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Abstract. 

 

Squalene synthase inhibitors (SSIs), such as squalestatin 1 (SQ1), reduce cholesterol 

biosynthesis but cause accumulation of farnesyl pyrophosphate (FPP)-derived isoprenoids that 

can modulate the activity of nuclear receptors, including the constitutive androstane receptor 

(CAR), farnesoid X receptor, and peroxisome proliferator-activated receptors (PPARs). In 

comparison, 3-hydroxy-3-methylglutaryl-coenzyme A reductase inhibitors (e.g., pravastatin) 

inhibit production of both cholesterol and nonsterol isoprenoids.  To characterize the effects of 

isoprenoids on hepatocellular physiology, microarrays were used to compare orthologous gene 

expression from primary cultured mouse and rat hepatocytes that were treated with either SQ1 or 

pravastatin.  Compared to controls, 47 orthologs were affected by both inhibitors, 90 were 

affected only by SQ1, and 51 were unique to pravastatin treatment (P<0.05, ≥1.5-fold change).  

When the effects of SQ1 and pravastatin were compared directly, 162 orthologs were found to be 

differentially co-regulated between the two treatments.  Genes involved in cholesterol and 

unsaturated fatty acid biosynthesis were upregulated by both inhibitors, consistent with 

cholesterol depletion; however, the extent of induction was greater in rat than in mouse 

hepatocytes.  SQ1 induced several orthologs associated with microsomal, peroxisomal, and 

mitochondrial fatty acid oxidation and repressed orthologs involved in cell cycle regulation. In 

comparison, pravastatin repressed the expression of orthologs involved in retinol and xenobiotic 

metabolism.  Several of the metabolic genes altered by isoprenoids were inducible by a PPARα 

agonist, whereas CYP2B was inducible by activators of CAR.  Our findings indicate that SSIs 

uniquely influence cellular lipid metabolism and cell cycle regulation, probably due to FPP 

catabolism through the farnesol pathway. 
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Introduction. 

 

Cardiovascular disease (CVD) is the leading cause of mortality worldwide, and elevated 

low-density lipoprotein (LDL)-cholesterol is a major risk factor for CVD development (Mathers 

et al., 2009; Goldstein and Brown, 2015).  Inhibitors of 3-hydroxy-3-methylglutaryl-coenzyme A 

reductase (HMGCR, ie, statins), the rate limiting enzyme in cholesterol biosynthesis (Fig. 1), are 

the most widely used class of anti-cholesterol drugs.  Various clinical trials have demonstrated 

the efficacy of statin therapy in lowering LDL-cholesterol and reducing both CVD morbidity and 

mortality (Cholesterol Treatment Trialists et al., 2010; Cholesterol Treatment Trialists et al., 

2015).  However, statin use in some individuals is limited due to the development of adverse 

reactions, such as myopathies (Tomaszewski et al., 2011).  Additionally, despite aggressive 

statin therapy, certain populations have high residual risk for CVD (Campbell et al., 2007; 

Sampson et al., 2012), therefore alternative lipid-modifying agents are needed. 

Squalene synthase inhibitors [SSIs; e.g., squalestatin 1 (SQ1)] are a class of anti-

cholesterol drugs that block the first committed step in sterol synthesis, in which farnesyl 

pyrophosphate (FPP) is converted to squalene (Fig. 1) (Do et al., 2009).  Compared to inhibitors 

of HMGCR, SSIs preserve the synthesis of nonsterol isoprenoids that are utilized in the post-

translational modification of proteins, glycoprotein synthesis, and for components of aerobic 

metabolism (Krag, 1998; Edwards and Ericsson, 1999; Dallner and Sindelar, 2000; McTaggart, 

2006).  Additionally, FPP can be dephosphorylated to farnesol, and then further metabolized to 

produce farnesoic acid and a number of chain-shortened dicarboxylic acids (DCAs) that are 

detectable in the urine (Bostedor et al., 1997; Vaidya et al., 1998).  Several of these isoprenoid 

compounds function as signaling molecules that can modulate the activities of nuclear receptors 
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including peroxisome proliferator-activated receptors-α and γ (PPARα; PPARγ), the constitutive 

androstane receptor (CAR), and farnesoid X receptor (FXR) (Forman et al., 1995; Kocarek and 

Mercer-Haines, 2002; Takahashi et al., 2002; Rondini et al., 2016).  Therefore, compared to 

statins, SSIs likely have distinctive effects on hepatic metabolism. 

Similar to statins, treatment with SSIs has been shown to lower non-high-density 

lipoprotein (HDL) cholesterol in preclinical models (Hiyoshi et al., 2000; Hiyoshi et al., 2001; 

Nishimoto et al., 2003).  SSIs also markedly reduced serum triglycerides through an LDL 

receptor-independent mechanism (Hiyoshi et al., 2001).  The effect on triglyceride levels is 

thought to be mediated through farnesol and/or a farnesol metabolite (Hiyoshi et al., 2003), as 

farnesol treatment also decreased triglyceride biosynthesis and reduced hepatic steatosis, in part 

through PPARα activation (Duncan and Archer, 2008; Goto et al., 2011a).  Elevated triglycerides 

are a known risk factor for CVD and commonly associated with metabolic dyslipidemia (Eckel 

et al., 2005; Boullart et al., 2012).  Although the SSI lapaquistat (TAK-475) showed promising 

effects on serum lipid profiles in primates (Nishimoto et al., 2003), it’s development was 

terminated during phase III clinical trials due to safety concerns and lack of commercial viability 

at lower doses (Stein et al., 2011).  Nonetheless, there is still significant interest in SSI and the 

isoprenoid pathway with respect to hepatic lipid metabolism (Goto et al., 2011a; Nagashima et 

al., 2015) and as a potential therapeutic target for a variety of other conditions (Shang et al., 

2014; Yang et al., 2014; Saito et al., 2015; Healey et al., 2016). 

The liver is central to cholesterol metabolism and is a major target for hypolipidemic 

drugs.  Previous studies have compared the effect of different statins on hepatocellular gene 

expression (Hafner et al., 2011; Leszczynska et al., 2011; Schroder et al., 2011).  However, a 

detailed evaluation of SSI treatment on global gene responses has not been previously 
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performed, which is important for understanding both the beneficial as well as potentially 

adverse effects of isoprenoids on hepatocellular physiology.  In the current investigation we 

therefore evaluated the effects of SQ1 on orthologous gene expression changes in primary 

cultured rodent hepatocytes using microarrays.   Both mouse and rat hepatocytes were included 

to focus our analysis on conserved responses that are likely indicative of isoprenoid signaling 

mechanisms across species.  Additionally, because SSIs also reduce cholesterol biosynthesis, 

effects of SQ1 were compared to those of the HMGCR inhibitor, pravastatin (Prav).  Prav was 

selected because unlike other statins, it is not extensively metabolized (Hatanaka, 2000) and it 

does not produce off-target effects such as activation of xenobiotic-sensing receptor(s) (Kocarek 

and Reddy, 1996; Kocarek et al., 2002).  Therefore, Prav was used to distinguish gene expression 

changes that were due to hepatic sterol depletion (Prav and SQ1) from those due to endogenous 

isoprenoid accumulation (SQ1).  Treatment-induced changes were further validated using more 

sensitive methods and informative signaling pathways are discussed.      

 

Material and Methods. 

 

Materials.  SQ1 was generously supplied from GlaxoSmithKline (Research Triangle Park, NC) 

and Prav from Bristol-Myers Squibb (Wallingford, CT).  Cell culture medium and reagents were 

purchased from Invitrogen (Carlsbad, CA), primers from Integrated DNA Technologies (IDT; 

Coralville, IA), PureCol from Advanced Biomatrix (San Diego, CA), phenobarbital (PB), 

dimethyl sulfoxide (DMSO), 1,4-bis-[2-(3,5-dichloropyridyloxy)]benzene (TCPOBOP), and 

ciprofibrate (Cipro) from Sigma-Aldrich (St. Louis, MO), Matrigel from Corning (Tewksbury, 
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MA), and the cDNA synthesis kit and SYBR green master mix from Life Technologies 

(Carlsbad, CA).  Other sources of reagents are provided below. 

 

Primary Culture of Mouse and Rat Hepatocytes.  Animal procedures were conducted in 

accordance with the regulatory guidelines of the Division of Laboratory Animal Resources at 

Wayne State University (Detroit, MI).  Adult male and female C57BL/6 mouse breeder pairs 

were generously donated by Dr. Masahiko Negishi (National Institute of Environmental Health 

Sciences; Research Triangle Park, North Carolina) and used for colony generation.  Male 

offspring (7-8 weeks of age) produced from this colony were then used for primary hepatocyte 

isolation.  Adult male Sprague-Dawley rats (175–200 g) were purchased from Harlan Sprague 

Dawley (Indianapolis, IN) and, upon receipt, allowed one week to acclimatize prior to use.  All 

animals were housed in an Association for Assessment and Accreditation of Laboratory Animal 

Care-approved animal facility in temperature (23±2 ºC) and humidity controlled rooms with a 12 

hour light-dark cycle and allowed free access to chow and house distilled water.   

Primary hepatocytes were isolated with a two-step collagen perfusion using methods 

described in detail elsewhere (Kocarek and Reddy, 1996; Wu et al., 2001).  Immediately 

following isolation, 1.2 million (mouse) or 1.6 million (rat) viable hepatocytes per well were 

plated onto collagen-coated 6-well plates.  Hepatocyte cultures were maintained in Williams' E 

medium supplemented with 0.25 U/ml insulin, 0.1 μM triamcinolone acetonide, 100 U/ml 

penicillin, and 100 μg/ml streptomycin.  Twenty-four hours after plating, medium was replaced 

with fresh medium containing Matrigel (1 to 50 dilution).  The following day, cholesterol 

synthesis inhibitors (0.1 μM SQ1 or 30 μM Prav) or nuclear receptor activators (100 μM PB, 

0.25 μM TCPOBOP, or 100 μM Cipro) were added to the culture medium from concentrated 
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stock solutions dissolved in either water (SQ1, Prav, PB) or DMSO (TCPOBOP, Cipro).  Culture 

medium containing drugs was replaced once after 24 h.  Forty-eight hours following the initial 

treatment, total RNA was extracted from the hepatocytes and processed for microarray or qRT-

PCR analysis as described in more detail below.  

 

Microarrays of Mouse and Rat Hepatocytes Treated with SQ1 or Prav.  Two independent 

preparations of primary cultured mouse or rat hepatocytes were treated with either medium alone 

(i.e., untreated control) or medium containing SQ1 or Prav (8 wells/treatment/hepatocyte 

preparation; 16 wells/treatment/species total).  Forty-eight hours following the initial drug 

treatment, total RNA was extracted from the hepatocytes and column purified with RNeasy 

columns (Qiagen; Valencia, CA).  Following isolation, RNA quality was assessed using a 2100 

Bioanalyzer (Agilent Technologies; Santa Clara, CA) and only high quality RNA (RNA integrity 

number >9) was used in subsequent steps.  Total RNA was pooled from two wells/treatment 

group, providing 8 RNA samples/treatment group/species for microarray analysis.  The RNA 

samples (500 ng) with Agilent spike-in controls were amplified using the TargetAMP 1-Round 

Aminoallyl-aRNA Amplification Kit 101 according to manufacturers’ instructions (Epicentre, 

Madison, WI).  Five µg of each aminoallyl-aRNA sample was then fluorescently labeled with 

Alexa 647 or Alexa 555.  Microarrays were performed using Mouse GE 4x44K v2 and Rat GE 

4x44K v3 whole genome arrays (Agilent Technologies), with a basic two-color hybridization 

design to compare relative gene expression levels in SQ1 vs untreated (control) and Prav vs 

control samples.  To minimize the potential effect of transcript-dependent dye bias on fluorescent 

intensity signals, for each set of 8 arrays, 4 of the arrays were hybridized with Alexa 647-labeled 

RNA from control samples and Alexa 555-labeled RNA from drug-treated samples, while in the 
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other 4 arrays the dye orientation was reversed.  Microarrays were scanned using the Agilent 

dual laser DNA microarray scanner (Model G2565AA) and image analysis was performed using 

Agilent Feature Extraction software.  Outlier features having aberrant image characteristics were 

flagged and excluded from subsequent analysis.  The data were further processed and analyzed 

as described in detail within the Statistical Analyses section.  All microarray data have been 

deposited and are available on the GEO database (www.ncbi.nlm.nih.gov/geo). 

 

Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR).  Forty-eight 

hours following the initial drug treatment, total RNA was extracted from cells, and cDNA was 

synthesized from total RNA (2 µg) using the High Capacity Reverse Transcription cDNA Kit 

(Life Technologies, Carlsbad, CA). Quantitative determination of gene expression was 

performed using the StepOne Plus Real Time PCR System (Applied Biosystems, Foster City, 

CA), gene-specific primers (75-250 nM), and SYBR green master mix.  Primers were designed 

using the Primer-BLAST program (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) (Ye et al., 

2012), and a complete listing of the mouse and rat primer pairs used for gene expression analysis 

is available in Supplemental Tables 1-2.  For each assay, a commercially designed primer set to 

detect mouse (P/N Mm.PT.39a.22214839) or rat (P/N Rn.PT.51.24118050) TATA binding 

protein (TBP) was purchased from Integrated DNA Technologies (IDT; Coralville, IA) and used 

as the endogenous control.  The PCR cycling conditions have been described in detail elsewhere 

(Rondini et al., 2016).  All assays were performed in duplicate (n=3-6/treatment) and the relative 

fold-changes were then quantitated using the comparative CT (ΔΔCT) method.   
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Statistical Analyses.  Statistical analysis for qRT-PCR was performed using SigmaStat 

Statistical Software (Version 3.5; Point Richmond, CA).  Normalized expression values were 

analyzed using a one or two-way analysis of variance (ANOVA) as appropriate, and when 

significant differences were detected (P<0.05), group comparisons were made using the Student-

Newman-Keuls test.  Results are presented as mean ± S.E.M.  For microarray analysis, raw 

fluorescence intensities were normalized using the Lowess method in Agilent’s Feature 

Extraction Software (Santa Clara, CA).  Normalized values were then imported into Genespring 

v 12.6.1 for further filtering and statistical analyses (Agilent; Santa Clara, CA).  Differentially 

expressed transcripts (SQ1 vs untreated controls, Prav vs control, SQ1 vs Prav) were detected 

using a T-test against zero and the Benjamini & Hochberg False Discovery Rate (FDR) post-test 

to correct for multiple comparisons.  Results were filtered to exclude genes with an FDR > 5% 

and those displaying less than a ± 1.5-fold change between treatments.  Differentially expressed 

transcripts were then exported into Microsoft Excel and Access for further sorting and 

processing.  When present, values from replicate transcripts were averaged.  For inter-species 

comparisons, orthologous genes were retrieved using Homologene 

(http://www.ncbi.nlm.nih.gov/homologene) and the rat genome databases (http://rgd.mcw.edu/).  

The PANTHER database (http://www.pantherdb.org/) was used to classify transcripts into 

biological categories and the Web-based Gene Set Analysis Toolkit 

(http://bioinfo.vanderbilt.edu/webgestalt/option.php) for Pathway enrichment analysis.  Pathway 

enrichment P values were calculated using a hypergeometric distribution test followed by the 

Benjamini & Hochberg post-test.  Heat Maps displaying differential gene changes were 

generated using GENE-E software v 3.0.204 
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(http://www.broadinstitute.org/cancer/software/GENE-E/index.html) and data are displayed on a 

Log2 scale.   

Results. 

 

Profile of global gene expression changes significantly altered in primary cultured mouse 

and rat hepatocytes following treatment with SQ1 or Prav.  The number and distribution of 

RNA transcripts significantly altered by either SQ1 or Prav in primary cultured mouse 

hepatocytes are presented in Fig. 2.  Among the 39, 430 genes represented on the mouse Agilent 

microarray slides, 691 transcripts (318 upregulated and 373 downregulated) were significantly 

affected by SQ1 and 3567 transcripts by Prav (1433 upregulated, 2134 downregulated) when 

compared to untreated, control hepatocytes (Fig. 2A).  Among these, 333 genes (166 

upregulated, 167 downregulated) were unique to SQ1 treatment, 3209 genes (1303 up, 1906 

down) were unique to Prav, and 358 genes were significantly affected by both treatments (111 

co-upregulated, 188 co-downregulated, 59 differentially regulated; ≥1.5-fold, P<0.05; Fig. 2B).  

As shown in Fig. 2C, a large portion of the known genes significantly affected by either 

treatment were associated with metabolic (lipid, protein, nucleobase-containing) and cellular 

processes (cell communication, movement, and cell cycle), representing ~45% of the total gene 

expression changes.   

RNA transcripts significantly affected in primary cultured rat hepatocytes are presented 

in Fig. 2D.  Among the 30,003 Entrez gene probes represented on the rat arrays, 2803 transcripts 

(1196 upregulated and 1607 downregulated) were significantly affected by SQ1 and 943 

transcripts by Prav (425 upregulated, 518 downregulated) compared to untreated controls (Fig. 

2D).  SQ1 treatment uniquely affected 2182 genes (888 upregulated, 1294 downregulated), Prav 
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affected 322 (126 upregulated, 196 downregulated), while 621 genes were commonly affected by 

both cholesterol synthesis inhibitors (294 co-upregulated, 308 co-downregulated, 19 

differentially regulated; Fig. 2E).  Similar to the effects observed in mouse hepatocytes, a large 

share of genes affected by either treatment were associated with metabolic and cellular 

processes, representing ~45% of total known gene changes (Fig. 2F).   

 

Comparative ortholog analysis to identify conserved common and drug-specific gene 

expression changes in primary mouse and rat hepatocytes.  Species-specific responses to 

pharmacological and toxicological agents are generally accepted and have been well-reported 

(Forgacs et al., 2013).  To understand key biological pathways affected by isoprenoid 

accumulation that are conserved across species and that therefore likely represent core functions 

of isoprenoids on hepatocellular physiology, lists of regulated genes among species were further 

processed to identify treatment-specific orthologs, as depicted in Fig. 3A.  To identify orthologs 

uniquely affected by SQ1 treatment, we evaluated 313 of the SQ1-regulated mouse genes with 

known orthologs (264 of the 333 genes originally identified as unique to SQ1 treatment (Fig. 2B) 

and 49 differentially regulated transcripts from the 358 genes originally identified as regulated 

by both SQ1 and Prav (Fig. 2B)) and 1561 SQ1-regulated rat genes with known orthologs (1552 

of the 2182 genes originally identified as unique to SQ1 and 9 differentially regulated transcripts 

from the 621 genes originally identified to be regulated by both SQ1 and Prav) (Fig. 3A)).  To 

identify those uniquely affected by Prav treatment, we evaluated 2295 Prav-regulated mouse 

genes with known orthologs (2246 of the 3209 genes originally identified as unique to Prav (Fig. 

2B) and 49 genes differentially regulated by SQ1 and Prav) and 221 Prav-regulated rat genes 

(212 of the 322 genes originally identified as unique to Prav in Fig. 2B and 9 differentially 
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expressed transcripts).  Differentially expressed transcripts (SQ1 vs CON compared to Prav vs 

CON) are defined as genes significantly affected by both SQ1 and Prav and therefore originally 

included in the intersection (Fig. 2B, 2E), but displaying the opposite direction of change.  

Orthologs significantly co-regulated by both SQ1 and Prav treatment (286 genes in mice and 435 

genes in rat hepatocytes) were also evaluated to identify conserved, drug-independent gene 

expression changes responsive to cellular cholesterol depletion.   

 

Orthologous genes commonly affected by both SQ1 and Prav in primary cultured mouse 

and rat hepatocytes.  As shown in Fig. 3A and 3B, we identified 47 orthologous genes 

commonly affected by both SQ1 and Prav in mouse and rat primary hepatocytes.  Among these, 

42 genes showed similar responses in both species with 23 genes co-induced by cholesterol 

synthesis inhibition and 19 genes co-repressed (Fig. 3B).  However, the overall magnitude of the 

co-induced genes was species-dependent, with rats generally having responses of up to ~10-fold 

greater than those observed in mice for the most highly induced genes.  Among orthologs co-

induced were several involved in cholesterol biosynthesis (Cyp51, Hmgcr, Mvd, Lss, Idi1, Pmvk, 

Nsdhl, Tm7sf2, and Hsd17b7), whereas those co-repressed were associated with chemokine 

signaling (Ccl6, Ccl12), adipogenesis (Lpl, Slc2a4), as well as sodium/bile acid transport 

(Slc10a1).  Other co-induced genes include the proprotein convertase subtilisin/kexin type 9 

(Pcsk9), which targets the LDL receptor for degradation (Horton et al., 2007); Stard4, a sterol-

responsive gene which regulates cholesterol transport between organelles (Rodriguez-Agudo et 

al., 2008; Calderon-Dominguez et al., 2014); the transcription factor Nfe2; and Scd2 (Scd in rats), 

which is involved in the synthesis of monounsaturated fatty acids. 
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Orthologous genes uniquely affected by SQ1 in primary cultured mouse and rat 

hepatocytes.  A heatmap displaying orthologs unique to SQ1 treatment compared to untreated 

controls is displayed in Fig. 3C.  Ninety orthologs were found to be unique to SQ1 treatment, 

with 72 genes (26 co-induced and 46 co-repressed; 80% of genes) displaying the same direction 

of change whereas 18 genes were differentially expressed in mouse when compared with rat 

hepatocytes.  Previous studies have indicated that treatment with either an SSI or farnesol 

increased the expression of select PPAR-regulated genes (Takahashi et al., 2002; Goto et al., 

2011b).  Consistent with these findings, we found that many of the genes co-induced by SQ1 

were strongly associated with lipid/fatty acid metabolism and are also identified as PPAR target 

genes including Cyp4a10, Cyp4a14 (CYP4A2 and 4A3 in rat), Cyp4a31 and Cyp4a32 (CYP4A1 

in rat), Cpt1b, and Ehhadh.  Additional classes of genes co-induced included those involved in 

drug/xenobiotic metabolism [Cyp2b10, Cyp2b23 (CYP2B1/2 and CYP2B21, respectively in rat)] 

as well as several acyl-CoA thioesterases (Acot1, Acot2, Acot3, Acot4), which play a role in lipid 

metabolism by regulating intracellular CoA levels and levels of activated substrates for 

peroxisomal and mitochondrial fatty acid oxidation (Hunt et al., 2012; Hunt et al., 2014) (Fig. 

3C).  Among the genes uniquely co-repressed by SQ1-treated when compared to control 

hepatocytes were those involved in cell cycle regulation, including several cyclins (Ccna2, 

Ccnb1, Ccnb2, Ccne2), the cyclin dependent kinase Cdk1, and genes associated with DNA 

replication/chromosome segregation (Orc1, Plk1, and Top2a) (Fig. 3C).    

Orthologous genes uniquely affected by Prav in primary cultured mouse and rat 

hepatocytes.  A heatmap displaying orthologs unique to Prav treatment compared to untreated 

controls is displayed in Fig. 3D.  A total of 51 orthologous genes were identified, among which 

41 (9 co-induced and 32 co-repressed; 80% of genes) displayed the same direction of change 
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across species.  A majority of the conserved genes specific for Prav treatment were co-repressed, 

including several involved in retinol and xenobiotic metabolism  (Adh1, Adh7, Cyp1a2, Ugtb1) 

as well as in metabolic pathways (Ces1e, Uroc1, Adh7, Gck, Gls2, Adh1, Csad).  Orthologs that 

were co-induced include the sterol-sensitive transcription factor sterol regulatory element-

binding factor-2 (Srebf2), epoxide hydrolase 4 (Ephx4), the iron-regulatory and type II acute 

phase protein hepcidin (Hamp), and the amyotrophic lateral sclerosis 2 gene (Als2cr12), which 

encodes a putative GTPase regulator (Hadano et al., 2001) (Fig. 3D).   

 

Orthologous genes differentially affected by SQ1 compared to Prav in primary cultured 

mouse and rat hepatocytes.  Obvious species-specific differences in the magnitude of fold-

changes were observed following treatment with SQ1 or Prav, most notably for cholesterol 

biosynthetic enzymes (Fig. 3B).  To gain further insight into effects that may have been more 

subtly regulated by isoprenoid depletion (Prav) or accumulation (SQ1) across species but are 

nonetheless important in isoprenoid signaling and physiology, we additionally compared 

orthologous expression between treatments (SQ1 vs Prav) using a 1.5-fold cut-off for biological 

significance.  

 As shown in Fig. 4A, we identified 3154 transcripts (1873 higher, 1281 lower) that were 

differentially affected in the mouse and 1652 (723 higher, 929 lower) in the rat when comparing 

SQ1- versus Prav-treated hepatocytes (Fig. 4A).  Among these, 410 orthologs were affected in 

both species (Fig. 4B, 4C), whereas 1867 (mouse) and 780 (rat) orthologs exhibited species-

specific expression patterns (Fig. 4B).  Within the 410 orthologs that were commonly affected, 

162 orthologs displayed similar expression patterns in both species (104 genes that were 

differentially higher and 58 differentially lower in SQ1-treated relative to Prav-treated 
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hepatocytes) (Fig. 4B, 4C).  Orthologs that were differentially lower in SQ1-treated hepatocytes 

included several genes involved in cell cycle regulation (Orc1, Cdc6, Pole2, Bub1b) as well as 

cytokine signaling (Tnf, Cd40, Ccl7, Tnfsf18, Kitl, Cxcl2) (Fig. 4C).  Nr0b2, the prototypical 

target gene for FXR activation was also differentially regulated by the treatments, being strongly 

repressed by Prav and more moderately reduced by SQ1.  As observed when comparing SQ1 to 

controls, several genes that were differentially higher in SQ1-treated compared to Prav-treated 

hepatocytes included a cluster of PPAR-regulated genes [Cyp4a10 (CYP4A1 in rat), Fabp1, 

Acox1, Cpt1b, Cyp4a31 and 4a32 (CYP4A1 in rat), Cyp4a14 (CYP4A2 and 4A3 in rat), Acaa1b, 

Acsl1, Cpt2, and Ehhadh], and genes involved in fatty acid β-oxidation (Cpt1b, Acat1, Ehhadh, 

Ech1, Hadh, Hadha, Hadhb, Decr1, Crat, Acsl1, Slc25a20, Cpt2, Abcd3), fatty acid ω-oxidation 

(Aldh1a1, Adh7, Cyp1a2), drug and xenobiotic metabolism [Cyp2b10 (CYP2B1 in rat), Cyp2b23 

(CYP2B21 in rat), Cyp3a11 (CYP3A23/3A1 in rat), Cyp3a16 (CYP3A23/3A1 in rat), Adh7, 

Cyp1a2, Ugt2b1, Gstk1)], as well as various ACOT enzymes such as Acot1 (cytosolic), Acot2 

(mitochondrial), and Acots 3, 4, and 5 (peroxisomal). 

 

Validation of select gene expression changes by qRT-PCR.  The relative expression of several 

genes involved in cholesterogenesis and lipid metabolism in response to SQ1 and Prav treatment 

was further validated by qRT-PCR and results are presented in Fig. 5-6.  In general, the 

expression changes observed using microarrays were in accordance with the changes measured 

by qRT-PCR.  As shown in Fig. 5A-B, treatment with either drug, as expected, resulted in 

transcriptional upregulation of several cholesterol biosynthetic enzymes including Hmgcs1, 

Hmgcr, Mvd, Idi1, Lss, and Cyp51; however, the relative fold-changes were generally lower in 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on May 25, 2016 as DOI: 10.1124/jpet.116.233312

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #233312 
 

18 

 

mouse hepatocytes (Fig. 5A) than those observed in rat hepatocytes (Fig. 5B), reflecting species 

differences in hepatocellular responses to cholesterol depletion.   

 Select genes differentially regulated by SQ1 and Prav were also analyzed by qRT-PCR 

(Fig. 6A, 6B).  Since many of the differentially regulated transcripts were identified as putative 

PPAR- or CAR-target genes with identified roles in lipid and xenobiotic metabolism, 

respectively, we focused on orthologs within this cluster for further confirmation (Fig. 6A, 6B).  

As shown in Fig. 6A and 6B, the prototypical PPAR and CAR target genes, Cyp4a10 (CYP4A1 

in rats) and Cyp2b10 (CYP2B1 in rats), respectively, were strongly induced (>3-fold) by SQ1 

across species, although CAR-mediated responses tended to be higher in rat hepatocytes whereas 

PPAR-mediated responses were greater in mouse hepatocytes (Fig. 6A, 6B).  Genes associated 

with peroxisomal (Acox1, Acot3, Acot4, Ehhadh) and mitochondrial β-oxidation (Acaa2, Acot2, 

Hadhb, Cpt1b, Cpt2, Slc25a20) were also generally expressed at higher levels in SQ1- compared 

to Prav-treated hepatocytes.  However, in the mouse, endogenous isoprenoids appeared to 

influence basal expression of these genes as Prav treatment downregulated their mRNA levels, 

while SQ1 either did not change or increased the mRNA levels compared to untreated 

hepatocytes (Fig. 6A).  In comparison, in rat hepatocytes the expression levels were much less 

affected by Prav and generally induced following SQ1 treatment (Fig. 6B).  Other genes 

differentially regulated by SQ1 included the mitochondrial solute transporter Slc25a34, the 

pyruvate dehydrogenase inhibitor Pdk4, liver fatty acid binding protein (Fabp1), Aldh1a1, an 

aldehyde dehydrogenase enzyme involved in ω-oxidation and retinol metabolism, as well as 

Acsl1 and Acot1, which are enzymes involved in regulating activation and deactivation of fatty 

acids, respectively (Fig. 6A-B).   
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 As shown in Fig. 7A and B, most of the metabolic enzymes that were surveyed were also 

inducible by the prototypical PPARα agonist, Cipro, in both species whereas Cipro-mediated 

induction of the mRNA for Acaa2, Acsl1, Hadhb, and Slc25a20 was significant in rats only.  

Comparably, despite a suggested role for CAR in lipid metabolism in rodents, only CYP2B 

expression was induced by the prototypical CAR agonists TCPOBOP and PB in mouse and rat 

hepatocytes, respectively (Fig. 7A, 7B).  A species-dependent interaction was also observed 

among treatments with respect to gene regulation by the nuclear receptors CAR and PPAR.  

These changes may reflect species-dependent regulation of CAR responses following PPAR 

activation as discussed elsewhere (Guo et al., 2006; Wieneke et al., 2007; Saito et al., 2010; 

Rondini et al., 2016).  In mouse hepatocytes, PPAR activation by the prototypical agonist Cipro 

decreased expression of the CAR target gene, Cyp2b10, by ~50%, whereas in the rat, PPAR 

activation increased CYP2B1 expression by ~5-fold.  CAR activation in rat hepatocytes also 

partially suppressed expression of the PPAR target genes Cyp4a1, Pdk4, Ehhadh, Cpt2, and 

Slc25a20, but this effect was not observed in mouse hepatocytes (Fig. 7A, B).   

 

 

Discussion. 

 

 The current investigation was designed to elucidate the effects of endogenous isoprenoids 

on gene expression in primary mouse and rat hepatocytes.  Using microarrays, we compared 

orthologous gene expression produced by two cholesterol synthesis inhibitors: SQ1, which 

causes isoprenoid accumulation, and Prav, which blocks isoprenoid production. Although not the 

primary focus of this study, orthologs commonly affected by both cholesterol synthesis inhibitors 
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were also evaluated to differentiate the effects of sterol depletion from those due to isoprenoid 

accumulation.  

 Both statins and SSIs reduce non-HDL cholesterol by inhibiting de novo cholesterol 

biosynthesis, leading to a compensatory upregulation of LDL receptors on the surface of the 

hepatocytes and enhanced clearance of LDL-cholesterol (Bilheimer et al., 1983; Nishimoto et al., 

2003).  This transcriptional pathway is regulated through activation of the sterol regulatory 

element-binding proteins (SREBPs) (Horton et al., 2002).  Under reduced sterol conditions, 

inactive SREBP precursors are transported from the endoplasmic reticulum to the Golgi 

apparatus for proteolytic processing, resulting in nuclear translocation and activation of 

responsive genes (Goldstein and Brown, 2015).  In the current study, many of the orthologs co-

induced by SQ1 and Prav have been previously identified as SREBP2 targets (Horton et al., 

2003) and are consistent with changes identified in tissues of SREBP2-transgenic mice (Ma et 

al., 2014).  For example, the most highly induced class of genes was associated with cholesterol 

and unsaturated fatty acid biosynthesis.  The level of upregulation was similar between drugs, 

indicating comparable effects on cholesterol inhibition.  However the most striking difference 

was in the magnitude of change across species.  In general, the fold changes were several-fold 

higher in rat than in mouse hepatocytes.  The basal hepatic cholesterol synthesis rate is 

reportedly 4-12 times higher in rats compared to other species (Spady and Dietschy, 1983), 

suggesting that this difference may influence the magnitude of SREBP2-mediated responses 

under conditions of reduced sterol synthesis. 

 SSIs markedly reduce triglyceride biosynthesis, which is independent from effects on 

LDL cholesterol (Hiyoshi et al., 2001; Amano et al., 2003) and is dependent on metabolism 

through the farnesol pathway (Hiyoshi et al., 2003).  Isoprenoids are known to modulate nuclear 
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receptor signaling pathways including PPAR, CAR, and FXR (Forman et al., 1995; O'Brien et 

al., 1996; Kocarek and Mercer-Haines, 2002; Takahashi et al., 2002; Goto et al., 2011a), which 

is suggested to partially account for some of these effects (Goto et al., 2011a).  In the current 

study, many of the orthologs uniquely affected by SQ1 treatment were associated with fatty acid 

metabolism and are also transcriptional targets of PPARα.  Therefore, at least some of these gene 

expression changes are likely attributable to isoprenoid-mediated PPAR activation.  The CAR-

target gene, CYP2B, was also induced, although more strongly in rat than in mouse hepatocytes.  

Although CAR is suggested to influence hepatocellular lipid metabolism (Dong et al., 2009; 

Goto et al., 2011a), the panel of fatty acid-metabolizing enzymes altered by isoprenoids in this 

study did not appear to be strongly regulated through CAR activation. 

 The metabolic route for FPP metabolism following squalene synthase inhibition is 

proposed to occur through the farnesol–farnesoic acid–DCA pathway described by Gonzales-

Pacanowska et al. (Gonzalez-Pacanowska et al., 1988), although an alternative pathway has been 

suggested (DeBarber et al., 2004).  Farnesol-derived DCAs are then partially catabolized from 

the ω-carbon, producing a family of C12 and C10 DCAs that can be detected in the urine 

(Bostedor et al., 1997; Vaidya et al., 1998).  The enzymatic steps involved in this pathway have 

not been fully elucidated; however, based on the gene expression changes observed in this study, 

they may involve components of microsomal, peroxisomal, as well as mitochondrial oxidation.  

For example, oxidation of farnesol to farnesoic acid was recently shown to be catalyzed by 

alcohol dehydrogenases 1 and 7 followed by a microsomal aldehyde dehydrogenase (Endo et al., 

2011), and we found Adh7 to be regulated by SQ1 treatment.  Several CYP4A orthologs were 

also highly induced by SQ1 compared to control or Prav-treated cells.  CYP4A enzymes catalyze 

the ω-hydroxylation of various fatty acid substrates (Okita and Okita, 2001), including the 
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branched fatty acid phytanic acid (Xu et al., 2006), and based on the extent of upregulation in 

this study may potentially be involved in catalyzing the ω-hydroxylation of farnesoic acid. 

 Peroxisomal β-oxidation is involved in chain length shortening of fatty acids and is the 

primary pathway for metabolism of bile acids, and very long chain and branched-chain fatty 

acids (Reddy and Hashimoto, 2001).  In the current study, several genes associated with 

peroxisomal and mitochondrial β-oxidation were regulated by SQ1.  Additionally, Acot genes 

were also upregulated following SQ1 treatment.  ACOTs are auxiliary enzymes catalyzing the 

hydrolysis of fatty acyl-CoAs with suggested roles in regulating intracellular CoA levels and in 

fatty acid metabolism (Hunt and Alexson, 2008), potentially by generating ligands for PPAR 

activation (Gachon et al., 2011; Hunt et al., 2014).  Many of these changes are consistent with 

farnesol-derived DCAs undergoing partial oxidation in the peroxisome, producing chain-

shortened DCAs that can then either be excreted or further metabolized in the mitochondria 

(Hiyoshi et al., 2003).  Based on substrate specificity, ACOT3 or ACOT5 (ACOT4 in humans) 

would likely terminate peroxisomal β-oxidation, producing the DCAs identified by Bostedor et 

al. (Bostedor et al., 1997), although additional steps involved in regulating the extent of 

oxidation and degree of saturation are not currently known.  Building on previous findings and 

the SQ1-mediated gene expression changes detected in the current study, a proposed model of 

FPP metabolism is depicted in Fig. 8.   

 The most enriched gene class repressed by SQ1 when compared to either control or Prav-

treated hepatocytes was associated with cell cycle regulation and DNA synthesis.  These effects 

were not observed with Prav.  Farnesol has been reported to induce apoptosis and cell cycle 

arrest in a number of different cell lines, with cancer cells more sensitive to the effects of 

farnesol (Wiseman et al., 2007; Joo and Jetten, 2010).  Although SSIs had good hepatic safety in 
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preclinical trials (Nishimoto et al., 2003), Nagashima et al. (2015) recently described a transient 

liver dysfunction and mild hepatomegaly in hepatic-specific squalene synthase knockout mice 

(Nagashima et al., 2015).  This was associated with elevated serum alanine aminotransferase 

levels and an increase in apoptotic and proliferative markers at a time point that coincided with 

higher farnesol production.  Farnesol is hypothesized to be rapidly metabolized and difficult to 

detect even following treatment with SSI in vivo (Bergstrom et al., 1993; Vaidya et al., 1998).  

However, whether individual variations in the metabolic flux of FPP-derived isoprenoids could 

partially account for the hepatotoxicity that was observed in some individuals at the highest dose 

of TAK-475 (Stein et al., 2011) is worthy of future consideration.  

 Conserved gene expression changes unique to Prav treatment are likely secondary to 

depletion of the pool of isoprenoids available for protein prenylation and other signaling 

pathways.  For example, Prav uniquely repressed genes involved in xenobiotic and retinol 

metabolism, some of which are regulated by the nuclear receptors CAR and PXR (Xie et al., 

2000; Yoshinari et al., 2010).  Adh1 and 7 were also lower in Prav-treated cells, and these have 

been identified as enzymes involved in metabolizing farnesol and geranylgeraniol to their 

aldehyde derivatives (Endo et al., 2011).  Additionally, some genes associated with fatty acid 

oxidation tended to be repressed in Prav-treated mouse, but not rat, hepatocytes, suggesting a 

greater sensitivity of PPAR target genes to isoprenoid depletion in mice.  Conversely, Prav 

treatment increased expression of several orthologs including a putative GTPase regulator 

(Als2cr12), iron regulatory peptide (Hamp), potassium channel protein (Kcn), and epoxide 

hydrolase 4 (Ephx), suggesting that their transcription is normally repressed by endogenous 

isoprenoids, although the mechanism underlying this regulation is currently unknown.  
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 Squalene synthase plays a pivotal role in cholesterol biosynthesis by regulating the flux 

of mevalonate-derived intermediates used for either sterol synthesis or production of nonsterol 

isoprenoids (Do et al., 2009).  The current study provides insight into some of the conserved 

effects of SSIs on hepatocellular gene expression.  The most profound effect of SQ1 was 

induction of several PPARα-regulated genes associated with fatty acid oxidation, which may at 

least partially explain the suppressive effects of SSIs on triglyceride biosynthesis (Ugawa et al., 

2000; Hiyoshi et al., 2003).  SQ1 treatment also influenced CAR targets involved in drug 

metabolism, and repressed several orthologs associated with cell cycle regulation.  Limitations to 

this study are that SQ1- and Prav-mediated effects on gene expression may not always 

correspond to changes in protein levels or enzyme activities, and that the drug effects do not 

identify which specific isoprenoids mediate individual gene changes.  Also, although we are 

unaware of evidence that Prav and SQ1 have any pharmacological targets other than HMGCR 

and squalene synthase, respectively, it remains possible that some effects on gene expression 

could have been produced by an off-target mechanism(s).  Additional studies are needed to 

address the functional role(s) of identified gene expression changes on hepatocellular 

physiology.  Notwithstanding these limitations, as there is continued interest in SSIs and the 

isoprenoid pathway  (Goto et al., 2011a; Ichikawa et al., 2013; Nagashima et al., 2015; Saito et 

al., 2015), our findings provide a contextual framework for more mechanistic studies. 
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Figure Legends. 

 

Figure 1.  Overview of the cholesterol biosynthetic pathway.  Cholesterol synthesis inhibitors 

and their enzymatic targets are indicated.  Abbreviations:  CYP51, lanosterol 14α-demethylase; 

FPP, farnesyl pyrophosphate; FPPS, farnesyl pyrophosphate synthase; GGPP, geranylgeranyl 

pyrophosphate; GGPPS, geranylgeranyl pyrophosphate synthase; HMGCR, 3-hydroxy-3-

methylglutaryl coenzyme A (CoA) reductase; HMGCS1, 3-hydroxy-3-methylglutaryl coenzyme 

A (CoA) synthase 1; IDI1/2, isopentenyl-diphosphate delta isomerase 1 and 2; LSS, lanosterol 

synthase; MVD, mevalonate diphosphate decarboxylase; MVK, mevalonate kinase; PMVK, 

phosphomevalonate kinase; SQS, squalene synthase; SQE, squalene epoxidase. 

 

Figure 2.  Characterization of gene expression changes in primary cultured mouse  (A-C) 

and rat (D-F) hepatocytes following treatment with SQ1 or pravastatin identified using 

microarrays.  Primary mouse and rat hepatocytes were freshly isolated and plated onto 6-well 

plates as described in the Materials and Methods.  Forty eight hours following initial plating, 

hepatocytes were treated with Williams’ E medium either alone (CON) or containing SQ1 (0.1 

μM) or pravastatin (30 μM).  Culture medium was replaced once after 24 h.  Forty eight hours 

following the initial drug treatment, total RNA was isolated from hepatocytes and fluorescent-

labeled RNA was synthesized and hybridized onto Agilent whole genome microarrays as 

described in the Materials and Methods (n=8/treatment group/species).  Significant differences in 

the normalized fluorescence intensities (≥1.5-fold) among the different drug treatments (SQ1 vs 

CON, pravastatin vs CON) were detected using GeneSpring.  (A, D) The total number of 

transcripts significantly affected by either SQ1 or pravastatin in mouse (A) and rat (B) 
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hepatocytes.  (B, E) Venn diagrams displaying the number of common and unique transcripts 

significantly affected among the different drug treatments in mouse (B) and rat (E) hepatocytes.  

(C, F) Functional distribution of known gene changes from mouse (C) and rat (F) hepatocytes 

grouped into biological categories.  Data are presented as percentage of total gene changes.      

 

Figure 3.  Orthologous genes affected by both SQ1 and Prav treatment in primary cultured 

mouse and rat hepatocytes identified using microarrays.  Treatment-specific orthologs were 

retrieved using Homologene and the rat genome database as described in the Materials and 

Methods.  (A) Venn diagram displaying the number of putative orthologs that were significantly 

affected by either SQ1 alone, both SQ1 and Prav, or Prav alone in mouse (upper panel) and rat 

hepatocytes (middle panel) and used to screen for conserved gene changes.  The lower panel 

displays the number of treatment-specific orthologs that were commonly and uniquely affected 

in both species.  (B-D) Heatmaps displaying the normalized (Log2) expression values of 

orthologs (B) commonly affected by both SQ1 and Prav, (C) unique to SQ1-treated hepatocytes, 

and (D) unique to Prav-treated hepatocytes  (n=8/treatment group/species).  When ortholog 

names differed between species, the mouse name is provided first followed by the rat name.  

Blue colored bars indicate upregulated genes and red colored bars indicate downregulated genes. 

 

Figure 4.  Hepatic expression of orthologs differentially affected by SQ1 compared to Prav 

in primary cultured mouse and rat hepatocytes identified using microarrays.  Treatment-

specific orthologs were retrieved using Homologene and the rat genome database as described in 

the Materials and Methods.  (A) The total number of transcripts differentially affected in SQ1- 

compared to Prav-treated mouse and rat hepatocytes.  (B) Venn diagram displaying the number 
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of orthologs differentially affected by SQ1 compared to Prav treatment (≥1.5-fold) in primary 

cultured mouse and rat primary hepatocytes. (C) A heatmap displaying the normalized (Log2) 

expression values of orthologs differentially expressed in SQ1 compared to Prav-treated 

hepatocytes from primary mouse and rat hepatocytes (n=8/treatment group/species). When 

ortholog names differed between species, the mouse name is provided first followed by the rat 

name.  Blue colored bars indicate upregulated genes and red colored bars indicate downregulated 

genes. 

 

Figure 5.  Effect of SQ1 and pravastatin on the mRNA expression of cholesterol 

biosynthetic enzymes in primary cultured mouse (A) and rat (B) hepatocytes using qRT-

PCR.  Primary mouse (A) and rat (B) hepatocytes were freshly isolated, plated onto 6-well 

plates, and 48 h later treated with Williams’ E medium either alone (CON) or containing SQ1 

(0.1 μM) or Prav (30 μM).  Medium was replaced once after 24 h, and 48 h after the initial 

treatment, cDNA was synthesized from total RNA as described in the Material and Methods.  

Relative changes in mRNA expression levels were quantified using qRT-PCR.  Each bar 

represents the normalized values (mean ± SEM) from 5-6 hepatocyte preparations (2 combined 

wells/treatment group/preparation). *, Significant compared to untreated (CON) hepatocytes 

(P<0.05).  δ, Significantly different compared to pravastatin-treated hepatocytes (P<0.05). 

 

Figure 6.  Validation of select regulated genes identified through microarrays by qRT-PCR 

in primary cultured mouse (A) and rat (B) hepatocytes.  Primary mouse (A) and rat (B) 

hepatocytes were freshly isolated, plated onto 6-well plates, and 48 h later treated with Williams’ 

E medium either alone (CON) or containing SQ1 (0.1 μM) or Prav (30 μM).  Medium was 
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replaced once after 24 h, and 48 h after the initial treatment, total RNA was isolated and cDNA 

synthesized as described in the Materials and Methods.  Relative changes in mRNA expression 

levels were determined using qRT-PCR.  Each bar represents the normalized values (mean ± 

SEM) from 5-6 hepatocyte preparations (2 combined wells/treatment group/preparation). *, 

Significant compared to untreated (CON) hepatocytes (P<0.05).  δ, Significantly different 

compared to Prav-treated hepatocytes (P<0.05). 

 

Figure 7.  Effects of nuclear receptor activators on the mRNA levels of select target genes 

in primary cultured mouse (A) and rat (B) hepatocytes.  Primary mouse (A) and rat (B) 

hepatocytes were freshly isolated, plated onto 6-well plates, and after 48 h treated with Williams’ 

E medium either alone (CON) or containing DMSO (0.1%), the PPAR-activator, Cipro (100 

μM), or one of the CAR activators, TCPOBOP (0.25 µM, mouse) or PB (100 μM, rats).  

Medium was replaced once after 24 h, and 48 h after the initial treatment, total RNA was 

extracted from hepatocytes and used to synthesize cDNA as described in the Materials and 

Methods.  Relative changes in mRNA levels were determined using qRT-PCR.  Each bar 

represents the normalized values (mean ± SEM) from 3-4 hepatocyte preparations (2 combined 

wells/treatment group/preparation). *, Significant compared to untreated (CON) hepatocytes 

(P<0.05).  †, Significantly different compared to DMSO-treated hepatocytes (P<0.05). 

 

Figure 8.  Proposed pathway of FPP metabolism following squalene synthase inhibition.  

Enzymes involved in the cholesterol biosynthetic pathway are localized to different subcellular 

compartments, with the production of FPP from mevalonate occurring in peroxisomes (Krisans 

et al., 1994).  FPP is used either for the production of squalene by squalene synthase (SQS) or for 
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the synthesis of nonsterol isoprenoids.  In the presence of squalene synthase inhibitors (SSI), FPP 

accumulates and is thought to be metabolized primarily through the farnesol–farnesoic acid–

dicarboxylic acid (DCA) pathway (Gonzalez-Pacanowska et al., 1988).  Farnesol-derived DCAs 

are then partially oxidized from the ω-carbon, producing chain-shortened (C12, C10) DCAs that 

are detectable in the urine (Bostedor et al., 1997; Vaidya et al., 1998).  The enzymes involved in 

FPP catabolism have not been fully elucidated; however based on mRNA gene expression 

changes observed following SQ1 treatment in the current study, probably involve components of 

microsomal, peroxisomal, and mitochondrial oxidation.  Shown is a proposed model of FPP 

catabolism in the presence of squalene synthase inhibitors, which extends on findings from 

others (Gonzalez-Pacanowska et al., 1988; Bergstrom et al., 1993; Endo et al., 2011; Pant and 

Kocarek, 2016).  FPP can be dephosphorylated by phosphatidic acid phosphatase domain 

containing 2 (PPAPDC2) to produce farnesol, which is then sequentially oxidized to farnesal and 

then farnesoic acid.  ADH1 and 7 were recently identified to catalyze the first oxidation step 

whereas ALDH3A2 was proposed to catalyze the second (Endo et al., 2011), although 

ALDH1A1 is another possible candidate based on the expression changes observed in this study.  

Farnesoic acid is then oxidized from the ω-carbon to produce a C15 dicarboxylic acid.  We 

identified several CYP4A orthologs induced by SQ1, which we propose catalyzes the ω-

hydroxylation of farnesoic acid followed by sequential oxidation at the ω-carbon, possibly by the 

same enzymes involved in farnesol oxidation.  The C15-DCA could then be activated by ACSL1 

to its CoA derivative for transport into the peroxisome via the dicarboxylic acid transporter 

ABCD3 (van Roermund et al., 2014), and then undergo one or two rounds of β-oxidation, 

producing C10 and C12 DCAs as well as propionyl-CoA and acetyl-CoA.  The chain-shortened 

DCAs could either be conjugated with carnitine and exported to the mitochondria for further 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on May 25, 2016 as DOI: 10.1124/jpet.116.233312

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #233312 
 

43 

 

oxidation or processed by ACOT enzymes, producing free acids that are then eliminated from 

the cell.  For brevity, not all of the enzyme names and/or cofactors are shown for each step.  Blue 

colored boxes represent orthologous genes that were identified through microarrays to be 

differentially higher in SQ1-treated compared to untreated controls or to Prav-treated cells 

(P≥1.5-fold).  * A number of enzymes involved in peroxisomal and mitochondrial β-oxidation 

were differentially higher in SQ1-treated compared to control or Prav-treated cells but were 

excluded for clarity (see Fig. 3 and 4 and text).  
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Figure  7 
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