] 317318-70-0 453.5 C,1HgF3NO3S,
PPAR-3 L165041 0.05 [47] 79558-09-1 402.4 CyH,607
PPAR-y Gemcabene 183293-82-5 302.05 C16H3005
PPAR-y Rosiglitazone (BRL49653) 0.006-0.043 [45] 122320-73-4 357.43 C13H9N303S
PPAR-y Indomethacin 40 [58] 53-86-1 357.8 C19H;6CINO,
PPAR-y Muraglitazar 0.004 [45] 317318-84-6 471.49 C,1H7F4NO5S,

Copyright © 2018 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 2. Transactivation methodology, for the agonist (A) and antagonist (B) assays. Assays were performed in 96-well plates
using a proprietary cell line from Indigo Biosciences, State College, PA. This proprietary cell line expresses a hybrid receptor
comprising the N-terminal Gal4 DNA-binding domain fused to the ligand-binding domain of the specific nuclear receptor. The
reporter gene used in this assay is the firefly luciferase, which is functionally linked to the Gal4 upstream activation sequence. The
fluorescence-based LCMA and luminescence-based nuclear receptor assay were performed sequentially using the same assay
wells. For the agonist assay, nuclear receptor reporter cells were incubated with the test compound for 24 hours followed by the
LCMA as shown, and relative fluorescence was read. Media were removed by aspiration, the detection reagent was added, and
relative luciferase activity was measured in a luminometer. The antagonist assay was performed in the same manner except in the
presence of agonist at a concentration at 2x than that of the ECgo. NR, nuclear receptor; RFU, relative fluorescence unit; RLU,

relative luciferase unit.

subtypes for dual or pan agonists. In this assay, the dual
PPAR-a/-y agonist muraglitazar showed agonist activity
against human PPAR-o and PPAR-Y, but not against mouse
and rat PPAR-a, consistent with the literature.*>

Under the assay conditions and construct used, gemca-
bene showed essentially little or no PPAR-a activity against
rat and mouse, but low marginal PPAR-o activity against
human at the highest concentration (300 uM) tested (Fig. 3).

Furthermore, 2 lots of the potent PPAR-8 agonist
GW07422146 were tested, and both gave identical activation
values (Fig. 3) with an ECsy of 0.0019 M against human,
and 0.036 pM and 0.059 pM against mouse and rat PPAR-S,
respectively (Table 2). PPAR-§ agonist L1650414447:48
showed potent PPAR-8 agonist activity against human
PPAR-3, with an ECsy of 0.176 pM, but less activation
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against the mouse PPAR-8 (ECs, of 0.640 pwM). Similarly,
the reference compound GW501516, widely studied for its
hypolipidemic activities,**3% showed potent PPAR-3 agonist
activity with an ECsy 0of 0.0016 wM against human, and ECs,
of 0.044 puM and 0.063 pM against mouse and rat PPAR-S,
respectively (Fig. 3 and Table 2). In conclusion, PPAR-3
reference compounds GW1516, L165041, and GW0742 con-
firm their robust agonist activity against human, mouse, and
rat PPAR-3 with maximal activation in the range of 37- to
409-fold. By contrast, gemcabene showed no activation up to
300-wM concentration against rat or mouse PPAR-8 and mar-
ginal activation against human PPAR-8 only at the highest
concentration tested. This clearly shows that gemcabene does
not possess any direct PPAR-8 agonist activity under the
assay conditions, whereas known PPAR-8 agonists showed

Copyright © 2018 Wolters Kluwer Health, Inc. All rights reserved.
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TABLE 2. PPAR Transcriptional Activation by Gemcabene and Reference Compounds (or Commercial Drugs) in Cell-Based
Transactivation Assays Using Gal-4 PPAR Chimeras Receptors

Assay Concentration Range Fold Change* ECso (1M)
Class Compound Tested (nM) Human Mouse Rat Human Mouse Rat Comments
PPAR-a  Gemcabene 137-300,000 1.0-5.2 1.0-2.0 1.0-1.7 ND¥ NAL NAL No concentration response
Fenofibric acid 137-300,000 2.4-30 1.3-61 0.66-97 47.1 35.8 194.0
Gemfibrozil 137-300,000 2.7-18 1.2-41 1.1-51 201.4 111.5 122.3
GW590735 0.457-1000 3.1-21 1.4-89 0.86-83 0.023 0.098 2.2
WY-14643 45.7-100,000 2.3-25 1.2-84 0.98-145 32.6 4.1 9.5
Muraglitazar 4.57-10,000 2.5-19 0.95-1.3 1.0-1.3 6.5 NAL NAt
PPAR-% Gemcabene 137-300,000 1.0-3.2 1.0-1.1 1.0-1.4 ND¥} NAL NA% No activity
EPA 137-300,000 1.7-75 1.1-11 1.1-13 90.5 ND¥t ND¥t Cell death at 300 .M
GW0742 0.0457-100 3.4-409  1.1-188 1.1-253 0.0019 0.036 0.059
GW501516 0.0457-100 2.0-383 1.1-165 1.10-218 0.0016 0.044 0.063
L165041 0.457-1000 1.7-315 1.0-112 1.0-37 0.176 0.64 ND¥}
PPAR-y  Gemcabene 137-300,000 1.0-5 1.0-3.6% ND+t ND No concentration response
Rosiglitazone 0.0457-100 0.92-35 1.1-76% 0.149 0.161
Indomethacin 137-300,000 1.1-52 1.0-90% 11.92 12.14 Cell death at 300 pM
Muraglitazar 0.0457-100 1.2-16 0.89-14% 0.217 ND+t

*Fold change indicates minimal and maximal activation.
TECso could not be determined.
fFor PPAR gamma, only the mouse transactivation assay was performed as the DNA-binding domain between the mouse and rat receptors is homologous.
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FIGURE 3. Graphical presentation of the transactivation assays for PPAR-o, PPAR-3, and PPAR-y agonists using GAL4-LBD.
Luciferase activity was measured after treatments with the indicated reference agents or test agent, gemcabene. Strong
(GW590735, muraglitazar), mild (WY-14643, fenofibric acid), and weak (gemfibrozil) PPAR-o. agonists were used as reference
agents in this assay against human, rat, and mouse PPAR-a as indicated. For PPAR-8, strong (GW0742, GW501516, L165041)
PPAR-3 agonists were used as reference agents in this assay against human, rat, and mouse PPAR-3 as shown. Similarly, strong
PPAR-y agonists were used as reference agents in this assay against human, rat, and mouse PPAR-y as indicated in the figure. Note
that there is a single graph for mouse and rat PPAR-y assay, as only the mouse transactivation assays was performed because the

DNA-binding domain between the mouse and rat receptors are homologous.
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FIGURE 4. Graphical presentations of the transactivation assay for PPAR antagonist activity. Luciferase activity was measured after
treatments with the indicated test agent, gemcabene, against human, rat, and mouse PPAR-a, PPAR-3, and PPAR-y in the
presence of appropriate agonists (WY-1453 for PPAR-a, GW501516 for PPAR-3, and rosiglitazone for PPAR-y). Although we could
not find a reference agent for PPAR-o. antagonist, we used GSK3787%8 and T0070907>' as PPAR-3 and PPAR-y antagonists,
respectively. Note that there is a single graph for mouse and rat PPAR-y assay, as only the mouse transactivation assays was
performed because the DNA-binding domain between the mouse and rat receptors are homologous.

expected level of agonist activities in a concentration-
dependent manner.

As displayed in Table 2 and Figure 3, known PPAR-y
activators showed expected activity in this assay. Gemcabene
did not show concentration-dependent activity up to 100-uM
concentration, in the 3 species tested. However, rodent and
human PPAR-Y receptors showed relatively marginal (3.6- to
5-fold) activation at (300 pM).

Because PPARs may influence lipid and carbohydrate
metabolism through antagonist activity,’! we tested whether
gemcabene has antagonist activity against PPAR subtypes in
human, rat, and mouse. As shown in Figure 4, gemcabene did
not display antagonist activity against any PPAR subtypes,
whereas known PPAR subtype antagonists®!->2 showed ex-
pected activities.

DISCUSSION

This study evaluated gemcabene as a direct agonist/
antagonist for the PPAR receptor subtypes in 3 species: rat,
mouse, and human, to corroborate the earlier physiological
findings of gemcabene-induced modulation of a subset of
PPAR-o, responsive genes in rodents.>® Specifically, we
sought to determine whether the observed biological effects
were a direct or indirect result of gemcabene activation of
PPAR-a-related genes.

In the current study, although the reference compounds
showed significant agonist activity in human, mouse, and rat
toward PPAR subtypes in transactivation assays, gemcabene

8 | www.jcvp.org

essentially lacked agonist activity against rat and mouse
PPAR-a up to the highest concentration tested (300 wM).
Unlike gemcabene, the reference PPAR-a activators showed
robust concentration-dependent transactivation against human
PPAR-a. ranging from 2.4-fold to 30-fold for fenofibric acid?°
and 2.3- to 25-fold for WY-146432° (Table 2). These refer-
ence agents also showed marked concentration-dependent
transactivation for mouse and rat PPAR-o. Muraglitazar,
a dual PPAR-o and -y agonist,*> showed 19- and 16-fold
activation of human PPAR-o and PPAR-y, respectively
(Table 2). The PPAR-o. agonist GW590735% also showed
robust maximal activation of 21-, 89-, and 83-fold against
human, mouse, and rat PPAR-a, respectively (Table 2). These
findings suggest that gemcabene lacks direct rat and mouse
PPAR-a activation and is an extremely weak direct agonist
for the human PPAR-a receptor. Given the central role of
PPAR-« in lipid metabolism,”-!-13 it is possible and likely
that gemcabene treatment in rodents causes an indirect PPAR-
o activation by endogenous cellular metabolites,?’33 as
observed during fasting and starvation.>!

Recognized PPAR-8  agonists  L165041,4447:48
GWO0742,21:46 and GW15164%-30 showed potent agonist activ-
ity against human, mouse, and rat PPARs with maximal acti-
vation in the range of 37- to 409-fold (Table 2). In this
experiment, gemcabene showed little or no activity and
lacked a dose-response for PPAR-8 agonist activity against
all species tested.

Finally, we investigated PPAR-Y agonist activity of
gemcabene, as PPAR-y activation is associated with

Copyright © 2018 Wolters Kluwer Health, Inc. All rights reserved.
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anti-inflammatory activities?>>?® and insulin sensitization.>3->#
As expected, the known PPAR-y activator rosiglitazone
showed potent agonist activity (Table 2), whereas gemcabene
did not show any activity up to 100-wM concentration and
modest activation at 300 wM, suggesting that gemcabene
possesses little or no direct PPAR-Y activation properties
depending on the species.

In terms of antagonist activities, the data do not indicate
a clear antagonist activity of gemcabene against any PPAR
subtype (human, mouse, and rat), with a clear lack of
concentration response.

CONCLUSION

In conclusion, these results rule out efficacious direct
agonist or antagonist activities of gemcabene against all 3
PPAR subtypes: -a, -Y, and -9, in human, rat, and mouse and
infer that gemcabene does not bind to, nor directly activate,
the PPAR nuclear hormone receptors to any appreciable
extent. These findings are in part in agreement with the sig-
nificant hypolipidemic efficacy of gemcabene when adminis-
tered to PPAR-o knockout mice,>>-3 suggesting that at least
some of gemcabene-mediated lipid regulation is independent
of the PPAR-a receptor. The MOA of currently available
therapies for hypertriglyceridemia rely on their PPAR activa-
tion,’® which incur an inherent safety concern, because
PPAR-a activation in rodents is associated with specific can-
cer pathologies.>®>7 Gemcabene seems to work through
a number of pleiotropic MOAs that we are in the process of
elucidating, but the current study shows that gemcabene does
not involve a direct PPAR agonist or antagonist component,
and that, most likely, in rodents, gemcabene activates PPAR-
a—responsive genes indirectly.
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