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ABSTRACT 

MANAL ELFAKHANI 

THE INHIBITORY IMPACT OF GERANYLGERANIOL ON THE 

DIFFERENTIATION OF MURINE 3T3-F442A  

PREADIPOCYTES 

MAY 2013 

The use of statins, competitive inhibitors of 3-hydroxy-3-methylglutaryl 

coenzyme A (HMG-CoA) reductase, is possibly associated with insulin resistance. This 

potential effect of statins is presumably due to the impaired differentiation and 

diminished glucose utilization of adipocytes. The role of HMG-CoA reductase inhibition 

and mevalonate deprivation is not clear in the statin-mediated inhibition of adipocyte 

differentiation. There is also a need to evaluate the effect of other HMG-CoA reductase 

suppressors, particularly phytochemicals, on adipocyte differentiation.  

Mevalonate depletion is hypothesized to mediate the effect of lovastatin on 

adipocyte differentiation. In addition, geranylgeraniol, a diterpene shown to accelerate 

the degradation of HMG-CoA reductase, mimics the impact of lovastatin in adipocytes 

by suppressing adipocyte differentiation and adipogenic gene expression.  

The impact of lovastatin and geranylgeraniol, on the differentiation of murine 

3T3-F442A adipocytes, were evaluated.  Adipo-Red assay and oil Red O staining showed 

that a 7 day incubation with 1.25 - 10 mol/L lovastatin and 2.5 - 20 mol/L 

geranylgeraniol reduced the intracellular triglyceride content of the cells in a dose-
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dependant manner.  Concomitantly, lovastatin and geranylgeraniol each down-regulated 

the expression of peroxisome proliferator-activated receptor  (Ppar), a key regulator of 

adipocyte differentiation; as analyzed by real-time qPCR.  The expression of adipocyte 

marker genes including sterol regulatory element-binding protein 1 (SREBP1), 

adiponectin, leptin, and fatty acid binding protein 4 was suppressed by lovastatin. 

Mevalonate (500 mol/L) reversed the effect of lovastatin on intracellular triglyceride 

content and gene expression. The expression of SREBP1, adiponectin, leptin, fatty acid 

binding protein 4, fatty acid synthase, glycerol-3-phosphate dehydrogenase and glucose 

transporter 4 was also suppressed by geranylgeraniol.  Mevalonate-derived metabolites 

have essential roles in promoting adipocyte differentiation and adipogenic gene 

expression. Dietary mevalonate suppressors may have potential as anti-adipogenic 

compounds.  
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CHAPTER I 

INTRODUCTION 

Adipogenesis involves a number of transcriptional factors.  Complex interactions 

of these factors control the expression of hundreds of adipogenic genes (Morrison 

andFarmer, 1999).   These transcription factors include, but are not limited to peroxisome 

proliferator-activated receptor γ (Pparγ), the CCAAT enhancer-binding protein (C/EBP) 

family (Farmer, 2006) and adipocyte determination and differentiation factor-1 

(ADD1)/sterol regulatory element-binding protein 1c (SREBP1c) (Rosen andSpiegelman, 

2000).  Mature adipocytes are also characterized by the presence of lipoprotein lipase 

(LPL), insulin induced gene 1 (INSIG1), and fat specific genes (fatty acid binding protein 

4 (Fabp4), stearoyl CoA desaturase 1 (SCD-1), glycerol-3-phosphate dehydrogenase 

(GPDH)), insulin-mediated glucose uptake and metabolism and markers of terminal 

differentiation (glucose transporter type 4 (GLUT4), fatty-acid synthase (Fasn)) 

(Krapivner et al., 2008).  The only commonly recognized marker for preadipocytes is 

preadipocyte factor 1 (Pref-1) (Villena et al., 2002).   

Due to the complexity of studying adipocyte differentiation in vivo, a great part of 

our knowledge of the process of adipocyte differentiation and the factors involved have 

been acquired from the extensive work done on in vitro models of adipogenesis.  Among 
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the different in vitro models of adipogenesis, the 3T3 preadipocyte cell line is one of the 

most well-established and dependable models (Wood, 2008).    

The differentiation of fibroblasts to adipocytes is a complex process requiring the 

activation of signaling pathways including those mediated by insulin, insulin like growth 

factor (IGF)-1, Ras protein and Pparγ2 (Fernyhough et al., 2007).  Insulin is an important 

activator of preadipocyte differentiation.  The activation of Ras proteins is followed by 

the activation of Pparγ which promotes preadipocyte differentiation and insulin 

sensitivity and suppresses adipocyte lipolysis.  The cross-activation of Pparγ2 and 

C/EBPα up-regulates preadipocyte differentiation by activating the expression of various 

genes required for acquiring the preadipocyte phenotype such as Fabp4, GLUT4, LPL 

and leptin (Tontonoz et al., 1994a).  Further stimulation of Pparγ can occur through an 

indirect manner with SREBP/ADD1 which stimulates even more genes associated with 

adipogenesis including SCD-1 and Fasn (Brown andGoldstein, 1997).  INSIG1, a Pparγ 

target gene, is an important regulator in the processing of the SREBPs and is regulated by 

Pparγ (Kast-Woelbern et al., 2004).  

Another SREBP responsive enzyme is 3-hydroxy-3-methylglutaryl coenzyme A 

(HMG-CoA) reductase, a vital component of the mevalonate pathway.   The mevalonate 

pathway produces sterol (cholesterol) and non-sterol (isoprenoid) products that have 

various functions in the human body.  There are two specific enzymes in the mevalonate 

pathway that are important for the function of the insulin signaling pathway consequently 

leading to adipocyte differentiation.  HMG-CoA reductase and geranylgeranyl-
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pyrophosphate (GGPP) synthetase activities provide prenyl pyrophosphates in the form 

of GGPP and farnesyl pyrophosphate (FPP) that are required for the modification and 

biological activity of the IGF-1 receptor and Ras, respectively (Goldstein andBrown, 

1990), ultimately leading to the activation of Pparγ2 and adipogenesis.  Insulin stimulates 

the mevalonate pathway which modifies p21Ras in fibroblasts (Goalstone andDraznin, 

1996).   When fibroblasts undergo differentiation to mature adipocytes, the mRNA 

expression of GGPP synthetase increases by more than 20-fold and fatty acid synthase 

expression increases by 80% (Vicent et al., 2000).   

The mevalonate pathway can be suppressed by the use of HMG-CoA reductase 

inhibitors (mevalonate suppressors).  It is believed that by down regulating HMG-CoA 

reductase activity, pools of FPP and GGPP will be limited, thereby attenuating 

preadipocyte differentiation into adipocytes (Figure 1).  Mevalonate suppressors 

including the statins are competitive inhibitors of HMG-CoA reductase and synthesis of 

isoprenoids.  Statins, widely prescribed cholesterol-lowering drugs, clearly suppress 

preadipocyte differentiation in a dose-dependent manner (Mauser et al., 2007; Nakata et 

al., 2006; Nicholson et al., 2007; Nishio et al., 1996).  However, it is unclear whether the 

statin effect is due to mevalonate depletion or other properties of statins.   In addition, 

emerging evidence suggests that statins may have adverse side effects such as elevated 

liver enzymes, muscle problems, cognitive loss, pancreatic dysfunction, hepatic 

dysfunction and neuropathy (Golomb andEvans, 2008).  In addition, a recent study 
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shows an increased risk of developing diabetes for patients taking statins compared to 

those given a placebo (Sattar et al., 2010).   

 

Figure 1: The mevalonate pathway provides essential intermediates for the 

signaling pathway in adipocyte differentiation. Inhibition of the mevalonate 

pathway by statins and geranylgeraniol leads to suppression of adipogenesis. 

 

Isoprenoids are plant products that are derived from the mevalonate pathway that 

down-regulate HMG-CoA reductase and block the synthesis of FPP and GGPP, products 

that play important roles in preadipocyte differentiation.  Geranylgeraniol is a diterpene 

alcohol found in linseed and peanut oil (Fedeli et al., 1966).  Geranylgeraniol has been 

shown to down-regulate HMG-CoA reductase (Katuru et al., 2011).  However, the 

potential role of geranylgeraniol in down-regulating HMG-CoA reductase or the insulin 

signaling pathway is still unclear and either or both may consequently disrupt 

preadipocyte differentiation.  

 

Statins  
Geranylgeraniol 
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Purpose of the Study 

The purpose of this study was to evaluate the effect of geranylgeraniol on 

adipocyte differentiation.   Moreover, underlying mechanisms of the impact of 

geranylgeraniol was to be examined through adipogenic gene expression.  

Statement of Hypothesis 

Geranylgeraniol suppresses the differentiation of murine 3T3-F442A 

preadipocytes by down regulating the expression of adipogenic transcriptional factors 

associated with the mevalonate pathway and the insulin signaling pathway, pathways that 

promote adipogenesis, thus decreasing lipid accumulation and inhibiting adipocyte 

maturation. 

Scope of the Study 

Adipogenesis of murine 3T3-F442A preadipocytes, characterized by triglyceride 

accumulation, was measured by Oil Red O staining and the AdipoRed assay. The 

expression of genes involved in adipogenesis was determined by reverse transcription 

quantitative real-time polymerase chain reaction (qRT-PCR). In addition, cell viability 

and apoptosis were measured by CellTiter 96® Aqueous One Solution MTS (3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) 

assay and the acridine orange/ethidium bromide (AO/EB) dual staining assay, 

respectively. We also investigated the effect of geranylgeraniol on (1) the mevalonate 
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pathway, (2) the insulin signaling pathway, and (3) fatty acid metabolism by examining 

the mRNA levels of key enzymes involved in these pathways. 

Limitations of the Study 

 Further examination of specific mechanisms of action involved in the impact of 

geranylgeraniol on suppressing preadipocyte differentiation may be necessary.  Western 

Blot analysis of the geranylgeraniol treated preadipocytes would provide useful insight 

into the detection of specific proteins involved in the adipogenesis process.  Also, 

assessment of the potential reversal of the effect of geranylgeraniol by mevalonate, at 

physiologically acceptable levels, warrants additional investigation. 

Other limitations of this study are those related to in vitro research, including: the 

finite doubling potential of normal cells and the propensity of some cultured cells to 

change their morphology, functions or array of genes that they express (Hunter-Cevera, 

1996).   Moreover, it can sometimes be difficult to extrapolate from the results of an in 

vitro study to the biology of a whole organism (Rothman, 2002), requiring future studies 

to examine the impact of geranylgeraniol on animal adipose tissue regulation in vivo. 

Significance of the Study 

To our knowledge, no research has explored the potential role of geranylgeraniol 

as an anti-adipogenic compound.  This study will help to understand the role of 

geranylgeraniol in down-regulating HMG-CoA reductase and the insulin signaling 

pathway and the subsequent effect on preadipocyte differentiation.  The results from this 
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study offer insight into the impact of geranylgeraniol on the expression of genes involved 

in the adipogenic process. 
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CHAPTER II 

REVIEW OF LITERATURE 

The Obesity Epidemic 

Obesity has become a worldwide epidemic and one of the major public health 

concerns in developed countries (Caballero, 2007).  In 2008, the World Health 

Organization reported that there are 1.4 billion overweight adults with 500 million of 

them considered obese.  As of 2011, there are more than 40 million children under the 

age of five who are classified as overweight (WHO) .  Many industrialized countries have 

experienced these increases, but the United States by far, has the greatest prevalence of 

obesity among its population with 68.8% of adults (Flegal et al., 2012) and 31.8% of 

children (Ogden et al., 2012) being overweight or obese .  If this trend persists, it is 

projected that by 2015, 75% of adults in the United States will be considered overweight 

while 41% will be deemed obese (Wang andBeydoun, 2007). 

  Medical risk is positively associated with the degree of obesity (Kissebah 

andKrakower, 1994; Romero-Corral et al., 2006).  Being classified as overweight or 

obese is associated with an increased risk of a variety of metabolic diseases such as 

coronary heart disease, type 2 diabetes, cancer (endometrial, breast, and colon), 

hypertension, dyslipidemia, stroke, liver and gallbladder disease, sleep apnea and 

respiratory problems, osteoarthritis and gynecological problems (Badman andFlier, 2007; 

NIH, 1998).  Worldwide, obesity is one of the leading preventable causes of deaths and is 
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believed toclaim 111,909 to 365,000 lives a year (Allison et al., 1999; Haslam andJames, 

2005).  Overweight and obesity and their accompanying health complications constitute a 

substantial economic toll on the U.S. health care system (USDHHS, 2001).  In 2008, 

medical care costs attributable to obesity were estimated to be as high as $147 billion in 

the United States (Finkelstein et al., 2009) .  

The Etiology of Obesity 

Obesity is defined as a medical condition that involves the development of an 

overabundance of excess body fat (Badman andFlier, 2007).  While the notion that 

obesity simply occurs when energy input exceeds energy expenditure is widely 

perceived, in reality, bodily energy reserves are directed by complex systems that control 

food intake and energy expenditure (Badman andFlier, 2007).  The development of 

obesity involves noticeable changes in adipocyte gene expression that affects several 

pathways and secretory functions thus dysregulating cellular homeostasis (Rajala 

andScherer, 2003). 

Fundamental to the pathology of obesity is the occurrence of hypertrophy and 

hyperplasia of adipocytes.  Hypertrophy signifies increased cell size whereas hyperplasia 

refers to the mobilization and proliferation of preadipocytes and their subsequent 

differentiation to adipocytes (Gesta et al., 2007).  Modulation of body fat storage through 

adipogenesis and adipocyte lipolysis ultimately controls the number and size of 

adipocytes (Flier, 2004).  The most important health concerns associated with adipocyte 
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development are due to the extreme abnormality in adipocyte cell number that occurs 

(Ntambi andYoung-Cheul, 2000).   

In recent years, there has been a strong research interest in the area of adipocyte 

development.  Since adipocytes play an important role in various physiological and 

pathological pathways, they can no longer be perceived as inert cells whose solitary 

function is to store lipids (Morrison andFarmer, 1999).   Adipose tissue is an important 

target in preventing and treating common diseases (Kawada et al., 2008; Ntambi 

andYoung-Cheul, 2000).  Fat accumulation and adipocyte differentiation are closely 

associated with the occurrence and advancement of several metabolic diseases including 

obesity, diabetes mellitus (type 2), cardiovascular disease, hypertension, sleep apnea and 

muscular-skeletal issues (Ahima andFlier, 2000; Otto andLane, 2005).  A comprehensive 

understanding of the progression of adipocyte differentiation is needed to manipulate 

adipocyte cell number to control certain diseases (Gesta et al., 2007).   

To recognize and control the mechanisms that lead to obesity, we must study the 

molecular events that regulate preadipocyte differentiation to adipocytes since they are 

the major cellular component of adipose tissue. 

Adipose Tissue and the Adipocyte 

Adipose tissue is specialized connective tissue that is situated underneath the skin 

(subcutaneous fat) to provide insulation from extreme hot and cold and conserve body 

temperature (Fonseca-Alaniz et al., 2007).  It can also be found intra-abdominally 

surrounding internal organs (visceral fat) for protective padding, in bone marrow (yellow 
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bone marrow) and within breast tissue.  Regions where adipose tissue is located are 

described as “adipose depots”.  Under ordinary circumstances, adipose depots supply 

feedback for hunger to the brain.  The location of the fat and its distribution plays an 

important role in metabolic risk.  Excess intra-abdominal/visceral fat (central or above 

the waist obesity) leads to a high risk of metabolic disease, but increased subcutaneous 

fat in the thighs and hips (peripheral or below the waist obesity) poses little or no risk 

(Kissebah andKrakower, 1994; Romero-Corral et al., 2006).   

Adipose tissue has many small blood vessels and is composed of conjunctive 

tissues (collagen and reticular fibers), nerve fibers, lymph nodes, vascular stroma 

(mesenchymal stem cells), immune cells (leukocytes and macrophages) and endothelial 

cells (Ahima andFlier, 2000).  These numerous cell types compose nearly 50% of the 

total cellular content (Trayhurn, 2007).  Adipose tissue also contains fibroblasts and 

preadipocytes—undifferentiated adipocytes—but its primary and most abundant 

component are the fat-containing adipocytes (Ahima andFlier, 2000; Trayhurn, 2007).   

In mammals, there are two distinct types of adipose tissue: white adipose tissue 

and brown adipose tissue.   Mature white adipocytes store triglycerides in one large lipid 

droplet in the cell core accounting for 85-90% of the mass of the cell and pushing the 

cytoplasm, nucleus and other organelles to the sides where they reside in a thin layer of 

cytosol (Fonseca-Alaniz et al., 2007).  During development, young adipocytes enclose 

multiple small lipid droplets.  However, as the cell matures, these droplets join together 

to form a single large lipid droplet whose size can change vastly depending on the 
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magnitude of triglyceride accumulated (Pond, 2001).  Even though there are many cell 

types all over the body which accumulate lipid, adipocytes are morphologically distinct 

due to their large lipid droplets coated by the protein, perilipin (Greenberg et al., 1991).   

The main function of white adipose tissue is to be a primary storage site for lipid 

in the human body in the form of triglycerides in the adipocyte (Kawada et al., 2001).  

Adipose tissue is the body’s largest energy reservoir (Otto andLane, 2005).  When 

necessary, white adipose tissue resupplies energy by mobilizing lipids through lipolysis, 

leading to the release of free fatty acids and glycerol (Ahima andFlier, 2000).  Lipids can 

be burned to meet the energy needs of the body.  Humans, like many other members of 

the animal kingdom, have developed methods to store energy through times of extra 

caloric intake for future necessity (Gesta et al., 2007), which makes the adipose tissue the 

most important buffer system for energy balance (Fonseca-Alaniz et al., 2007).  On the 

other hand, brown adipose tissue is specialized to metabolize fatty acids (Park et al., 

2008) and has highly developed thermogenic functions (Kawada et al., 2001).  Brown 

adipose tissue is believed to be non-existent in the adult human but can be found in 

fetuses and newborn infants (Fonseca-Alaniz et al., 2007).  However, emerging research 

demonstrates that defined regions of functional brown adipose tissue have been detected 

in adult humans and that it was inversely correlated with Body Mass Index (BMI) 

(Cypess et al., 2009). 

Adipose tissue is a highly active metabolic and endocrine organ playing a key role 

in the regulation of metabolism and homeostasis via paracrine and endocrine functions 
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(Otto andLane, 2005).  Adipose tissue secretes important factors termed adipokines  

(adipocytokines) that circulate in the blood and act on distal tissues influencing food 

intake, energy expenditure, carbohydrate and lipid metabolism, reproductive function and 

insulin secretion and sensitivity (Flier, 2004; Otto andLane, 2005).  Some examples of 

these cytokines (cell to cell signaling proteins) include: adiponectin and resistin (glucose 

metabolism), leptin (feeding behavior), chemerin and cholesteroyl ester transfer protein 

(CETP; lipid metabolism), apelin (insulin signaling), retinol binding protein 4 (RBP4; 

insulin resistance), visfatin (insulin sensitivity), tumor necrosis factor-alpha (TNFα) and 

Interleukin-6 (IL-6) (inflammation), plasminogen activator inhibitor-1 (PAI-1) 

(coagulation) and angiotensinogen and angiotensin II (blood pressure) (Boucher et al., 

2005; Bozaoglu et al., 2007; Fukuhara et al., 2005; Otto andLane, 2005).  The 

dysregulation of adipokine expression is considered to be an important factor in the 

pathogenesis of obesity (Waki andTontonoz, 2007).   

Two adipokines particularly important for adipose tissue and adipocyte 

development are adiponectin and leptin.  Adiponectin is the most abundant protein 

produced by the adipose tissue.  The gene for adiponectin (AdipoQ, apM1, ACRP30) was 

first identified in 1995.  Adiponectin is a 30kDa protein and increased levels are 

associated with improved insulin sensitivity, alteration of the effects of nuclear factor 

Kappa B (NFκB) and inhibition of tumor necrosis factor alpha (TNF-α).  An inverse 

correlation has been observed between levels of adiponectin in circulation and insulin 

resistance, cardiovascular disease and obesity risk.  Circulating levels of adiponectin are 
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negatively correlated with the degree of obesity and increasing concentrations are 

observed with weight loss.  Low adiponectin levels have been associated with increased 

insulin resistance and hyperinsulinemia. Thiazolidinediones (TZDs), a class of drugs used 

in the treatment of Diabetes Mellitus type 2, stimulate the secretion of adiponectin.  Two 

adiponectin receptors have been recognized. Adiponectin Receptor 1 (ADP-R1) is mainly 

expressed in muscle whereas adiponectin receptor 2 (ADP-R2) is largely expressed in the 

liver.   The biological effects of the protein depend on circulating blood concentrations 

and the particular tissue (Fonseca-Alaniz et al., 2007).  Adiponectin in circulation (2 – 

10μg/mL) does not greatly fluctuate which implies that it is regulated by long term 

metabolic changes (Fonseca-Alaniz et al., 2007; Park et al., 2004).  Women have been 

observed to have higher levels compared to men, (Fonseca-Alaniz et al., 2007) despite 

their higher body fat percentages (Snijder et al., 2006).  The correlation between low 

adiponectin levels and increased risk of metabolic syndrome, howevever, might be 

stronger in women compared to men (Eglit et al., 2012). 

Leptin, another important adipokine, is a 16 kDa protein with a central role in the 

regulation of energy balance, acting on the hypothalamus of the brain to induce satiety.  It 

was discovered in 1994 when a strain of obese mice termed ob/ob demonstrated a genetic 

defect which prevented the production of this protein (Trayhurn, 2007).   It was originally 

thought that leptin functioned as a signal that prevented obesity because leptin-deficient 

ob/ob mice and leptin-resistant db/db mice are obese (Fried et al., 2000).  Serum leptin 

levels are positively correlated with body mass index, percentage of body fat and body fat 
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mass (Considine et al., 1996).  Levels of leptin are typically elevated in obese individuals 

(Considine et al., 1996).  The positive association between total body fat mass and serum 

leptin can be explained by the fact that large fat cells release more leptin compared to 

small fat cells (Lonnqvist et al., 1997).  Leptin secretion is up to seven times higher in 

obese subjects compared to lean subjects mainly because fat cell size is typically 2 – 4 

times larger in the former (Fried et al., 2000).  A lean individual typically has 5-15 ng/ml 

of leptin in circulation (Yang andBarouch, 2007).  However, some obese subjects have 

markedly lower or higher leptin levels than what would be presumed from their body fat, 

which implies that there are other mechanisms regulating serum leptin (Fried et al., 

2000).   

Leptin notifies the brain about body fat accumulation to alter feeding behavior 

(Yang andBarouch, 2007).  It stimulates satiety by binding to leptin receptors (Ob-R) in 

the basomedial region of the hypothalamus, inducing neurons to synthesize pro-

opiomelanocortin (POMC).  POMC is cleaved to generate α-melanocyte stimulating 

hormone (αMSH), which binds downstream melanocortin receptors (MC-3 and MC-4) 

and ultimately inhibits nutritional intake and reducing body fat mass (Schwartz et al., 

2000).  Leptin inhibits the expression of neuropeptide Y (NPY) and the agouti peptide 

(AgRP), both of which are involved in enhancing nutritional intake and reducing energy 

consumption while triggering lipogenic enzymes in the adipose tissue and liver (Schwartz 

et al., 2000).  Leptin also activates adenylcyclase which in turn increases the oxidation of 

lipids in the skeletal muscles and decreases the synthesis of triglycerides in the liver 
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(Fonseca-Alaniz et al., 2007).  Leptin expression is stimulated by overfeeding, insulin, 

glucocorticoids, cytokines, TNFα, estrogens and CCAAT/enhancer-binding protein-α 

(C/EBPα) and decreased by fasting, 3-adrenergic activity, androgens, free fatty acids, 

growth hormone, peroxisome proliferator-activated receptor-γ (Pparγ) agonists, thyroid 

hormone and cold weather (Margetic et al., 2002; Yang andBarouch, 2007). 

Adipose Tissue: Origin and Transcriptional Regulation 

Adipose tissue, similar to bone and muscle, is considered to be of mesodermal 

origin.  The initial step in the formation of the mesoderm during gastrulation—one of the 

early phases of embryonic development—is the migration of a layer of germ cells 

between the primitive endoderm and ectoderm cell layers.  A large part of our knowledge 

of these events is taken from studies using a multipotent stem cell line, C3H10T1/2, 

isolated from 14 - 17 day old C3H mouse embryos (Gesta et al., 2007).  Bone 

morphogenetic protein-2 (BMP2) and Bone morphogenetic protein-4 (BMP4) and some 

of the transforming growth factor β superfamily are cytokines shown to induce the 

commitment of C3H10T1/2 stem cells to adipocyte lineage (Huang et al., 2009).   

Mesenchymal stem cells have the ability to differentiate into adipocytes, 

osteoblasts, chondrocytes, myoblasts, and connective tissue.  They give rise to a common 

early precursor termed ‘adipoblast’ that sequentially develops into committed white and 

brown preadipocytes.  Under suitable conditions, these preadipocytes are stimulated to 

differentiate into mature adipocytes of distinct type: subcutaneous white fat, visceral 

white fat and brown fat.  No unique markers have been identified for these precursor cells 
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thus making it unclear if there are separate adipoblasts and/or preadipocytes for brown 

and white fat or if there are different white preadipocytes for different white adipose 

tissue (Gesta et al., 2007).   

Adipogenesis, the process in which preadipocytes differentiate into mature 

adipocytes, entails four stages: growth arrest, clonal expansion, early differentiation and 

terminal differentiation (Gesta et al., 2007).  This transition involves a number of 

transcriptional factors, which through complex interactions, control the expression of 

hundreds of adipogenic genes required for glucose metabolism, insulin sensitivity, 

changing cell morphology, expression/secretion of adipogenic products and the 

emergence of lipid droplets in the cytoplasm (Morrison andFarmer, 1999).   These 

transcription factors include, but are not limited to, peroxisome proliferator-activated 

receptor γ (Pparγ), the CCAAT enhancer-binding protein (C/EBP) family (Farmer, 2006; 

Morrison andFarmer, 1999) and adipocyte determination and differentiation factor-1 

(ADD1)/sterol regulatory element-binding protein 1c (SREBP1c) (Rosen andSpiegelman, 

2000).  Mature adipocytes are characterized by the presence of these transcription factors 

and several different indicators such as leptin, lipoprotein lipase (LPL), insulin induced 

gene 2 (INSIG-2), fat specific genes [fatty acid binding protein 4 (Fabp4), stearoyl CoA 

desaturase 1 (SCD-1), glycerol-3-phosphate dehydrogenase (GPDH)], insulin-mediated 

glucose uptake and metabolism and markers of terminal differentiation (glucose 

transporter type 4 (GLUT4), fatty-acid synthetase,) (Dani et al., 1989; Krapivner et al., 

2008; Rosen andMacDougald, 2006; Tontonoz et al., 1994b).   
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On the contrary, preadipocytes are quite similar to other fibroblast-like cells, 

making them difficult to identify and study (Gesta et al., 2007).  The only commonly 

recognized marker is preadipocyte factor 1 (Pref-1) also known as Drosophila Homolog-

like 1 (DLK-1) (Villena et al., 2002).  They are members of the Notch/Delta/Serrate 

family that have epidermal growth factor-like repeats responsible for inhibiting adipocyte 

differentiation.  They are transmembrane proteins cleaved to produce a soluble 50 kDa 

form.  They are greatly expressed in undifferentiated preadipocytes and diminished 

during the differentiation process into mature adipocytes.  Pref-1 deficient mice have 

rapid fat deposition, while mice with greater Pref-1 levels have decreased fat mass and 

adipogenic gene expression (Gesta et al., 2007).  

The role of Pparγ in adipogenesis has been extensively studied.  Pparγ is a 

member of the nuclear hormone receptor subfamily which binds to the peroxisome 

proliferator response elements on the DNA sequence controlling the transcription of 

genetic information from DNA to mRNA (Latchman, 1997).  Other members of the Ppar 

family include Pparα and Pparδ.  Pparα induced adipogenesis occurs at a slower pace 

and leads to a lesser percentage of differentiated cells compared to Pparγ and cells 

expressing Pparδ did not differentiate (Brun et al., 1996). Pparγ is transcribed from the 

Pparγ gene and through alternative splicing and promoter usage, two isoforms (Pparγ1 

and Pparγ2) are produced (Berger andMoller, 2002; Farmer, 2006; Gesta et al., 2007).  

Pparγ1 is expressed in many tissues including adipose tissue, yet Pparγ2 expression is 

almost exclusively found in adipose tissue making it a specific marker of fat (Farmer, 
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2006).  However, knockout of Pparγ2 in mice shows that they still have some white 

adipose tissue, signifying that Pparγ1 can have the ability to compensate for Pparγ2 loss 

(Rosen andSpiegelman, 2006).  Ectopic expression of Pparγ in non-adipogenic murine 

fibroblasts can initiate adipogenesis, producing mature adipocytes (Tontonoz et al., 

1994c) and that Pparγ is necessary in maintaining differentiated adipocytes in their 

terminal state (Gesta et al., 2007).   

All Ppar receptors have a specific endogenous ligand (Brun et al., 1996) and these 

include free fatty acids and eicosanoids (Marlow et al., 2009).  Synthetic and naturally 

occurring  ligands for Pparγ have been recognized and are capable of binding and 

activating Pparγ, subsequently leading to adipocyte differentiation (Forman et al., 1995).  

Pparγ induces adipocyte differentiation in reaction to numerous Pparγ activators, even 

those which only vaguely trigger its transcriptional activity (Brun andSpiegelman, 1997).  

Ligand activation of Pparγ leads to the transcriptional up regulation and down regulation 

of target genes that modulate biological functions.  Its transcriptional activity can be 

distorted by ligand-receptor interactions interfering in the process (Morrison andFarmer, 

1999).  Both Pparγ1 and Pparγ2 form heterodimers with the retinoid X receptor (RXR) 

and then bind to promoters of various target genes (Walkey andSpiegelman, 2008).  This 

Pparγ-RXR complex binds to different ligands, including fatty acids, 9-cis-retinoic acid 

and 15d-PGJ2 (anti-inflammatory prostaglandin) in the hydrophobic pocket of the C-

terminal domain (Hamm et al., 2001; Sarruf et al., 2005; Walkey andSpiegelman, 2008).  
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However, it is suggested that ligand binding may not be necessary for Pparγ function 

during adipose differentiation (Walkey andSpiegelman, 2008).   

The C/EBP family also has an important part in the process of adipogenesis.  

They are basic-leucine zipper (bZIP) transcription factors comprised of six distinct 

members characterized as α, β, δ, γ, ε and ζ.  The C/EBPs have a basic-leucine zipper 

domain, composed of an α-helix structure, at the C-terminus that is important in binding 

to DNA sequences and for dimer formation.  They also have activation domains at the N-

terminus and regulatory domains.  All C/EBPs can form hetero- and homodimers with 

other C/EBPs and transcription factors, which may or may not have the leucine zipper 

domain.  Subsequently, they bind to various gene promoters to modify gene expression.  

C/EBPα, β and δ, in particular, have been studied at length with regards to their 

association with adipogenic regulation (Hamm et al., 2001; Morrison andFarmer, 1999; 

Rosen et al., 2000).  C/EBPβ and C/EBPδ are expressed early in adipocyte 

differentiation, where they induce the expression of C/EBPα and Pparγ (Farmer, 2006; 

Zuo et al., 2006).  Some suggest that adipose tissue is not formed in C/EBPβ and C/EBPδ 

deficient mice (Tanaka et al., 1997), while others claim that mice lacking both C/EBPβ 

and -δ can produce adipose tissue (Gesta et al., 2007).  C/EBPα, however, is necessary 

for adipogenesis of white adipose tissue (Gesta et al., 2007).  Ectopic expression of 

C/EBPα in many different fibroblastic cells can stimulate adipocyte differentiation 

(Freytag et al., 1994) while ectopic expression of C/EBPβ can stimulate adipogenesis in 

non-adipogenic fibroblasts (Farmer, 2006). Knockout of C/EBPα has demomonstrated its 
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necessity for white adipose tissue formation but not brown adipose tissue formation 

(Linhart et al., 2001). C/EBPδ does not seem to have any adipogenic activity but with the 

presence of C/EBPβ, it can play an important role in the induction of C/EBPα (Cao et al., 

1991).  

The adipocyte phenotype is dependent on the mutual interaction between Pparγ 

and the C/EBPs.  While both C/EBPα and Pparγ direct adipocyte differentiation, Pparγ 

appears to be the dominant factor.  Pparγ expression can induce adipocyte differentiation 

in C/EBPα deficient mouse embryonic fibroblasts, but expression of C/EBPα does not 

stimulate adipocyte differentiation in those lacking Pparγ (Gesta et al., 2007) suggesting 

that C/EBPα is upstream of Pparγ.  Also, C/EBPβ has been shown to be ineffective at 

stimulating the expression of C/EBPα when lacking Pparγ (Zuo et al., 2006).  Once 

activated, C/EBPα and Pparγ then promote their own gene expression through feedback 

mechanisms, even after C/EBPβ and C/EBPδ levels have declined (Morrison andFarmer, 

1999).  Subsequently, they activate the expression of numerous adipogenic genes 

including Fabp4, also known as Adipocyte Protein 2 (aP2).  Fabp4 is a carrier protein for 

fatty acids whose expression is mainly in adipocytes and macrophages.  Inhibition of this 

protein has been implicated in the treatment of obesity (Baxa et al., 1989; Maeda et al., 

2005).   

Another family of transcription factors, the SREBPs, has been identified as 

essential in modulating the gene expression of proteins crucial in fatty acid biosynthesis 

(SREBP-1a, SREBP-1c) and cholesterol metabolism (SREBP-2).  SREBPs have two 
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trans-membrane domains that bind the protein to the endoplasmic reticulum.  When low 

levels of sterol are present, the N-terminal portions of the SREBP protein are released 

into the cytoplasm and translocated to the nucleus where they bind to the promoters of 

various genes. (Morrison andFarmer, 1999).   

When SREBP is bound to ADD1 (ADD1/SREBP1), it is highly expressed in 

adipose tissue and seems to be involved in early adipocyte differentiation (Kim 

andSpiegelman, 1996).  A part of the basic helix–loop–helix transcription factor family, 

ADD1/SREBP1 is capable of binding two unique DNA sequences: E-boxes (CANNTG) 

and the sterol regulatory element (SRE) (Briggs et al., 1993; Kim et al., 1995).  The 

expression of ADD1/SREBP1 stimulates Pparγ expression by promoting ligand 

production for Pparγ; this may explain the influence of ADD1/SREBP1 on adipocyte 

differentiation (Kim et al., 1998).   

ADD1/SREBP1 may be largely involved in coordinating the different pathways 

involved in lipid metabolism (Kim et al., 1995).  Many genes are responsive to the 

presence of SREBP including LPL and SCD-1 (Kim andSpiegelman, 1996).  The mRNA 

expression of LPL has repeatedly been refered to as an early sign of adiopocyte 

differentiation (Ailhaud, 1996).  LPL is secreted by mature adipocytes and has as a vital 

role in controlling lipid accumulation (Goldberg, 1996).  A key enzyme in fatty acid 

metabolism, SCD1 catalyzes the synthesis of unsaturated fatty acids.  Other SREBP 

responsive genes are involved in cholesterol metabolism (3-Hydroxy-3-methylglutaryl 

coenzyme A (HMG-CoA) synthase, HMG-CoA reductase, farnesyl diphosphate 
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synthase, squalene synthase, low density lipoprotein (LDL) receptor) and fatty acid 

synthesis (fatty acid synthase) (Brown andGoldstein, 1997; Sato et al., 1996). 

3T3-F442A preadipocytes: A Model for the Mechanism of Adipogenesis 

Manipulating adipocyte differentiation in vivo can be a complex process and ex-vivo 

experimentation requires large amounts of animal fat tissue  to get a sufficient amount of 

adipocytes to study (Geloen et al., 1989).  Collection of animal fat tissue can be tedious since it 

consists of blood vessels, nerve tissue, fibroblasts and preadipocytes whereas only a third of the 

composition is mature adipocytes.  Therefore, part of the process of adipocyte differentiation and 

the factors involved has been acquired from the extensive work in in vitro models of 

adipogenesis.  Among the different in-vitro models of adipogenesis, the 3T3 preadipocyte cell 

line is one of the most well-established and dependable models (Wood, 2008).  Differentiated 

3T3-L1 and 3T3-F442A preadipocytes possess a large amount of the ultra-structural properties 

of adipocytes found in animal tissue.  Subcutaneous injection of 3T3-F442A cells in nude mice 

produces an entirely differentiated fat pad (Green andKehinde, 1979).   

Generally, 3T3-F442A cells are believed to not have the capability of 

differentiating into other cell types, however, insulin mediated adipocyte differentiation 

can be inhibited by BMP2 which stimulates the expression of differentiation markers 

attributed to osteoblasts.  Serial analysis of gene expression (SAGE) of 3T3-F442A cells 

responding to BMP2 has shown that 3T3-F442A cells are biopotential cells meaning that 

they are capable of differentiating into both adipocytes and osteoblasts (Ji et al., 2000). 
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The process of terminal adipocyte differentiation during which preadipocytes 

mature into adipocytes, has been extensively studied in mouse 3T3-L1 and 3T3-F442A 

cell lines (Rosen andSpiegelman, 2000).  The 3T3-L1 and 3T3-F442A preadipocyte cell 

lines have the morphology of fibroblasts.  They are cloned cell lines derived from Swiss 

3T3 mouse embryos that are capable of differentiating into cells similar to adipocytes 

(Green andKehinde, 1976).  They are committed to an adipocyte lineage and differentiate 

in a predictable sequential pattern.  They begin as spindle-shaped fibroblast-like cells and 

eventually differentiate to round mature adipocytes (Wood, 2008).  Once the cells have 

reached confluency and have begun the process of adipogenesis, they instinctively 

undergo growth arrest and begin differentiation into white adipocytes (Green 

andKehinde, 1979).   

The differentiation of 3T3-L1 cells requires the addition isobutylmethylxanthine, 

dexamethasone, insulin and fetal bovine serum (FBS) whereas 3T3-F442A cells only 

require the supplementation of insulin and FBS to induce differentiation.  The growth 

arrested 3T3-F442A cells enter the cell cycle process once again, in the presence of 

insulin and FBS, and undertake numerous rounds of cell division known as mitotic clonal 

expansion (Hamm et al., 2001; Sarruf et al., 2005). This mitotic clonal expansion is 

similar to the process of hyperplasia which is seen in the development of obesity (Farmer, 

2006).  Chromatin modification during mitosis has been implicated as essential for the 

transcription of genes responsible for the adipocyte phenotype (Farmer, 2006; Otto 

andLane, 2005).  The transcription factor signaling cascade begins when C/EBPβ attains 
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DNA-binding activity (Tang et al., 2003) and terminal differentiation is sustained by 

C/EBPα and Pparγ expression.    

Insulin-Ras Signaling Pathway: Modulator of Adipogenesis 

The differentiation of fibroblasts to adipocytes is a complex process which 

involves the occurrence of several crucial events that require the activation of signaling 

pathways (see figure 2) including those mediated by insulin, insulin like growth factor 

(IGF)-1, Ras protein and Pparγ2 (Fernyhough et al., 2007; Ntambi andYoung-Cheul, 

2000). 

 

Figure 2: The mevalonate pathway provides essential intermediates for the signaling 

pathway in adipocyte differentiation. Insulin like growth factor 1 (IGF-1) receptor and 

Ras protein mediate the insulin-induced activation of Pparγ2, a key regulator that cross-

activates C/EBPα. IGF-1 receptor and Ras are modified with geranylgeranyl- (GGPP) 

and farnesyl- (FPP) pyrophosphates, respectively (dotted lines).  
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Insulin is an important activator of preadipocyte differentiation.  Insulin action is 

initiated when it binds to its specific cell surface receptor (Olefsky, 1990) that promotes 

many intracellular intermediates leading to the response of insulin targeted cells (Rhodes 

andWhite, 2002). The insulin receptor undergoes a conformation change in response to 

the ligand binding causing phosphorylation of the β subunit and activation of the intrinsic 

tyrosine kinase leading to intracellular insulin signaling.  Insulin receptor substrate (IRS) 

and Shc proteins with phosphotyrosine binding (PTB) domains, carry out key functions 

such as interacting with phosphorylated tyrosine residues motifs located on the insulin 

receptor (Sharma et al., 1997).  Interfering with the PTB domains of these proteins 

hinders the ability of insulin to produce cellular responses (Goalstone et al., 2001). 

The phosphorylation of IRS and Shc proteins leads to further downstream insulin 

signaling (Rhodes andWhite, 2002). The IRS insulin signaling pathway mediates the 

metabolic effects of insulin while Shc insulin signaling mediates the nuclear effects of 

insulin (Sutherland et al., 1998).  Shc proteins can bind to growth receptor binding 

protein 2 (Grb2), which in turn is bound to SOS, a guanine nucleotide exchange factor 

(Sasaoka et al., 1994).  This Shc–Grb2–SOS complex leads to the activation of Ras 

proteins through binding of guanosine triphosphate (Campbell et al., 1998).  The Ras 

superfamily of proteins is composed of five major subfamilies: Ras, Rho/Rac, Sarl/Arf, 

Rab, and Ran (Rajalingam et al., 2007; Takai et al., 2001).  They are small G proteins, 

also known as guanosine 5' triphosphatases (GTPases) and can be found on the inner 

segment of the plasma membrane.  They are involved in cellular signal transduction 
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pathways that influence growth, migration, adhesion, cytoskeletal integrity, cell survival, 

and cell cycle progression, differentiation and survival (Rajalingam et al., 2007). 

The activation of Ras proteins initiates a cascade of phosphorylation and 

activation of serine/threonine kinases (Raf, MEK, and MAP kinase) (Macdonald et al., 

1993).  Activation of p21 Ras and MAP kinase by insulin is fast and continuous, relative 

to the number of insulin receptors activated (Marshall, 1995).  This sequence of events is 

followed by the activation of Pparγ by Ras which promotes preadipocyte differentiation 

and insulin sensitivity and suppresses adipocyte lipolysis.  Pparγ2 and C/EBPα are over-

expressed during the preliminary stages of adipocyte differentiation. The cross-activation 

of these proteins up-regulates preadipocyte differentiation by activating the expression of 

various genes encoding essential proteins required for acquiring the preadipocyte 

phenotype such as Fabp4, GLUT4, LPL and leptin (Tontonoz et al., 1994a).   

Further stimulation of Pparγ can occur through an indirect manner with 

SREBP/ADD1.  Over-expression of SREBP/ADD1 can activate Ppar γ by stimulating 

the production of an endogenous ligand for this nuclear receptor (Kim et al., 1998).   

Ectopic expression of ADD-1/SREBP-1 in 3T3-L1 cells was shown to induce 

endogenous Pparγ mRNA levels (Fajas et al., 1999).    Inducing differentiation in 3T3-

L1 preadipocytes was shown to increase SREBP-1a levels close to 8.2 fold (Shimomura 

et al., 1997).  The presence of SREBP stimulates even more genes associated with 

adipogenesis including LPL, SCD-1 and fatty acid synthase (Brown andGoldstein, 1997; 

Sato et al., 1996).  Another SREBP responsive enzyme is HMG-CoA reductase, a vital 
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component of the mevalonate pathway, whose activity provides prenyl pyrophosphates 

for the modification and biological activities of Ras and growth and differentiation 

factors (Brown andGoldstein, 1997).  

The Mevalonate Pathway 

The mevalonate pathway, also known as the cholesterol biosynthetic pathway, 

produces sterol (cholesterol) and non-sterol (isoprenoid) products (figure 2) that have 

various necessary functions in the human body. Cholesterol is an important constituent of 

the cell membrane and a precursor for lipoproteins, vitamin D, steroid hormones and bile 

acids. The isoprenoid products of the pathway include heme A and ubiquinone (part of 

the electron transport chain), dolichol (co-translational and post-transcriptional 

modification of proteins), FPP, GGPP, dolichylphosphate (post-translational modification 

of the Ras and Rho proteins), isopentyladenine (a component of some transfer RNA 

(tRNA) useful for protein synthesis) and intercellular messengers (plant cytokines) 

(Goldstein andBrown, 1990; Laufs andLiao, 2000; Mo andElson, 2004). 

Two sequential enzymes of the mevalonate pathway, HMG-CoA synthase and 

HMG-CoA reductase, play an important role in maintaining a balance in the production 

of mevalonate and cholesterol through feedback regulation (Goldstein andBrown, 1990).  

The first reaction of the mevalonate pathway is freely reversible and involves 

acetoacetyl-coenzyme A (CoA) thiolase.  HMG-CoA synthase catalyzes the condensation 

of acetyl-CoA with acetoacetyl-CoA in the formation of HMG-CoA; the second reaction 

in the mevalonate pathway (Theisen et al., 2004).  HMG-CoA reductase is the rate-
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limiting enzyme of the mevalonate pathway and is subject to inhibition by sterols 

(cholesterol) at the transcriptional level and non-sterol metabolites (geranylgeraniol, 

farnesol) at post transcriptional levels via feedback regulation.  This subsequently blocks 

the translation and accelerates degradation of the enzyme (Goldstein andBrown, 1990).  

The strict control of the progression of the mevalonate pathways provides a continuous 

supply of mevalonate products while avoiding over production of cholesterol.  Surplus 

cholesterol can be fatal since it initiates the process of atherosclerosis in blood vessels 

and forms plaques inside the cell (Small andShipley, 1974).   

The direct product of HMG-CoA reductase is mevalonate and by combining 5 

carbon precursors, several isoprenoid products are formed including: geranyl 

pyrophosphate (10 carbons), farnesyl pyrophosphate (15 carbons) and geranylgeranyl 

pyrophosphate (20 carbons).  Combining two farnesyl pyrophosphate groups can 

generate squalene, the precursor used for the production of cholesterol.  Since the enzyme 

HMG-CoA reductase is necessary for the synthesis of cholesterol and isoprenoids, HMG-

CoA reductase inhibitors, such as statins, can inhibit their production (Boyartchuk et al., 

1997). 

 Isoprenylation, also known as prenylation, refers to the covalent addition of 

hydrophobic isoprenoid molecules to proteins, resulting in post-translational 

modification.  The isoprenoid intermediates are in the pyrophosphate form; thus they 

must be converted to isoprenoid diphosphates before they can be added to cellular 

proteins.  The isoprenoid groups bind to the carboxyl-terminal of proteins, composed of 
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cysteine and an aliphatic amino acid, forming a highly stable thioether bond acting as a 

membrane anchor for proteins.  The proteins are farnesylated or geranylgeranylated 

depending on the amino acid present (Boyartchuk et al., 1997).  Prenylation is catalyzed 

by one of three protein-prenyl transferases: protein farnesyltransferase (FTase), protein 

geranylgeranyltransferase type I (GGTase I), and geranylgeranyl transferase type II 

(GGTase II).  FTase transfers a farnesyl group from FPP while GGTase I transfers a 

geranylgeranyl group from GGPP to the cysteine component of the carboxyl-terminal of 

the specific protein (Adjei, 2001; Goldstein andBrown, 1990).  Farnesylation is observed 

in all members of the Ras family of proteins, allowing them to migrate to the proper 

location on cellular membranes and interact with other signaling molecules to control cell 

proliferation, differentiation and survival (Goldstein andBrown, 1990; Mo andElson, 

2004).  Geranylgeranylation, on the other hand, can be detected in the lipid anchoring of 

the Rho family, a subfamily of Ras proteins.  

HMG-CoA Reductase Regulation:  Transcriptional and Post-Transcriptional 

Regulation of the Mevalonate Pathway 

Cells are capable of endogenously synthesizing cholesterol by way of the 

mevalonate pathway.  The mevalonate pathway is repressed when cells have acquired 

their sterol and non-sterol requirements and stimulated once lack of exogenous 

cholesterol is detected. HMG-CoA reductase is securely bound to the endoplasmic 

reticulum (ER) and has a C-terminal catalytic domain that dwells in the cytosol and a N-

terminal trans-membrane domain.  The latter domain includes the sterol-sensing domain 
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needed for sterol feedback regulation which is regulated by SREBP (Hampton, 2002).  

HMG-CoA Reductase is greatly responsive to SREBP activity (Brown andGoldstein, 

1997).  SREBPs are also bound to a protein named sterol regulatory element binding 

protein cleavage-activating protein (SCAP), which is also related to HMG-CoA 

Reductase since it has five regions on its membrane that are similar to the sterol-sensing 

domain of HMG-CoA reductase (Hua et al., 1996). 

When sterol levels are low, SCAP senses this change in cholesterol levels and is 

pushed to guide the SREBPs to the Golgi apparatus for activation to endure a two-step 

proteolytic process. The first step involves sterol regulated cleavage in the luminal loop 

which breaks the covalent bond connecting the two trans-membrane domains of SREBP-

2. The second step is non-sterol regulated and takes place inside the first trans-membrane 

domain releasing the water soluble NH2-terminal fragment (Sakai et al., 1996). Once 

activated, SREBP moves to the nucleus and binds to the sterol regulatory element (SRE-

1) in the 5'-flanking region/promoter region of the reductase gene, activating transcription 

(Sato et al., 1994) and up-regulating enzymes related to sterol biosynthesis (Wang et al., 

1994).  Genes involved in encoding other enzymes of cholesterol synthesis (HMG-CoA 

synthase, farnesyl diphosphate synthase, LDL receptors) are activated (Brown 

andGoldstein, 1997; Goldstein andBrown, 1990).  Conversely, when high levels of 

sterols are sensed SCAP is modified and bound to INSIG1 (Yang et al., 2002) 

disallowing it from crossing into the nucleus thus hindering the transcription of genes 
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related to cholesterol synthesis, LPL endocytosis, fatty acid and phospholipid synthesis 

(Brown andGoldstein, 1997; Hampton, 2002).   

The activity of HMG-CoA reductase is tightly regulated, partially due to post-

transcriptional mechanisms that are controlled by the non-sterol and sterol products of 

mevalonate metabolism (Goldstein andBrown, 1990; Petras et al., 1999).  Many studies 

have explored the rate at which mRNA translation of HMG-CoA reductase takes place by 

incorporating HMG-CoA Reductase inhibitors. Blocking mevalonate production with the 

use of a HMG-CoA reductase inhibitor shows a subsequent rapid translation of mRNA 

despite the presence of sterols (Goldstein andBrown, 1990).  This augmentation in 

mRNA translation is decreased fivefold when non-sterol needs are met thus indicating 

that cells move according to their need for non-sterol isoprenoids (Goldstein andBrown, 

1990).  In cultured cells, inhibiting the mevalonate pathway, triggers a 200-fold increase 

in the HMG-CoA reductase activity just within a few hours (Nakanishi et al., 1988).  The 

degradation of HMG-CoA reductase has been evaluated by measuring the decline in 

HMG-CoA reductase degradation upon the addition of an inhibitor.  Its degradation has 

been shown to increase or decrease depending on the amount of sterol and non sterol 

products (Straka andPanini, 1995).   

It has also been shown that farnesylated proteins may also contribute to the 

feedback control of HMG-CoA reductase.  The effect of these proteins is believed to be 

at the post-transcriptional level because even when farnesylation is inhibited, sterol input 

decreases the transcription of HMG-CoA reductase (Nakanishi et al., 1988).  When 
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mevalonate is inhibited, proteins which are normally farnesylated start to build up in the 

unfarnesylated form and modify HMG-CoA reductase either in a positive or negative 

manner, effecting translation or degradation (Goldstein andBrown, 1990; Repko 

andMaltese, 1989).  Farnesol, a FFP derivative of the mevalonate pathway, has been 

shown to stimulate reductase degradation (Correll et al., 1994).  Numerous farnesyl 

derivatives and farnesyl homologs inhibit the synthesis of HMG-CoA reductase and 

accelerate its degradation (Mo andElson, 2004).   

Mevalonate Pathway: Modulation of Adipogenesis 

There are two specific enzymes in the mevalonate pathway that are implicated in 

the function of the insulin signaling pathway consequently leading to adipocyte 

differentiation.  HMG-CoA reductase and GGPP synthetase activity provide prenyl 

pyrophosphates in the form of GGPP and FPP that are required for the modification and 

biological activity of the IGF-1 receptor and Ras, respectively, (Goldstein andBrown, 

1990) ultimately leading to the activation of Pparγ2 and the adipogenic process (Figure 

2).  In fibroblasts, insulin stimulates the mevalonate pathway activity necessary for the 

modification of p21 Ras (Goalstone andDraznin, 1996). 

When fibroblasts undergo differentiation into mature adipocytes, the expression 

of GGPP synthetase was increased by more than 20-fold.  To explore the effect of insulin 

on the regulation of GGPP synthetase expression, 3T3-L1 adipocytes were cultured with 

or without insulin for 24 hours followed by the measurement of mRNA expression.  

Insulin did not induce GGPP synthetase mRNA expression; however, fatty acid 
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synthetase expression increased by 80% (Vicent et al., 2000).  During the differentiation 

of the 3T3-L1 cells, there were large increases in the mRNA levels of LDL receptor and 

HMG-CoA synthetase and smaller increases in the levels of LPL.   HMG-CoA reductase 

was markedly increased at day 3 of differentiation (Shimomura et al., 1997). 

The mevalonate pathway can be suppressed by the use of HMG-CoA reductase 

inhibitors (mevalonate suppressors) which inhibit the enzyme HMG-CoA reductase thus 

ultimately lowering circulating levels of cholesterol.  It is believed that by down 

regulating HMG-CoA reductase activity, pools of FPP and GGPP will be limited, thereby 

attenuating preadipocyte differentiation into adipocytes (Figure 3).   

 

Figure 3: Statins and isoprenoids suppress HMG-CoA reductase (rectangle), the key 

enzyme in the syntheses of FPP and GGPP.  This leads to the inactivation of Ras and 

Pparγ which may consequently inhibit adipocyte differentiation. 

 

 

 

Statins 
Isoprenoids 
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Lovastatin: Role in Preadipocyte Differentiation 

Mevalonate suppressors including the statins, competitive inhibitors of HMG-

CoA reductase activity have been shown to play an important role in preadipocyte 

differentiation.   Lovastatin, a widely prescribed cholesterol-lowering drug, competitively 

inhibits HMG-CoA reductase activity, the rate-limiting step in cholesterol biosynthesis 

(see figure 3).   

Lovastatin-containing red yeast rice suppresses lipid accumulation, down-

regulates the expression of adipogenic transcriptional factors including Pparγ2, and 

inhibits adipocyte differentiation (Jeon et al., 2004). A new-generation statin, 

atorvastatin, inhibits adipocyte maturation, C/EBPα expression, insulin signaling (Nakata 

et al., 2006) and lipid accumulation (Mauser et al., 2007) in differentiating 3T3-L1 cells, 

effects reversed by mevalonate and GGPP (Nakata et al., 2006). Statin treatment in 3T3-

L1 cell differentiation leads to disruption of insulin signaling, IGF-1 and Ras (Siddals et 

al., 2004).  Inhibition of isoprenoid synthesis is associated with reduced expression of 

GLUT4.  Lovastatin’s inhibition of adipocyte differentiation was reversed with the 

addition of mevalonate, FPP and GGPP, but not by cholesterol, confirming the 

requirement of the mevalonate-derived prenyl intermediates for insulin signaling (Nishio 

et al., 1996). Pitavastatin decreased the expression of adipogenic genes including Pparγ, 

Fabp4, adipsin and GLUT4 but not C/EBPα.  Most importantly, it induced pref-1 

expression in preadipocytes and maintained the expression of pref-1 at high levels in 

differentiated cells which suggests that pitavastatin inhibits adipocyte differentiation by 
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blocking Pparγ expression and activating pref-1 expression.  This study showed no 

reversal with the addition of mevalonate (Nicholson et al., 2007).  

 Several studies have examined the effect of incorporating statins at different time 

points throughout the differentiation process on triglyceride accumulation and gene 

expression.  Others have looked at the issue of dose dependency.  Pitavastatin was shown 

to inhibit adipocyte differentiation in a time dependent fashion.  When it was added at the 

early stages of differentiation, no triglyceride accumulated within cells.  Significant 

amounts of triglycerides were present when pitavastatin was added on day 1 or more after 

the induction of differentiation (Nicholson et al., 2007).  Also, it has been demonstrated 

that statins clearly suppress preadipocyte differentiation in a dose-dependent manner 

(Mauser et al., 2007; Nakata et al., 2006; Nicholson et al., 2007; Nishio et al., 1996).   

Statins have a strong inhibitory impact on the adipogenic process.  Unfortunately, 

the potential for the long-term application of statins in obesity prevention and treatment is 

unknown by their dose-limiting toxicities (Thibault et al., 1996).  Emerging evidence 

suggests that statins may have adverse side effects such as elevated liver enzymes, 

muscle problems, cognitive loss, pancreatic dysfunction, hepatic dysfunction and 

neuropathy (Golomb andEvans, 2008).  In addition, a recent study shows an increased 

risk of developing diabetes for patients taking statins compared to those given a placebo 

(Sattar et al., 2010).   
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Isoprenoids: Role in Preadipocyte Differentiation 

Isoprenoids, also termed terpenoids, are plant products that are derived from the 

mevalonate pathway. There are more than 23,000 individual isoprenoids that have been 

characterized (Sacchettini andPoulter, 1997).  They are derived from the 5 carbon 

molecule isopentenyl pyrophosphate (IPP), an important intermediate in the mevalonate 

pathway.  They are considered pure when they are made of 5 or more carbon units (X) 

and mixed when only part of their structure is derived from the mevalonate pathway 

(Elson et al., 1999).  Some examples include: monocyclic monoterpenes (2X; d-limonine, 

perillyl alcohol, perillaldehyde, carvacrol, and thymol), acyclic monoterpenes (2X; 

geraniol), sesquiterpenes (3X; farnesol), diterpenes (4X; geranylgeraniol), triterpenes 

(6X; lupeol) and tetraterpenes (8X; lycopene).   When isoprenoids contain a large number 

of isoprene units, they are called polyterpenes (Mo andElson, 1999).  Mixed isoprenoids 

include tocotrienols, prenylated coumarins, flavones, flavanols, isoflavones, chalcones, 

quinones, chromanols, and menaquinone-3 (Elson et al., 1999; Mo andElson, 1999).  At 

levels adequate to suppress HMG-CoA reductase, isoprenoids have shown no toxicity to 

normal cells and animals, and as dietary ingredients, are considered safe for human 

consumption (Mo andElson, 2006).  

Similar to the statins, isoprenoids are mevalonate suppressors which act as down-

regulators of HMG-CoA reductase blocking of the pathway leading to synthesis of 

isoprenoids, which are downstream products of mevalonic acid.  Thus, they also have the 

potential of playing an important role in preadipocyte differentiation.  Geranylgeraniol is 
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a diterpene alcohol found in linseed and peanut oil (Fedeli et al., 1966) which has been 

shown to inhibit HMG-CoA reductase (Katuru et al., 2011).  It is derived from GGPP and 

is an intermediate in the biosynthesis of dicyclic and tricyclic diterpenes.   

Little research has been done on the mevalonate suppressive activity of 

geranylgeraniol and its effect on human health.  No research has explored the potential 

role of geranylgeraniol in inhibiting the insulin signaling pathway and consequently 

preadipocyte differentiation by way of down regulation of the mevalonate pathway.  We 

hypothesize that geranylgeraniol is effective in suppressing the differentiation of murine 

3T3-F442A preadipocytes by down regulating the expression of adipogenic 

transcriptional factors associated with the mevalonate pathway and the insulin signaling 

pathway and decreasing lipid accumulation. 
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CHAPTER III 

MATERIALS AND METHODS 

Study Design 

The impact of geranylgeraniol on adipocyte differentiation was determined by 

measuring intracellular triglyceride (TG) content in 3T3-F442A cells using Oil Red O 

staining and the AdipoRed Assay.  Cell viability and apoptosis of the cells were assessed 

to evaluate any potential cytotoxicity of the treatment.  The impact of geranylgeraniol on 

the mRNA levels of Pparγ2 and C/EBPα, two key regulators in adipocyte differentiation, 

using qRT-PCR was then measured and the expression of other adipogenic genes 

including: SREBP1, ADD-1, INSIG1, Fabp4, LPL, GPDH, GLUT4, SCD-1, leptin (Lep), 

pref-1, Fasn and Adiponectin (AdipoQ) were also examined.  To further test our 

hypothesis that the geranylgeraniol impact stems from the suppression of HMG-CoA 

reductase, the mRNA levels of HMG-CoA reductase were examined (Figure 3).  

Lovastatin, a known inhibitor of preadipocyte differentiation, was used as a positive 

control.  Mevalonate (5 and 500µM) was added to the culture medium to evaluate its 

attenuation of the treatment effect (Figure 4). 
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Figure 4: Study design to evaluate the effect of geranylgeraniol on adipocyte 

differentiation in murine 3T3-F442A preadipocytes. 

 

Cell Culturing and Adipocyte Differentiation 

 Murine 3T3-F442A preadipocytes were purchased from Dr. Howard Green 

(Harvard Medical School) and grown and maintained in Dulbecco's Modified Eagle's 

Media (DMEM) with 4 mmol/L L-glutamine adjusted by American Type Culture 

Collection (ATCC, Manassas, VA) to contain 1.5 g/L sodium bicarbonate and 4.5 g/L 

glucose and supplemented with 10% bovine calf serum (BCS, Fisher Scientific Company 

LLC, Houston, TX)  and 1% penicillin/streptomycin (GIBCO, Grand Island, NY) at 37
o
C 

in a humidified atmosphere of 10% CO2..  Upon reaching confluency, cells were seeded 
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in 96-well plates at a density of 2.5 x 10
3
 or 5 x 10

3
 cells per well, 24 well plates (1 x 10

4
 

cells/well), 6-well plates (4 x 10
4
 cells/well) and in tissue culture dishes (100 mm x 20 

mm, Corning Life Sciences, Wilkes Barre, PA) at 2 x 10
5 

per dish.  For the experiments 

using well plates, cells were cultured in at least 3 separate wells for each treatment 

concentration, for each experiment executed.  For the tissue culture plates, cells were 

cultured in at least two plates for each treatment concentration for each experiment that 

was implemented.  At least three independent experiments, performed in duplicate or 

triplicate, were completed for each experimental procedure. 

3T3-F442A preadipocytes were cultured for 2 days and then differentiation was 

induced according to the protocol recommended by the lab of Dr. Howard Green 

(Harvard Medical School).  Differentiation was achieved by maintenance in DMEM 

supplemented with 10% fetal bovine serum (FBS, Fisher Scientific Company) and 1% 

penicillin/streptomycin (GIBCO) for 8 days; in the presence of 5µg/mL insulin (Sigma 

Aldrich, St. Louis, MO) the first 4 days, until the differentiation of adipocytes.  For days 

0 – 8 of adipogenesis, geranylgeraniol (2.5 - 20µmol/L) or lovastatin (1.25 - 5µmol/L) 

were added to the differentiation medium of experimental groups, and the control cells 

were incubated in medium containing the vehicle; known solvents for the treatments 

[dimethyl sulfoxide (DMSO, ATCC) or ethanol (0.1%, v/v)].  Supplemental mevalonate 

(5 and 500 μmol/L), was added to some of the groups to assess possible reversal.  The 

medium was changed every two days.  On days 8 - 10, experiments were performed with 

the treated cells.  
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Cell Viability 

Preadipocytes 

Cultures of 3T3-F442A preadipocytes were seeded (2500 cells/well) in 100µL 

maintenance medium in 96-well plates and incubated for 48 hours at 37°C in a 

humidified atmosphere of 10% CO2.  The medium was then aspirated from each well and 

replaced with 100µL of fresh medium containing DMSO, ethanol or increasing 

concentrations of lovastatin (1.25 - 10µmol/L) and geranylgeraniol (20 - 200µmol/L).  

The cells continued to be incubated for an additional 24 or 48 hours.  Cell populations 

were determined using the CellTiter 96® Aqueous One Solution MTS assay (Promega, 

Madison, WI) procedure.  Cells were then washed once with Hank’s Balanced Salt 

Solution (HBSS).  Subsequently, 100µL of serum free medium and 20µL of 3-(4,5-

dimethythizol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium salt 

solution were added to each well.  Cells were incubated for 2 hours at 37 °C.  The 

absorbance was measured at 490 positioned in a Tecan Infinite M200 micro plate reader 

(Tecan Systems Inc., Salzburg, Austria) to verify the formazin concentration, which is 

relative to the number of live cells. The mean absorbance from wells containing cell-free 

medium was used as the baseline and was deducted from the absorbance of other cell-

containing wells.   

Mature Adipocytes 

Cultures of 3T3-F442A preadipocytes were seeded (5000 cells/well) in 100µL 

maintenance medium in 96-well plates and incubated for 48 hours at 37°C in a 
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humidified atmosphere of 10% CO2.  Cells were then induced to differentiate, as 

described above, and grown to maturation.  On day 8 – 10 of differentiation, the medium 

was aspirated from each well and replaced with 100µL of fresh medium containing 

DMSO or ethanol or increasing concentrations of lovastatin (1.25 - 10µmol/L) and 

geranylgeraniol (20 - 200µmol/L).  The cells continued to incubate for an additional 24 or 

48 hours.  Cell populations were determined using the CellTiter 96® Aqueous One 

Solution (Promega, Madison, WI) procedure as described above.   

Apoptosis 

Preadipocytes 

For detection of apoptotic cells, cultures of 3T3-F442A preadipocytes were 

seeded (2500 cells/well) in 100µL maintenance medium in 96-well plates and incubated 

for 48 hours at 37°C in a humidified atmosphere of 10% CO2.  The medium was 

aspirated from each well and replaced with 100µL of fresh medium containing DMSO, 

ethanol or increasing concentrations of lovastatin (1.25 - 10µmol/L) and geranylgeraniol 

(20 - 200µmol/L).  The cells continued to incubate for an additional 24 or 48 hours.  The 

cells were processed for Acridine Orange/Ethidium Bromide (AO/EB) dual staining 

assay.  Cells were washed with PBS twice and treated with 500µL of trypsin and 

collected with 500µL FBS and centrifuged to get a cell pellet.  Cells were re-suspended 

in 500µL media and dye mixture containing 50µg/mL acridine orange (Becton, 

Dickinson and Company, Sparks, MD).  50µg/mL ethidium bromide (Sigma) was added 

to each cell suspension.  The cell suspension was loaded on a glass slide and observed 
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under an Axiovert 200 M microscope (Carl Zeiss MicroImaging Inc., Thornwood, NY) 

equipped with a FluoArc lamp, a AxioCam MRm digital camera system (Carl Zeiss), and 

AxioVision Rel. 4.3 program (Carl Zeiss).  

Mature Adipocytes 

For detection of apoptotic cells, these cells were processed for AO/EB Assay.  

Cultures of 3T3-F442A preadipocytes were seeded (5000 cells/well) in 100µL 

maintenance medium in 96-well plates and incubated for 48 hours at 37°C in a 

humidified atmosphere of 10% CO2.  Cells were then induced to differentiate, as 

described above, and grown to maturation.  On day 8 – 10 of differentiation, the medium 

was aspirated from each well and replaced with 100µL of fresh medium containing 

DMSO or ethanol or increasing concentrations of lovastatin (1.25 - 10µmol/L) and 

geranylgeraniol (20 - 200µmol/L).  The cells were then processed for AO/EB Assay 

using the procedure as described above. 

Oil Red O Staining 

On day 8 – 10 of preadipocytes differentiation to mature adipocytes, 3T3-F442A 

adipocytes were stained with Oil Red O.  In brief, cell monolayers were washed twice 

with phosphate buffer solution (PBS) and fixed in 0.2mL (24-well plate) or 1mL (6-well 

plate) of 10% formalin per well at room temperature for 1 hour.  Cells were then rinsed 

with deionized water and stained with 0.1mL (24-well) 0.5mL (6-well) of 0.3% freshly 

filtered Oil Red O working solution per well at room temperature for 30 minutes 

(Ramirez-Zacarias et al., 1992).  The cells were then rinsed with 0.2mL (24-well) or 1mL 



45 

 

(6-well) deionized water before photomicrographs of representative fields of monolayer 

cells were taken with a Nikon Eclipse TS 100 microscope (Nikon Corporation, Tokyo, 

Japan) equipped with a Nikon Coolpix 995 digital camera (Nikon Corporation) to 

visualize cellular neutral lipids.  

Triglyceride Measurement 

Around 8 - 10 days after the induction of differentiation, lipid content was 

quantified using an AdipoRed™ Assay kit (Lonza, Walkersville, MD) according to 

manufacturer’s instructions. AdipoRed is a reagent that contains the hydrophilic Nile Red 

stain and allows the quantification of intracellular lipid droplets (Greenspan et al., 1985). 

Differentiated cells were rinsed with 2mL HBSS and to each well, 5 mL HBSS and 

140μL of AdipoRed reagent were added. After 10 - 15 minutes of incubation, the plates 

were positioned in a Tecan Infinite M200 micro plate reader (Tecan Systems Inc., 

Salzburg, Austria) and fluorescence was measured with an excitation wavelength of 485 

nm and an emission wavelength of 572 nm.  

Quantitative Real-time Polymerase Chain Reaction 

On day 8 - 10 of preadipocyte differentiation to mature adipocytes, total cellular 

RNA was extracted from the 3T3-F442A adipocytes using TRIZOL reagent (Invitrogen) 

according to the manufacturer’s protocols.  The concentration and purity of the isolated 

total RNA was determined spectrophotometrically by running the samples in a spectrum 

of 230 - 400 nm at 10 nm intervals and using the OD260:280 ratio.  The quality of the 

purified total RNA was verified by detecting a 2:1 ratio for the 28s:18s ribosomal RNA 
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(rRNA) using gel electrophoresis.  Samples were run on a 1.5% agarose gel (Tris-acetate 

(TAE) buffer) at 80 volts for 90 min. and visualized by Chemi Doc XRS imaging system 

(Bio-Rad, Hercules, CA) following the addition of 0.5 μg/ml ethidium bromide.  The 

level of mRNA expression of Ppar, SREBP-1c, INSIG1, Fabp4, leptin, adiponectin, 

Fasn, GLUT4 and GPDH was analyzed by reverse transcription (RT) followed by 

quantitative real-time polymerase chain reaction (qPCR).  2 μg of total RNA in a 20 μl 

reaction buffer was reverse transcribed into cDNA using an Oligo (dT)20 primer and 

SuperScript® III First-Strand kit (Invitrogen, Grand Island, NY) following the 

manufacturer's instructions.  The cDNA was diluted by 25-fold with 25μg/ml solution of 

acetylated bovine serum albumin (BSA) and 6 μl of diluted cDNA was amplified in a 25 

μl PCR reaction which included 250 nM of both forward and reverse primers of the gene 

and iQ
TM

 SYBR® Green Supermix (Bio-Rad Laboratories).  The cDNA was denatured at 

95
o
C for 3 minutes followed by 40 cycles of PCR (94

o
C for 30 s, 60

o
C for 25 s, 72

o
C for 

25 s, and 78
o
C for 9 s) by means of an iQ

TM
5 multi-color Real-Time PCR Detection 

System (Bio-Rad) with Bio-Rad iQ5 Optical System Software (version 2.1).  The mRNA 

levels of all the genes were normalized using ribosomal protein L22 (RPL22) as internal 

control (de Jonge et al., 2007) by using the ΔCT method.  Fold changes of gene 

expression were calculated by the 2
-ΔΔCT

 method. 

Primer Design 

Before PCR was executed, a pair of primers that selectively bind to the target 

DNA sequence were designed for each gene of interest.  The primers were designed to 
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have a sequence which is the reverse complement of a region of template or target DNA 

to which we require the primer to anneal.  To retrieve the genetic sequences of the 

relevant genes, the official webpage of the National Center for Biotechnology 

Information (NCBI) was utilized.  The sequences for the primers are listed in Table 1.  To 

design the primer sequences, we used the Primer 3 Output version 4.0 online software 

(Massachusetts Institute of Technology (MIT)) (Rozen, 2000).  
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Table 1 

Primer Sequences (forward and reverse) and GenBank Accession Numbers used in the 

Real-Time qPCR 

Gene Accession# Primer Sequence    

 

AdipoQ NM_009605 5’-CGGCAGCACTGGCAAGTTCTACTGC-3’ 

  5’-TTGTGGTCCCCATCCCCATACACCT-3’ 

ADD1  NM_001024458      5’-ACCGACGAGAGGTGGAGCGGA-3’ 

             5’-TGTCGGCTCCTGGGGAAGGTCT-3’ 

C/EBPα NM_007678          5’-GGCCCCCGATGAGCAGTCACCT-3’ 

             5’-TTGAAGGCGGCCGGGTCGAT-3’ 

Fabp4 NM_024406 5’-GTGTGATGCCTTTGTGGGAACCTGG-3’ 

  5’-TGCGGTGATTTCATCGAATTCCACG-3’ 

Fasn  NM_007988          5’-CCCAGGCCTTGCCGTGCAGT-3’ 

             5’-GCTCAGGACTGCGTGGGGCT-3’ 

GLUT4 NM_009204          5’-GAACCCCCTCGGCAGCGAGT-3’ 

                 5’-ATCCGGTCCCCCAGGACCTTGC-3’ 

GPDH  NM_010271          5’-GGGGGTAGACGAGGCCCCAA-3’ 

             5’-GCCGGGTCCTTGCAGCCGAT-3’ 

HMG-CoAR  NM_008255          5’-GCCAGTGGTGCGTCTTCCACG-3’ 

             5’-CATGCCCATGGCGTCCCCCG-3’ 

INSIG1         NM_153526            5’-GCACGAGCTATTCCGGAGAAGGGTTC-3’ 

                      5’-GGACCAACGACTGTGTCAGGAGGTCAG-3’ 

Lep NM_008493 5’-TGGAGGTGAGCGGGATCAGGTTTTG-3 

  5’-TGGCACGTGGGATCTTTCAGAAGCC-3’ 

LPL  NM_008509          5’-TCCCTTCACCCTGCCCGAGGT-3’ 

             5’-CGATGACGAAGCTGGGGCTGCT-3’ 

Pparγ NM_001127330 5’-AGAGGGCCAAGGATTCATGACCAGG-3’ 

 NM_011146 5’-TTCAGCTTGAGCTGCAGTTCCAGGG-3’ 

Pref1  NM_001190703       5’-CCGTGCCAGAACGGGGGCAC-3’ 

             5’-CGGGGGTCAGGCGGTAGGTGA-3’ 

RPL22  NM_009079          5’-GCGACTTTAACTGGGCTGCTGCT-3’ 

             5’-GCCCACCACCCAGCCTCTCG-3’ 

SCD1  NM_009127          5’-CCGGAACCGAAGTCCACGCTCG-3’ 

             5’-TCCAGGTGGAGGGGCACCGT-3’ 

SREBP-1 NM_011480 5’-TGGCACCCTCTTGCTCTGTAGGCAC-3 

  5’-GCTGAGGCAGACATCTGCCTACCCA-3’ 
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Primer Verification 

 Primer blast. After the primers were designed, they were tested for specificity 

by using the “BLAST’ tool on the NCBI website.  The primers were BLAST against the 

genome to see if they were specific to the region that we wanted to amplify (Table 2) and 

to guarantee that the sequence chosen did not match any other gene. 

 

Table 2. 

Primer Blast Results 

 

Melting profile. Purity of the double stranded DNA (dsDNA) was determined by 

analyzing the melt peak charts of the PCR products generated from each primer and it 

was ensured that a single gene-specific product was amplified.    

Gene Result 

LPL 1 match 

Pref1 1 match to Dlk1, NM_010052.5; this is also the suggested primer 1 

if NM_001190703 is entered. 

Lep 1 match 

AdipoQ 1 match 

Pparγ 2 matches: Pparγ1 (NM_001127330) and Pparγ2 (NM_011146.3) 

Fabp4 1 match 

C/EBPα 1 match 

RPL22 1 match 

Fasn 1 match 

GPDH 2 matches: NM_010271.2 (Gpd1) and NM_033526.2 (Ubqin4), 

ubiquilin 4 

HMGR 1 match 

Glut4 1 match 

SCD1 1 match 

ADD1 1 match 

INSIG1 1 match 
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DNA sequencing. Subsequent to the completion of PCR, products of the reaction 

were collected and stored in -20
o
C.  The specific PCR products were purified with HT 

ExoSAP-IT® (mixture of Exonuclease I and Shrimp Alkaline Phosphatase, Recombinant 

(rSAP)) High Throughput PCR Product Clean-Up (USB® Products, Affymetrix Inc., 

Cleveland, Ohio, USA).  To confirm specificity and rule out the possibility of two 

products being generated by RT-PCR, primers used to generate the PCR products were 

used as sequencing primers to sequence both strands.  For sequencing preparation, primer 

solutions were prepared from 100µM stock solutions of upstream (Up+) and downstream 

(Dn-) primer sequences for each relevant gene.  We formulated 10µM solutions for each 

sequencing primer with upstream (up+) and downstream (dn-) sequences prepared 

separately, each in one tube.   

One PCR product was collected for each gene of interest.  The samples were 

purified according to the manufacturer’s instructions.  The purifying reaction requires 

4µL of HT ExoSAP-IT for 20µL of PCR product.  The PCR products were incubated at 

37
o
C for 30 minutes to degrade remaining primers and nucleotides (dNTPs).  The 

purified double-stranded DNA was kept at 80°C for 30 minutes to inactivate the 

ExoSAP-IT and was then quickly chilled on ice.  For each PCR product, 10μL were 

pipetted into two separate tubes and 5µL of up+ primer was added to one tube and 5µL of 

Dn- primer was added to the other.  All samples were sealed and labeled and sent for 

DNA sequencing at GENEWIZ, Inc (South Plainfield, New Jersey). 

. 
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Statistics 

      One-way ANOVA was performed using Prism® 4.0 software (GraphPad 

Software Inc, San Diego, CA, USA) to assess the treatment-mediated effects on 

preadipocyte differentiation.  Differences in means were analyzed by Dunnett’s multiple 

comparison test.  Values with P < 0.05 are considered statistically significant.  
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Abstract 

The use of statins, competitive inhibitors of 3-hydroxy-3-methylglutaryl 

coenzyme A (HMG-CoA) reductase, is possibly associated with insulin resistance. This 

potential effect of statins is presumably due to the impaired differentiation and 

diminished glucose utilization of adipocytes. The role of HMG-CoA reductase inhibition 
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and mevalonate deprivation is not clear in the statin-mediated inhibition of adipocyte 

differentiation. There is also a need to evaluate the effect of other HMG-CoA reductase 

suppressors, particularly phytochemicals, on adipocyte differentiation.  Geranylgeraniol, 

a phytochemical (diterpene) shown to accelerate the degradation of HMG-CoA reductase, 

is hypothesized to mimic the impact of lovastatin in adipocytes by suppressing adipocyte 

differentiation and adipogenic gene expression.  The impact of lovastatin and 

geranylgeraniol on the differentiation of murine 3T3-F442A adipocytes was evaluated.  

Adipo-Red assay and oil Red O staining showed that a 7 day incubation with 1.25 - 10 

mol/L lovastatin and 2.5 - 20 mol/L geranylgeraniol reduced the intracellular 

triglyceride content of the cells in a dose-dependent fashion.  Concomitantly, lovastatin 

and geranylgeraniol down-regulated the expression of peroxisome proliferator-activated 

receptor  (Ppar), a key regulator of adipocyte differentiation as analyzed by real-time 

qPCR.  The expression of adipocyte marker genes including SREBP1, adiponectin, 

leptin, and fatty acid binding protein 4 was suppressed by lovastatin.  The expression of 

SREBP1, adiponectin, leptin, fatty acid binding protein 4, fatty acid synthase, glycerol-3-

phosphate dehydrogenase and glucose transporter 4 was also suppressed by 

geranylgeraniol.  Mevalonate-derived metabolites have essential roles in promoting 

adipocyte differentiation and adipogenic gene expression. Dietary mevalonate 

suppressors may have potential as anti-adipogenesis compounds.  

Key words: geranylgeraniol, adipocyte, differentiation, mevalonate, Pparγ, SREBP-1c, 

leptin, adiponectin, Fabp4, GPDH, INSIG1, GLUT4, Fasn 
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Introduction 

 Obesity has become a worldwide epidemic and one of the major public health 

concerns in developed countries [1].   The degree of obesity [2, 3] is directly associated 

with an increased risk of a variety of metabolic diseases such as coronary heart disease, 

type 2 diabetes, cancer, hypertension, dyslipidemia and stroke [4, 5].  Fundamental to the 

pathology of obesity is the occurrence of hypertrophy and hyperplasia of adipocytes 

differentiating from fibroblastic preadipocytes and their over-accumulation [6].  

Modulation of body fat storage by regulating adipocyte differentiation and adipocyte 

lipolysis ultimately controls the number and size of adipocytes; [7] therefore, suppressing 

adipogenesis may be a plausible approach to obesity prevention. 

Due to the complexity of studying adipocyte differentiation in vivo, a great part of 

our knowledge of the process has been acquired from the extensive work done on in vitro 

models of adipogenesis, the 3T3 preadipocyte cell line being one of the most well-

established and dependable [8, 9].  Differentiated 3T3-L1 and 3T3-F442A preadipocytes 

possess a large amount of the ultra-structural properties of adipocytes found in animal 

tissue.  Mature 3T3-L1 cells have analogous characteristics with adipocytes in adipose 

tissues [10].  Once the cells are differentiated, the fat droplets formed are similar in 

appearance to adipose tissue in vivo.  Subcutaneous injection of 3T3-F442A cells into 

nude mice produces an entirely differentiated fat pad [11].   

Adipogenesis involves a number of transcriptional factors.  Complex interactions 

of these factors control the expression of hundreds of adipogenic genes [12].  The 



55 

 

differentiation of fibroblasts to adipocytes requires the activation of signaling pathways 

including those mediated by insulin, insulin like growth factor (IGF)-1, Ras protein and 

peroxisome proliferator-activated receptor γ (Pparγ) [13].  The activation of Ras proteins 

is followed by the activation of Pparγ which promotes preadipocyte differentiation and 

insulin sensitivity and suppresses adipocyte lipolysis.  Pparγ is one of the central 

regulators of adipocyte differentiation and is crucial to adipose tissue formation in vivo 

[14].  The cross-activation of Pparγ2 and CCAAT enhancer-binding protein α (C/EBPα) 

up-regulates preadipocyte differentiation by activating the expression of various genes 

required for acquiring the preadipocyte phenotype such as adiponectin, adipocyte fatty 

acid-binding protein 4 (Fabp4), glucose transporter type 4 (GLUT4), and leptin [15] 

which all play important roles in fatty acid metabolism and adipocyte function.  Mature 

adipocytes are also characterized by glycerol-3-phosphate dehydrogenase (GPDH) [16].   

Further stimulation of Pparγ can occur through an indirect manner with adipocyte 

determination and differentiation factor-1/sterol regulatory element (SRE) binding 

protein 1c (ADD1/SREBP1) [17, 18].  ADD1/SREBP1 promotes adipocyte 

differentiation by increasing the availability of ligands for Pparγ [19] and stimulates 

more genes associated with adipogenesis including fatty-acid synthase (Fasn) [20].  

Furthermore, SREBP-1c binds to the SRE of adiponectin promoter and stimulates 

adiponectin expression [21].   Insulin-induced gene 1 (INSIG1), a Pparγ target gene, is an 

important regulator in the processing of the SREBPs and is regulated by Pparγ [22].  
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Another SREBP responsive enzyme is 3-hydroxy-3-methylglutaryl coenzyme A (HMG-

CoA) reductase, a vital component of the mevalonate pathway.  The mevalonate pathway 

produces sterol (cholesterol) and non-sterol (isoprenoids) products that have various 

functions in the human body [23].  There are two specific enzymes in the mevalonate 

pathway that are important for the function of the insulin signaling pathway, 

consequently leading to adipocyte differentiation.  HMG-CoA reductase and 

geranylgeranyl-pyrophosphate (GGPP) synthetase activities provide prenyl 

pyrophosphates in the form of GGPP and farnesyl pyrophosphate (FPP) that are required 

for the modification and biological activity of the IGF-1 receptor and Ras, respectively 

[23], ultimately leading to the activation of Pparγ2 and adipogenesis.  Insulin stimulates 

the mevalonate pathway which modifies p21Ras in fibroblasts [24].    

The mevalonate pathway can be suppressed by the use of HMG-CoA reductase 

inhibitors.  It is believed that by down regulating HMG-CoA reductase activity, pools of 

FPP and GGPP will be limited, thereby attenuating preadipocyte differentiation into 

adipocytes.  Statins are competitive inhibitors of HMG-CoA reductase and have been 

shown to inhibit 3T3-L1 preadipocyte differentiation; however, emerging evidence 

suggests that statins may have adverse side effects such as elevated liver enzymes, 

muscle problems, cognitive loss, pancreatic dysfunction, hepatic dysfunction and 

neuropathy [25]. Isoprenoids are plant products derived from the mevalonate pathway 

that are believed to act similarly to the statins.  They down-regulate HMG-CoA reductase 

and block the synthesis of FPP and GGPP, products that play important roles in 
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preadipocyte differentiation.  Geranylgeraniol, a diterpene alcohol found in linseed and 

peanut oil [26], has been shown to down-regulate HMG-CoA reductase activity [27].  No 

research has explored the potential role of geranylgeraniol in suppressing the insulin 

signaling pathway and preadipocyte differentiation.  The effect of geranylgeraniol has 

also never been studied with 3T3-F442A cells. 

 In this study, the effect of geranylgeraniol on 3T3-F442A preadipocyte 

differentiation was evaluated.  A possible mechanism for the impact of geranylgeraniol 

was examined by measuring the expression of adipogenic marker genes including Pparγ, 

SREBP-1c, INSIG1, Fabp4, Fasn, GLUT4, GPDH, AdipoQ and Lep. 

Materials and Methods 

Chemicals 

Murine 3T3-F442A cells were purchased from Dr. Howard Green (Harvard 

Medical School).  Geranylgeraniol was purchased from Sigma Aldrich (St. Louis, MO).  

Lovastatin was a gift from Merck Research Laboratories (Rahway, NJ). 

Adipocyte Differentiation 

Murine 3T3-F442A preadipocytes were grown and maintained in Dulbecco's 

Modified Eagle's Media (DMEM) with 4 mmol/L L-glutamine adjusted by American 

Type Culture Collection (ATCC, Manassas, VA) to contain 1.5 g/L sodium bicarbonate 

and 4.5 g/L glucose and supplemented with 10% bovine calf Serum (BCS, Fisher 

Scientific Company LLC, Houston, TX) and 1% penicillin/streptomycin (GIBCO, Grand 

Island, NY) at 37oC in a humidified atmosphere of 10% CO2..  The cells were seeded in 
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96-well plates at a density of 2.5 x 103 or 5 x 103 cells per well, 24 well plates (1 x 104 

cells/well), 6-well plates (4 x 104 cells/well) or in tissue culture dishes (100 mm x 20 

mm, Corning Life Sciences, Wilkes Barre, PA) at 2 x 105 per dish, contingent on the 

experimental procedure to be carried out.  Upon reaching ~70% confluency, 3T3-F442A 

cells were cultured for 2 days and differentiation was achieved by maintenance in 

DMEM supplemented with 10% fetal bovine serum (FBS, Fisher Scientific Company), 

1% penicillin/streptomycin (GIBCO) and 5µg/mL insulin (Sigma Aldrich).  

Geranylgeraniol (2.5 - 20µmol/L) or lovastatin (1.25 - 5µmol/L) was added to the 

differentiation medium of experimental groups, and the control cells were incubated in 

medium containing the vehicle [dimethyl sulfoxide (DMSO, ATCC) or ethanol (0.1%, 

v/v)].  Following a 2-day incubation the cells were then cultured in DMEM supplemented 

with 10% FBS and 5 μg/mL insulin for additional 2 days. Cells were continued in 

medium without insulin for additional 5-7 days until the differentiation of adipocytes.  

Oil Red O staining  

Differentiated 3T3-F442A cells were washed twice with phosphate buffer 

solution (PBS) and fixed in 0.2 mL (24-well plate) or 1mL (6-well plate) of 10% formalin 

per well at room temperature for 1 hour.  Cells were then rinsed with deionized water and 

stained with 01.mL (24-well) 0.5 mL (6-well) of 0.3% freshly filtered Oil Red O working 

solution per well at room temperature for 30 minutes [28].  The cells were then rinsed 

with 0.2mL (24-well) or 1mL (6-well) deionized water before photomicrographs of 

representative fields of monolayer cells were taken with a Nikon Eclipse TS 100 
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microscope (Nikon Corporation, Tokyo, Japan) equipped with a Nikon Coolpix 995 

digital camera (Nikon Corporation) to visualize cellular neutral lipids.  

AdipoRed™ Assay for Measuring Intracellular Triglyceride Content 

The lipid content of the differentiated cells was quantified using an AdipoRed™ 

Assay kit (Lonza, Walkersville, MD) according to manufacturer’s instructions. AdipoRed 

is a reagent that contains the hydrophilic Nile Red stain and allows the quantification of 

intracellular lipid droplets [29]. Differentiated cells were rinsed with 2 mL Hank’s 

Balanced Salt Solution (HBSS) and to each well, 5 mL HBSS and 140 μL of AdipoRed 

reagent were added. After 10 - 15 minutes of incubation, the plates were positioned in a 

Tecan Infinite M200 micro plate reader with Magellan™ software version 6.3 (Tecan 

Systems Inc., Salzburg, Austria) and fluorescence was measured with an excitation 

wavelength of 485 nm and an emission wavelength of 572 nm.  

Cell Viability Assay 

Cultures of 3T3-F442A preadipocytes were seeded (2500 cells/well) in 100µL 

maintenance medium in 96-well plates and incubated for 48 hours at 37°C in a 

humidified atmosphere of 10% CO2.  The medium was then aspirated from each well and 

replaced with 100µL of fresh medium containing DMSO or ethanol or increasing 

concentrations of geranylgeraniol (20 - 200µmol/L) or lovastatin (1.25 – 10µmol/L). The 

cells continued to incubate for an additional 24 or 48 hours. Cell populations were 

determined using the CellTiter 96® Aqueous One Solution MTS assay (Promega, 

Madison, WI) procedure.   Cells were then washed once with HBSS.  Subsequently, 
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100µL of serum free medium and 20µL of 3-(4,5-dimethythizol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium salt solution were added to 

each well.  Plates were incubated at 37°C in the dark for two hours and then absorbance 

was measured at 490 nm with a Tecan infiniteM200 plate reader with Magellan™ 

software version 6.3 (Tecan Systems Inc., Salzburg, Austria) to verify the formazin 

concentration, which is relative to the number of live cells.  The mean absorbance from 

wells containing cell-free medium was used as the baseline and was deducted from the 

absorbance of other cell-containing wells.  Cell viability was also measured in mature 

adipocytes.  Cultures of 3T3-F442A preadipocytes were seeded (5000 cells/well) and 

incubated as described above.  Cells were then induced to differentiate as described 

above and grown to maturation. On day 8 – 10 of differentiation, the medium was 

aspirated from each well and replaced with 100µL of fresh medium containing DMSO or 

ethanol or increasing concentrations of geranylgeraniol (20 - 200µmol/L) or lovastatin 

(1.25 - 10µmol/L). The cells continued to incubate for an additional 24 or 48 hours.  Cell 

populations were determined using the CellTiter 96® Aqueous One Solution procedure 

as described above.  

Quantitative Real-time Polymerase Chain Reaction 

Total cellular RNA of mature 3T3-F442A adipocytes was extracted using 

TRIZOL reagent (Invitrogen) according to the manufacturer’s protocols.  The 

concentration and purity of the isolated total RNA was determined 

spectrophotometrically by running the samples in a spectrum of 230 - 400 nm at 10 nm 
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intervals and using the OD260:280 ratio.  The quality of the purified total RNA was 

verified by detecting a 2:1 ratio for the 28s:18s ribosomal RNA (rRNA) using gel 

electrophoresis.  Samples were run on a 1.5% agarose gel (Tris-acetate (TAE) buffer) at 

80 volts for 90 min. and visualized by Chemi Doc XRS imaging system (Bio-Rad, 

Hercules, CA) following the addition of 0.5 μg/ml ethidium bromide.  The level of 

mRNA expression of Pparγ, SREBP-1c, INSIG1, Fabp4, Lep, AdipoQ, Fasn, GLUT4 and 

GPDH was analyzed by reverse transcription (RT) followed by quantitative real-time 

polymerase chain reaction (qPCR).  2 μg of total RNA in a 20 μl reaction buffer was 

reverse transcribed into cDNA using an Oligo (dT)20 primer and SuperScript® III First-

Strand kit (Invitrogen, Grand Island, NY) following the manufacturer's instructions.  The 

cDNA was diluted by 25-fold with 25μg/ml solution of acetylated bovine serum albumin 

(BSA) and 6 μl of diluted cDNA was amplified in a 25 μl PCR reaction which included 

250 nM of both forward and reverse primers of the gene and  iQTM SYBR® Green 

Supermix (Bio-Rad Laboratories).  The cDNA was denatured at 95oC for 3 minutes 

followed by 40 cycles of PCR (94oC for 30 s, 60oC for 25 s, 72oC for 25 s, and 78oC for 

9 s) by means of an iQTM5 multi-color Real-Time PCR Detection System (Bio-Rad) 

with Bio-Rad iQ5 Optical System Software (version 2.1).  The mRNA levels of all the 

genes were normalized using ribosomal protein L22 (RPL22) as internal control [30] by 

using the ΔCT method.  Fold changes of gene expression were calculated by the 2-ΔΔCT 

method. 
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Primer Design and Verification 

Primers were designed using Primer 3 Output version 4.0 online software 

(Massachusetts Institute of Technology (MIT)) [31].  The sequences were determined for 

the genes of interest in this study (Table 1).  To ensure that a single gene was amplified, 

the melting profile of double stranded DNA product of PCR generated from each primer 

was analyzed. The specific PCR products were purified with HT ExoSAP-IT® High 

Throughput PCR Product Clean-Up (USB® Products, Affymetrix Inc., Cleveland, Ohio, 

USA) and incubated at 37oC for 30 minutes to degrade remaining primers and 

nucleotides (dNTPs).  The purified double-stranded DNA was kept at 80°C for 30 

minutes to inactivate the ExoSAP-IT and was then quickly chilled on ice. To confirm 

specificity, PCR primers were used to sequence both strands of DNA.  

Statistics 

 One-way analysis of variance (ANOVA) and Tukey’s post hoc tests were 

performed to assess the differences between groups using Prism® 4.0 software 

(GraphPad Software Inc., San Diego, CA). Levels of significance were designated as P < 

0.05.  

Results 

 Figure 1 shows the impact of geranylgeraniol on the differentiation of murine 

3T3-F442A cells. When differentiated cells were stained with Oil Red O, overall lipid 

accumulation was noticeably less in the cells that were treated with geranylgeraniol (0 – 

20 μmol/L) compared to the control (Figure 1A).  Furthermore, there was a clear dose 



63 

 

dependent reduction in the number of lipid droplets observed.  A decrease in lipid content 

was also visible with the cells treated with lovastatin (1.25µmol/L), a known inhibitor of 

adipocyte differentiation.   

The suppression of adipocyte differentiation was confirmed when intracellular 

triglyceride accumulation was measured by AdipoRed™ Assay (Figure 1B).  A 

concentration-dependent decrease in triglyceride levels was evident with the 

geranylgeraniol treated cells.  Compared with control, the level of adipocyte triglycerides 

was lower in 3T3-F442A cells treated with 5µmol/L (P < 0.01) and 10µmol/L (P < 

0.0001) of geranylgeraniol.  Lovastatin also induced a decrease in triglyceride 

accumulation in comparison to the control but it was not significant.  

 To ensure that the decreased intracellular triglyceride was not attributable to 

cytotoxicity, cell viability was measured with 3T3-F442A preadipocytes prior to the 

induction of differentiation (Figure 2, A & B) and subsequent to the differentiation 

process (Figure 2, C & D) differentiation process. When 3T3-F442A preadipocytes were 

incubated with 20 – 200 μmol/L of geranylgeraniol for 24 (Figure 2A) or 48 hours 

(Figure 2B) no reduced cell viability was observed at any of the concentrations.  Similar 

findings were observed when mature, fully-differentiated 3T3-F442A cells were 

incubated with the same concentrations of geranylgeraniol for the same time lengths 

(Figure 2, C & D).  Conversely, decreased cell viability was observed when 

preadipocytes were incubated with 10 μmol/L of lovastatin for 48 hours (data not shown).  
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The same concentration of lovastatin (10 μmol/L) also reduced the viability of mature, 

fully-differentiated 3T3-F442A cells. 

 We then examined the effect of geranylgeraniol on the genetic expression of 

Pparγ and SREBP-1c, two important transcription factors whose interplay is crucial in 

the early phase of adipogenesis.  The mRNA levels of Pparγ in the geranylgeraniol 

treated cells were significantly decreased in a dose dependent manner in comparison with 

the control (P < 0.0001).  As anticipated, the preadipocytes grown without adipogenic 

inducers (IDI-) had lower Pparγ levels compared to the control but this was not 

considered statistically significant (Figure 3A).  The mRNA expression of SREBP-1c 

among the geranylgeraniol treated cells mimicked the pattern that was observed with 

Pparγ (Figure 3B); a decreased expression of the gene which is concentration dependent 

(P < 0.0001).  INSIG1, a key regulator in the processing of the SREBPs, also showed 

similar results of mRNA expression when induced by geranylgeraniol (P < 0.001).  

INSIG1 expression is controlled by Pparγ so levels are expected change when Pparγ 

expression is compromised.  This outcome is in accordance with geranylgeraniol-

mediated reduction in intracellular triglyceride levels that we observed and further 

supports the claim that all three genes have a critical function in the early process of 

adipocyte differentiation. 

 Subsequently, we observed the genes which are under the regulation of Pparγ and 

SREBP-1c.  The differentiation of the 3T3-F442A preadipocytes in the presence of 

geranylgeraniol induced a consistent dose-dependent decrease in the mRNA expression 
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of several adipogenic marker genes: AdipoQ, Lep, Fabp4, Fasn, GPDH and GLUT4 

(Figure 3D – I).  In comparison to the untreated differentiated cells (control), 

preadipocytes (IDI-) had a much lower mRNA expression of AdipoQ, Lep, Fasn, GPDH 

and GLUT4 (P < 0.0001).  The decreased expression of the leptin mRNA induced by 

geranylgeraniol is in accordance with the lower levels of Pparγ and SREBP-1c that were 

observed.  Lep is an established marker of adipocyte differentiation and is involved in the 

expression of Pparγ and SREBP-1c.  Furthermore, two important markers of terminal 

differentiation, GLUT4 and Fasn, both experienced markedly lower mRNAs levels due to 

geranylgeraniol mediated suppression of adipocyte differentiation in the earlier stages.  

ADD1/SREBP1 is known to stimulate the expression of Fasn.   

 Lovastatin at 1.25µmol/L also suppressed the mRNA levels of SREBP and 

INSIG1 as well other crucial adipogenic genes including Lep, Fasn, GPDH and GLUT4 

an observation consistent with the role of statins in inhibiting adipocyte differentiation.  
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Table 1.  

Primer sequences (forward and reverse) and GenBank accession numbers used in the 

Real-Time qPCR 

Gene Accession# Primer Sequence    

Pparγ NM_001127330 5’-AGAGGGCCAAGGATTCATGACCAGG-3’ 

  & NM_011146 5’-TTCAGCTTGAGCTGCAGTTCCAGGG-3’ 

 

SREBP-1 NM_011480 5’-TGGCACCCTCTTGCTCTGTAGGCAC-3 

  5’-GCTGAGGCAGACATCTGCCTACCCA-3’ 

 

INSIG1         NM_153526            5’-GCACGAGCTATTCCGGAGAAGGGTTC-3’ 

                      5’-GGACCAACGACTGTGTCAGGAGGTCAG-3’ 

 

Fabp4 NM_024406 5’-GTGTGATGCCTTTGTGGGAACCTGG-3’ 

  5’-TGCGGTGATTTCATCGAATTCCACG-3’ 

 

Lep NM_008493 5’-TGGAGGTGAGCGGGATCAGGTTTTG-3 

  5’-TGGCACGTGGGATCTTTCAGAAGCC-3’ 

 

AdipoQ NM_009605 5’-CGGCAGCACTGGCAAGTTCTACTGC-3’ 

  5’-TTGTGGTCCCCATCCCCATACACCT-3’ 

 

Fasn  NM_007988          5’-CCCAGGCCTTGCCGTGCAGT-3’ 

             5’-GCTCAGGACTGCGTGGGGCT-3’ 

 

GPDH  NM_010271          5’-GGGGGTAGACGAGGCCCCAA-3’ 

             5’-GCCGGGTCCTTGCAGCCGAT-3’ 

 

GLUT4 NM_009204          5’-GAACCCCCTCGGCAGCGAGT-3’ 

                 5’-ATCCGGTCCCCCAGGACCTTGC-3’ 

 

RPL22  NM_009079          5’-GCGACTTTAACTGGGCTGCTGCT-3’ 

             5’-GCCCACCACCCAGCCTCTCG-3’  
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Figure 1. Geranylgeraniol suppresses the differentiation of murine 3T3-F442A 

preadipocytes. (A) Phase-contrast microscopy of Oil Red O-stained 3T3-F442A 

preadipocytes subsequent to 8-d differentiation. Cells  were incubated with 0 (a), 5 (b) or 

20 (c) μmol/L geranylgeraniol or 1.25µmol/L lovastatin during differentiation. (B) 

Intracellular triglyceride content of 3T3-F442A cells determined by AdipoRed™ Assay 

subsequent to 8-d differentiation.  Cells were incubated with 0, 2.5, 5 or 10 μmol/L 

geranylgeraniol or 1.25µmol/L lovastatin during differentiation. 
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Figure 2. The concentration- and time- dependent impact of geranylgeraniol on the cell 

viability of murine 3T3-F442A preadipocytes prior to (A & B) and subsequent to (C & 

D) 8-d differentiation. The pre-differentiation and differentiated 3T3-F442A cells were 

incubated with geranylgeraniol (0-200 μmol/L) for 24- (A & C) or 48- (B & D) hours 

before cell viability was determined by CellTiter 96
®

 Aqueous One Assay.  
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Discussion 

Little research has been done on the mevalonate suppressive activity of 

geranylgeraniol and its effect on human health.  No research has explored the potential 

role of geranylgeraniol in inhibiting the insulin signaling pathway and consequently 

preadipocyte differentiation by way of down regulation of the mevalonate pathway.  

Some research has explored naturally occurring mevalonate suppressors such as vitamin 

E tocotrienols [32], terpenoids [33], genistein [34], and berberine [35] and has 

determined suppression in adipocyte differentiation with down regulation of Pparγ, 

C/EBPa, and Fabp4 expression. However, much of our knowledge of the role 

mevalonate suppressors in modulating adipocyte differentiation comes from research 

done on statins.  A large amount of evidence exhibits that statins have a strong inhibitory 

impact on the adipogenesis process [36-40] by suppressing lipid accumulation, down-

regulating the expression of adipogenic transcriptional factors including Pparγ2, Fabp4 

and GLUT4 [41], inhibiting adipocyte maturation, suppressing C/EBPα expression and 

disrupting insulin signaling [39, 42].  

In this study, we found that geranylgeraniol down regulates the expression of 

various genes which are crucial at different stages in the adipogenesis process, as 

measured by real-time qPCR.  Pparγ and SREBP-1c are both involved in the early phase 

of adipocyte differentiation [43] and their presence is critical in the initiation of 

adipogenesis.  There are several adipogenic genes which are stimulated by these earlier 

processes such as INSIG1, Lep, Fabp4, adiponectin and GPDH, which are important in 
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the progression of adipocyte differentiation.  Mature, fully differentiated adipocytes are 

characterized by GLUT4 and Fasn, important biomarkers of terminal differentiation.  

Since we observed markedly lower mRNAs levels among all of these adipogenic genes, 

the geranylgeraniol mediated suppression of adipocyte differentiation may have probably 

impacted the earlier stages of the process which influenced the progression of 

adipogenesis.  Our findings are consistent with previous studies which have examined 

mevalonate suppressors, mainly statins, and their inhibition of 3T3-L1 preadipocyte 

differentiation by down regulation of Pparγ [37, 39, 41], C/EBPα [39], Fabp4 [40, 44], 

AdipoQ [40, 45], GLUT4 [37] and Lep [41].   

The differentiation of fibroblasts to adipocytes is complex process which involves 

the occurrence of several crucial events that require the activation of signaling pathways 

including those mediated by insulin, insulin like growth factor (IGF)-1, Ras protein and 

Pparγ2 [13, 46].  SREBP-1c is also an important component of the development of 

adipogenesis and is known to stimulate fat specific genes such as Fasn, glycerol-3-

phosphate acyltransferase, and stearoyl CoA desaturase 2 [47] that are important in 

adipocyte differentiation.  ADD1/SREBP-1c is thought to intervene with the insulin-

induced changes in adipogenic gene expression in adipose tissue [22] and its up 

regulation provides Pparγ agonists that further fuel the differentiation process [48].   

INSIG1 is believed to act as a “check” on the highly integrated network of transcription 

factors (C/EBPs, Ppars, and SREBPs) and provides a key link between insulin 

sensitization, glucose homeostasis and lipid homeostasis [22].  INSIG1, a Pparγ target 
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gene, is an important regulator in the processing of the SREBPs and is in turn regulated 

by Pparγ [21].  Lep expression is stimulated by insulin, C/EBPα and Pparγ [49, 50] and 

is involved in the expression of SREBP-1c.  Given that mRNA levels of Pparγ, SREBP-

1c, INSIG1, Lep and Fasn levels were all found to be suppressed highlights their mutual 

interaction.   

Another SREBP responsive enzyme is 3-hydroxy-3-methylglutaryl coenzyme A 

(HMG-CoA) reductase, a vital component of the mevalonate pathway.   Through the 

mevalonate pathway, HMG-CoA reductase provides mevalonate-derived sterol 

(cholesterol) and non-sterol products (isoprenoids) [23] crucial to insulin signaling.  

There are two specific enzymes in the mevalonate pathway that are implicated in the 

function of the insulin signaling pathway consequently leading to adipocyte 

differentiation.  HMG-CoA reductase and GGPP synthetase activity provide prenyl 

pyrophosphates in the form of GGPP and FPP that are required for the modification and 

biological activity of the IGF-1 receptor and Ras, respectively, [23] ultimately leading to 

the activation of Pparγ2 and the adipogenesis process (Figure 2).  Insulin stimulates the 

mevalonate pathway activity necessary for the modification of p21 Ras in fibroblasts 

[24]. 

When fibroblasts undergo differentiation into mature adipocytes, the expression 

of GGPP synthetase increases by more than 20-fold.  To explore the effect of insulin on 

the regulation of GGPP synthetase expression, 3T3-L1 adipocytes were cultured with or 

without insulin for 24 hours followed by the measurement of mRNA expression.  Insulin 
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did not induce GGPP synthetase mRNA expression, however, Fasn expression increased 

by 80% [51].  During the differentiation of the 3T3-L1 cells, there were large increases in 

the mRNA levels of low density lipoprotein (LDL) receptor and HMG-CoA synthetase 

and smaller increases in the levels of lipoprotein lipase (LPL).   HMG-CoA reductase is 

markedly increased at day 3 of differentiation [52] and in differentiated 3T3-L1 cells [35] 

and adipose tissues from obese rodents [53] and humans [54].   

The inhibition of HMG-CoA reductase by mevalonate suppressors limits its 

activity, thus suppressing isoprenoid synthesis.    Geranylgeraniol has been shown to 

down-regulate HMG-CoA reductase activity [27].  It is believed that by down regulating 

HMG-CoA reductase activity, pools of FPP and GGPP will be limited, thereby 

attenuating preadipocyte differentiation into adipocytes.   Inhibition of HMG-CoA 

reductase is associated with a reduced expression of GLUT4 [36] which explains the 

decreased GLUT4 mRNA levels that were observed in the geranylgeraniol treated cells.   

Statins have been shown to play an important role in preadipocyte differentiation, 

unfortunately, the potential for the long-term application of statins in obesity prevention 

and treatment is unknown by their dose-limiting toxicities [55].  Emerging evidence 

suggests that statins may have adverse side effects such as elevated liver enzymes, 

muscle problems, cognitive loss, pancreatic dysfunction, hepatic dysfunction and 

neuropathy [25].  Dietary mevalonate suppressors such as geranylgeraniol may have anti-

adipogenic benefits without the potential complications associated with statins. 
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 Insulin resistance [39, 56-58] and reduction of insulin-induced glucose uptake 

[59] may be stimulated by statins but the effect of geranylgeraniol is unclear.   In this 

study, both geranylgeraniol and lovastatin significantly decreased the expression of 

GLUT4, similar to the findings of another study [60], which supports the observation that 

statins induce insulin resistance.  Knockout mice that are heterogeneous for GLUT4 were 

shown to develop insulin resistance and diabetes [61].  Adiponectin, a known biomarker 

for insulin sensitivity, [62] was not down regulated by lovastatin in this study.  However, 

geranylgeraniol did suppress the expression of adiponectin.  Nevertheless, both 

geranylgeraniol and lovastatin exhibited decreases in Pparγ and Fabp4 mRNA 

expression.  Reduction in Pparγ activity has been shown to prevent insulin resistance 

[63-66].  Additionally, down regulation of Fabp4 may play an important function in 

controlling metabolic syndrome and diabetes since it has a central role in linking obesity 

and insulin resistance.   Mice deficient in Fabp4 did not develop insulin resistance or 

diabetes [67].  The impact of geranylgeraniol on insulin resistance may necessitate 

further study.   

In conclusion, geranylgeraniol may potential as an anti-adipogenesis compound 

by way of suppression of the preadipocyte differentiation into mature adipocytes.  To our 

knowledge, the effects of geranylgeraniol on modulating the differentiation of 3T3-

F442A preadipocytes had not yet been explored.  Further examination of specific 

mechanisms of action involved in the impact of geranylgeraniol on suppressing 

differentiation in murine 3T3-F442A preadipocytes would be necessary.  Assessment of 
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the potential reversal of the effect of geranylgeraniol by the Ppar agonist mevalonate 

warrants additional investigation.   
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Abstract 

The use of statins, competitive inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A 

(HMG-CoA) reductase, is associated with insulin resistance, presumably due to the 

impaired differentiation and diminished glucose utilization of adipocytes. We 

hypothesize that mevalonate, the product of HMG-CoA reductase, is essential to 

adipocyte differentiation and adipogenic gene expression. Adipo-Red assay and oil Red 
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O staining showed that 7-d incubation with 1.25-5 mol/L lovastatin dose-dependently 

reduced the intracellular triglyceride content of murine 3T3-F442A adipocytes. 

Concomitantly, lovastatin down-regulated the expression of peroxisome proliferator-

activated receptor  (Ppar), leptin, fatty acid binding protein 4, and adiponectin as 

measured by real-time qPCR. The expression of sterol regulatory element binding protein 

1, a transcriptional regulator of Ppar and leptin genes, was also suppressed by 

lovastatin. The impact of lovastatin on intracellular triglyceride content and expression of 

the adipogenic genes was reversed by supplemental mevalonate. Mevalonate-derived 

metabolites have essential roles in promoting adipocyte differentiation and adipogenic 

gene expression. 

Key words  

lovastatin, adipocyte, differentiation, mevalonate, Pparγ, SREBP-1c, leptin, adiponectin, 

Fabp4 

Introduction 

 Obesity is characterized by, among many other physiological changes, over-

accumulation of differentiated adipocytes, and is a risk factor for chronic diseases such as 

type 2 diabetes, hypertension, coronary heart disease and cancer. At the cellular level, 

obesity is characterized by hyperplasia and hypertrophy of adipocytes differentiated from 

fibroblastic preadipocytes. Suppressing adipocyte differentiation or adipogenesis is one 

of the potential approaches in obesity prevention. 
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Adipocyte differentiation is a well-orchestrated multi-step process involving 

several genes [1]. Peroxisome proliferator-activated receptor γ (Pparγ) is one of the 

central regulators of adipocyte differentiation and is essential to adipose tissue formation 

in vivo [2]. Pparγ regulates the expression of adipogenic genes including leptin (Lep) [3], 

adipocyte fatty acid-binding protein 4 (Fabp4) [4], and Adiponectin (AdipoQ), all playing 

important roles in fatty acid metabolism and adipocyte functions. Pparγ activity is 

enhanced by adipocyte determination- and differentiation-dependent factor 1/sterol 

regulatory element (SRE) binding protein 1 (ADD1/SREBP1) [5], a promoter of 

adipocyte differentiation that increases the availability of ligands for Pparγ [6]. SREBP-

1c binds to the SRE of adiponectin promoter and stimulates adiponectin expression [7]. 

Both Pparγ and SREBP-1c are involved in early stages of adipocyte differentiation [8]. 

The 3T3 preadipocyte cells are a well-established in vitro model [9] for studying 

adipocyte differentiation because their morphology resembles that of fibroblastic 

preadipocytes from animal fat tissues. Mature 3T3-L1 cells share virtually all 

characteristics with adipocytes in the adipose tissues [10]. In this study we used 3T3-

F442A preadipocytes, a subclone [11] of 3T3-L1 cells with greater frequency of adipose 

conversion and increased rate of lipid accumulation than the original 3T3-L1 cell line. 

The 3T3-F442A preadipocytes are able to form fat pads similar to normal adipose tissues 

when injected into mice [12]. The formation and appearance of fat droplets in these 

differentiated cells mimic adipose tissue in vivo. 
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It has been suggested that the signaling of insulin, a promoter of preadipocyte 

differentiation [13], requires mevalonate-derived metabolites [14]. Statins are competitive 

inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase, the rate-

limiting enzyme in the mevalonate pathway to provide mevalonate-derived sterol and 

non-sterol products [15]. Statins have been shown to inhibit 3T3-L1 preadipocyte 

differentiation. Nevertheless, their effect on the genes involved in adipocyte 

differentiation is poorly understood and whether their impact on preadipocyte 

differentiation is mediated by mevalonate deprivation in uncertain; the latter is shown in 

the contradictory evidence for the ability of supplemental mevalonate to reverse the effect 

of statins  [16, 17]. The effect of statins has also never been studied with 3T3-F442A 

cells. 

In this study we evaluated the impact of lovastatin on 3T3-F442A preadipocyte 

differentiation and the expression of adipogenic genes including Pparγ, SREBP-1c, 

Fabp4, AdipoQ and Lep. We further determined whether the impact of lovastatin is 

mediated by mevalonate deprivation. 

Materials and Methods 

Culture and Oil Red O staining of 3T3-F442A cells 

Murine 3T3-F442A cells purchased from Dr. Howard Green (Harvard Medical 

School) were cultured in 24 well (1 x 104 cells/0.3 mL medium/well) and 6-well (4 x 104 

cells/3 mL medium/well) plates in Dulbecco’s modified Eagle’s medium (DMEM) 

adjusted by American Type Culture Collection (ATCC, Manassas, VA) to contain 4 
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mmol/L L-glutamine, 1.5 g/L sodium bicarbonate and 4.5 g/L glucose, supplemented 

with 10% bovine calf serum (BCS, Fisher Scientific Company LLC, Houston, TX) and 

1% penicillin/streptomycin (GIBCO, Grand Island, NY) at 37
o
C in a humidified 

atmosphere of 10% CO2. Upon reaching ~70% confluency the 3T3-F442A cells were 

switched from the maintenance medium above to DMEM supplemented with 10% fetal 

bovine serum (FBS, Fisher Scientific Company), 5 μg/mL insulin (Sigma Aldrich, St. 

Louis, MO), and 1% penicillin/streptomycin (GIBCO). Lovastatin (gift from Merck 

Research Laboratories, Rahway, NJ; 1.25 and 2.5 μmol/L) was added to the experimental 

groups and control cells were incubated in medium containing dimethyl sulfoxide 

(DMSO, ATCC) (0.1%, v/v); both were kept until the end of the study. Following a 2-

day incubation the cells were then cultured in DMEM supplemented with 10% FBS and 5 

μg/mL insulin for additional 2 days. Cells were continued in medium without insulin for 

additional 5-7 days until the differentiation of adipocytes. Cells were rinsed with 

phosphate buffer solution (PBS) twice and fixed in 1mL of 10% formalin per well at 

room temperature for 1 h. Cells were then rinsed with deionized water and stained with 

0.5 mL of 0.3% freshly filtered Oil red O working solution per well at room temperature 

for 30 min [18] to visualize cellular neutral lipids. The cells were then washed with 1 mL 

deionized water per well for three times before photomicrographs of representative fields 

of monolayer cells were taken with a Nikon Eclipse TS 100 microscope (Nikon 

Corporation, Tokyo, Japan) equipped with a Nikon Coolpix 995 digital camera (Nikon 

Corporation).  
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AdipoRed™ Assay for measuring intracellular triglyceride content 

Eight days after the induction of differentiation, lipid content was quantified using 

an AdipoRed™ Assay kit (Lonza, Walkersville, MD) according to manufacturer’s 

instructions. AdipoRed is a reagent that contains the hydrophilic Nile Red stain and 

allows the quantification of intracellular lipid droplets [19]. Differentiated cells were 

rinsed with 2 mL Hank’s Balanced Salt Solution (HBSS) and to each well, 5 mL HBSS 

and 140 μL of AdipoRed reagent were added. After 10-15 min. of incubation, the plates 

were positioned in a Tecan Infinite M200 micro plate reader (Tecan Systems Inc., 

Salzburg, Austria) and fluorescence was measured with an excitation wavelength of 485 

nm and an emission wavelength of 572 nm.  

Cell viability assay 

To measure the viability of preadipocytes, cultures of 3T3-F442A preadipocytes 

were seeded (2500 cells/well) in 100µL maintenance medium in 96-well plates and 

incubated for 48 hours at 37°C in a humidified atmosphere of 10% CO2.  The medium 

was then aspirated from each well and replaced with 100µL of fresh medium containing 

DMSO or increasing concentrations of lovastatin (1.25 – 10µmol/L). The cells continued 

to incubate for an additional 24 or 48 hours. Cell viability following a quick rinse with 

0.1 mL HBSS was determined by adding 100µL of serum free medium and 20µL of 

CellTiter 96® Aqueous One Solution (Promega, Madison, WI); plates were held in the 

dark at 37°C for two hours and then read at 490 nm with a Tecan infiniteM200 plate 

reader with Magellan™ software version 6.3 (Tecan Systems Inc., Salzburg, Austria). 
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Absorbances from wells containing cell-free medium were used as baselines and were 

deducted from absorbances of other cell-containing wells. Cell viability was also 

measured in mature adipocytes.  Cultures of 3T3-F442A preadipocytes were seeded 

(5000 cells/well) and incubated as described above.  Cells were then induced to 

differentiate as described above and grown to maturation. On day 8 – 10 of 

differentiation, the medium was aspirated from each well and replaced with 100µL of 

fresh medium containing DMSO or increasing concentrations of lovastatin (1.25 - 

10µmol/L). The cells continued to incubate for an additional 24 or 48 hours.  Cell 

viability following a quick rinse with 0.1 mL HBSS was determined with CellTiter 96® 

Aqueous One Solution as described above.   

Quantitative real-time polymerase chain reaction 

Murine 3T3-F442A cells cultured in tissue culture dishes (100 mm x 20 mm, 

Corning Life Sciences, Wilkes Barre, PA) at 2x105 cells per dish were incubated in the 

presence or absence of lovastatin for 8-10 days. Once the cells became mature 

adipocytes, total cellular RNA was extracted using TRIZOL reagent (Invitrogen, 

Carlsbad, CA) according to the manufacturer’s protocols. The concentration and purity of 

the isolated total RNA were determined spectrophotometrically using OD260:280 ratios. 

The integrity of the purified total RNA was verified by detecting a 2:1 ratio for the 

28S:18S ribosomal RNA (rRNA) using gel electrophoresis. Samples were run on a 1.5% 

agarose gel (Tris-acetate (TAE) buffer) at 80 volts for 90 min. and visualized by Chemi 

Doc XRS imaging system (Bio-Rad, Hercules, CA) following the addition of 0.5 μg/ml 
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ethidium bromide. The mRNA expression levels of Pparγ, SREBP-1c, Fabp4, leptin and 

adiponectin were analyzed by reverse transcription (RT) followed by quantitative real-

time polymerase chain reaction (qPCR). 2 μg of total RNA in a 20 μl reaction buffer was 

reverse transcribed into cDNA using an Oligo (dT)20 primer and SuperScript® III First-

Strand kit (Invitrogen, Grand Island, NY) following the manufacturer's instructions. 

cDNA was diluted by 25-fold with 25µg/mL acetylated bovine serum albumin (BSA) and 

6 μl of diluted cDNA was amplified in a 25 μl PCR solution containing 250 nM of both 

forward and reverse primers of the gene and iQTM SYBR® Green Supermix (Bio-Rad). 

The cDNA was denatured at 95oC for 3 minutes followed by 40 cycles of PCR (94oC for 

30 s, 60oC for 25 s, 72oC for 25 s, and 78oC for 9 s) by means of an iQTM5 multi-color 

Real-Time PCR Detection System (Bio-Rad) with Bio-Rad iQ5 Optical System Software 

(version 2.1). The mRNA levels of all the genes were normalized using ribosomal protein 

L22 (RPL22) as internal control [20] by using the ΔCT method.  Fold changes of gene 

expression were calculated by the 2-ΔΔCT method. 

DNA Sequencing 

Primers were designed using Vector NTI Advance version 11 software 

(Invitrogen). The sequences for the primers are listed in Table 1.  To ensure that a single 

gene was amplified, the melting profile of double stranded DNA product of PCR 

generated from each primer was analyzed. The specific PCR products were purified with 

HT ExoSAP-IT® High Throughput PCR Product Clean-Up (USB® Products, Affymetrix 

Inc., Cleveland, Ohio, USA) and incubated at 37oC for 30 minutes to degrade remaining 
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primers and nucleotides (dNTPs). ). The purified double-stranded DNA was kept at 80°C 

for 30 minutes to inactivate the ExoSAP-IT and was then quickly chilled on ice. To 

confirm specificity, PCR primers were used to sequence both strands of DNA.  

Statistics 

 One-way analysis of variance (ANOVA) and Tukey’s post hoc tests were 

performed to assess the differences between groups using Prism® 4.0 software 

(GraphPad Software Inc., San Diego, CA). Levels of significance were designated as P < 

0.05.  

Results  

 We first determined the impact of lovastatin on the differentiation of murine 3T3-

F442A cells. Figure 1A (a-c) shows that lovastatin (0-2.5 μmol/L) induced a 

concentration-dependent reduction in the number of lipid droplets stained by Oil Red O 

in each cell and the total amount of visible lipids. Supplemental mevalonate (500 μmol/L) 

reversed the effect of lovastatin by enhancing the lipid content of 3T3-F442A cells 

(Figure 1A, d-f). Cellular triglyceride content measured by AdipoRed™ Assay was also 

reduced by lovastatin in a dose-dependent manner (Figure 1B). Consistent with the 

results of oil Red O staining, supplemental mevalonate reversed the lovastatin-mediated 

reduction of triglyceride content.  

 To evaluate whether the decreased cellular triglyceride was caused by 

cytotoxicity, cell viability was measured with 3T3-F442A preadipocytes prior to (Figure 

2, A & B) and following (Figure 2, C & D) differentiation process. When 3T3-F442A 
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preadipocytes were incubated with 1.25 – 10 μmol/L of lovastatin for 24 (Figure 2A) or 

48 h (Figure 2B) prior to differentiation, only 10 μmol/L of lovastatin reduced cell 

viability following a 48-h incubation. The same concentration of lovastatin (10 μmol/L) 

was required to decrease the viability of mature, fully-differentiated 3T3-F442A cells 

(Figure 2, C & D), suggesting that the lower lipid content shown in Figure 1A was not 

due to lovastatin-induced cytotoxicity. 

 We then examined the effect of lovastatin on the expression of two genes, Pparγ 

and SREBP-1c that are critical in adipocyte differentiation. The Pparγ mRNA level in 

differentiated 3T3-F442A adipocytes had a near-significance (P = 0.11) increase over that 

in preadipocytes without adipogenic inducers (IDI-) (Figure 3A), an observation in 

accordance with the role of Pparγ in adipocyte differentiation. Consistent with lovastatin-

mediated reduction in lipid content (Figure 1), lovastatin at 2.5 μmol/L suppressed the 

Pparγ mRNA level by >95%. Supplemental mevalonate restored Pparγ mRNA to the 

control level, suggesting that mevalonate or mevalonate-derived metabolite(s) are 

required for Pparγ expression and potentially adipocyte differentiation. The expression 

pattern of SREBP-1c in preadipocytes prior to and following differentiation follows that 

of Pparγ, and the impact of lovastatin and supplemental mevalonate on the expression of 

SREBP-1c (Figure 3B) mimics that on Pparγ.  

 Next we evaluated the genes under the regulation of Pparγ and SREBP-1c. 

Differentiated 3T3-F442A cells had much higher Lep mRNA level than preadipocytes 

(IDI-) (Figure 3C), an observation consistent with the role of leptin as a marker of 
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adipocyte differentiation and the expression pattern of Pparγ and SREBP-1c. In 

accordance with lovastatin-mediated reduction in lipid content (Figure 1), Pparγ and 

SREBP-1c, lovastatin at 2.5 μmol/L suppressed the Lep mRNA level by >95%. 

Supplemental mevalonate restored leptin mRNA to the control level, confirming the 

requirement of mevalonate-derived metabolites in adipocyte differentiation. The 

expression of Fabp4 (Figure 3D) and AdipoQ (Figure 3E) in adipocytes and 

preadipocytes and the impact of lovastatin and supplemental mevalonate follow the same 

pattern as those of Lep. 
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Table 1.  

Primer sequences (forward and reverse) and GenBank accession numbers used in the 

Real-Time qPCR 

Gene Accession# Primer Sequence    

Pparγ NM_001127330 5’-AGAGGGCCAAGGATTCATGACCAGG-3’ 

  & NM_011146 5’-TTCAGCTTGAGCTGCAGTTCCAGGG-3’ 

SREBP-1 NM_011480 5’-TGGCACCCTCTTGCTCTGTAGGCAC-3 

  5’-GCTGAGGCAGACATCTGCCTACCCA-3’ 

Lep NM_008493 5’-TGGAGGTGAGCGGGATCAGGTTTTG-3 

  5’-TGGCACGTGGGATCTTTCAGAAGCC-3’ 

Fabp4 NM_024406 5’-GTGTGATGCCTTTGTGGGAACCTGG-3’ 

  5’-TGCGGTGATTTCATCGAATTCCACG-3’ 

AdipoQ NM_009605 5’-CGGCAGCACTGGCAAGTTCTACTGC-3’ 

  5’-TTGTGGTCCCCATCCCCATACACCT-3’ 
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Figure 1. Lovastatin-mediated mevalonate deprivation suppresses the differentiation of 

murine 3T3-F442A preadipocytes. (A) Phase-contrast microscopy of Oil Red O-stained 

3T3-F442A preadipocytes following 8-d differentiation. 3T3-F442A cells were incubated 

with 0 (a & d), 1.25 (b & e) and 2.5 (c & f) μmol/L lovastatin and 0 (a-c) and 500 (d-f) 

μmol/L mevalonolactone during differentiation. (B) Triglyceride content of 3T3-F442A 

cells at the end of 8-d differentiation determined by AdipoRed™ Assay.  
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Figure 2. The concentration- and time- dependent impact of lovastatin on viability of 

murine 3T3-F442A preadipocytes prior to (A & B) and following (C & D) 8-d 

differentiation. The pre-differentiation (A & B) and differentiated 3T3-F442A cells were 

incubated with lovastatin (0-10 μmol/L) for 24- (A & C) and 48- (B & D) hours before 

cell viability was determined by CellTiter 96
®

 Aqueous One Assay.  
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Figure 3. Mevalonate attenuates the impact of lovastatin on the expression of adipogenic 

genes. 3T3-F442A preadipocytes were incubated in the absence (-) or presence (+) of 

IDI, lovastatin and mevalonate as indicated for 8 days. At the end of incubation cells 

were lysed and total RNA extracted. Cellular mRNA levels of Pparγ (A), SREBP-1c (B), 

Fabp4 (C), Lep (D), and AdipoQ (E) were measured by RT-PCR.  
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Discussion 

Previous studies have shown that lovastatin [16, 21], atorvastatin [22], simvastatin 

[17, 23], rosuvastatin [17] and pitavastatin [17] inhibit 3T3-L1 preadipocyte 

differentiation. Simvastatin also inhibited adipogenesis of bone marrow stromal cells 

[24]. The anti-adipogenic effect of statins was also shown in animal studies. Lovastatin 

inhibited adipogenesis in rabbits [25]. When administered to high-fat fed pregnant 

animals, there were decreases in obesity, hypertension, and inflammation in offspring 

[26]. 

Our present study shows that 3T3-F442A cells are more sensitive than 3T3-L1 

cells (IC50 = 10 μmol/L) [16] to lovastatin-mediated suppression of differentiation, 

suggesting that 3T3-F442A cells are a more suitable model to study the impact of 

mevalonate suppressors on adipogenesis. Interestingly, while lovastatin-containing red 

yeast rice [27] reduced triglyceride content of 3T3-L1 cells, the authors indicated that 

monocolin K, or lovastatin, did not have such an effect [28]. The level of lovastatin 

evaluated was not clear.  

Our finding that lovastatin down regulates genes critical in adipocyte 

differentiation, Pparγ and SREBP-1c, and biomarkers of mature adipocytes, Lep, Fabp4 

and AdipoQ, is consistent with previous observations that statins inhibited 3T3-L1 

preadipocyte differentiation by down regulating adiponectin [21, 29], Pparγ [22] and 

Fabp4 [17, 21]. Chinese red yeast rice also reduced the levels of Pparγ, Fabp4 and leptin 

in 3T3-L1 cells [28]. Down regulating Fabp4 may have particular application in 
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controlling metabolic syndrome and diabetes because Fabp4 gene plays a central role in 

linking obesity and insulin resistance [30]. 

 SREBP-1c regulates genes such as fatty acid synthase, glycerol-3-phosphate 

acyltransferase, and stearoyl CoA desaturase 2 [31] that are important in adipocyte 

differentiation. Up regulation of ADD1/SREBP provides Pparγ agonists that further 

stimulate the differentiation process [32]. SREBP-1a and -1c differ in 5’ exon. In mouse 

adipose tissues SREBP-1c mRNA dominates, with a 1c:1a ratio of 3:1. However, in 

cultured 3T3-L1 cells, SREBP-1c mRNA was virtually undetectable. Since our primer 

matches the sequence of exon 19 of SREBP-1, it does not differentiate 1a and 1c.  

 Our observation that supplemental mevalonate reversed the impact of lovastatin 

on cellular lipid content (Figure 1) and gene expression (Figure 3) in 3T3-F442A cells are 

consistent with previous reports that mevalonate (50-500 μmol/L) reversed statin-

mediated inhibition of 3T3-L1 preadipocyte differentiation [16, 22]. At a much lower 

concentration (10 μmol/L), mevalonate was shown to be ineffective in reversing the 

effect of pitavastatin [17], consistent with our observation that 5 μmol/L mevalonate did 

not reverse the effect of lovastatin on intracellular triglyceride content (data not shown). 

  Similar to mevalonate-mediated reversal of the statin effect, mevalonate-derived 

non-sterol isoprenoids including farnesol, geraniol [16] and geranylgeranyl 

pyrophosphate [22], but not cholesterol [16, 17] or squalene [16], attenuated statin-

mediated inhibition of 3T3-L1 preadipocyte differentiation, suggesting that mevalonate-

derived non-sterols rather than sterols are required for adipocyte differentiation. Farnesyl 
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pyrophosphate (FPP), a downstream metabolite of mevalonate, may mediate the reversal 

effect of mevalonate because FPP is an endogenous Pparγ agonist; this is further 

supported by the observation that FPP could not reverse the inhibitory effect of Pparγ 

antagonist on 3T3-L1 differentiation [21].  

 The dependency of 3T3-F442A preadipocyte differentiation on mevalonate may 

also be mediated by protein prenylation. Small GTPases including Ras [33] and Rho [34] 

are involved in 3T3-L1 differentiation. Farnesylated Ras mediates insulin-induced 

adipocyte differentiation [13]. Insulin stimulated the activities of farnesyl transferase [35, 

36] and geranylgeranyl transferase II [37] and the prenylation of Ras [35, 36], Rho [36], 

Rab-3 and Rab-4 [37] in 3T3-L1 adipocytes. Inhibitors of farnesyl- and geranylgeranyl- 

transferases block 3T3-L1 differentiation [13]. Insulin also unregulated the activity of 

HMG-CoA reductase in keratinocytes [38] and rat hepatoma cells [39]. It is not clear 

whether insulin stimulates HMG-CoA reductase in adipocytes.  

The clonal expansion and subsequent differentiation of preadipocytes are also 

mediated by insulin-like growth factor 1 (IGF-1) receptor [40] that requires mevalonate-

derived dolichol for its N-linked glycosylation and membrane attachment [41, 42]. The 

dual impact of statins on the N-linked glycosylation and mitogenic activity of IGF-1 

receptor and the prenylation of GTPases [43] may explain the higher sensitivity of 

proliferating and differentiating preadipocytes than that of differentiated adipocytes to 

statin-mediated impact on cell viability and apoptosis [44]. In this study we found that the 

viability of undifferentiating preadipocytes and mature adipocytes was unaffected by 
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lovastatin at up to 10 μmol/L, a concentration 4-folder higher than that required to inhibit 

differentiation (Figure 2). 

We examined whether the inhibitory effect of lovastatin on 3T3-F442A 

preadipocyte differentiation could be related to apoptosis. Prior to differentiation, 3T3-

F442A preadipocytes incubated with 1.25-10µmol/L Lovastatin for 24- and 48-h 

exhibited no signs of apoptosis as determined by acridine orange and ethidium bromide 

dual staining and fluorescence microscopy (data not shown). Fully differentiated 

adipocytes, however, showed some indications of apoptosis following 24- and 48-h 

incubation with 5 and 10µmol/L Lovastatin. These observations warrant further studies. 

Alternatively, statins block the synthesis of oxysterols that are ligands of LXR, which is a 

transcriptional activator of ADD-1/SREBP-1c gene [2], and reduce SREBP 1-c mRNA in 

rat hepatoma cells [45]; the effect was reversed by mevalonate. It is unknown whether 

statin-mediated down regulation of SREBP-1c in adipocytes is attributed to decreased 

oxysterol synthesis, or the failure of cholesterol to attenuate the statin effect is due to 

poor cellular uptake.  

An observation relevant to the role of mevalonate in adipocyte differentiation is 

that HMG-CoA reductase expression is unregulated in differentiating [46] and 

differentiated [47] 3T3-L1 cells and adipose tissues from obese rodents [48] and humans 

[49]. In addition, the expression of geranylgeranyl pyrophosphate (GGPP) synthase is 

unregulated by 20 fold in differentiating 3T3-L1 adipocytes and by 5-20 fold in adipose 
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tissue from ob/ob mice [50]. Up regulation of HMG-CoA reductase and GGPP synthase 

may provide essential intermediates for adipocyte differentiation. 

 It is controversial whether statins induce insulin resistance [22, 51-53]. Statin also 

reduced insulin-induced glucose uptake [44]. Our observation that lovastatin down 

regulates adiponectin, an adipokine produced  exclusively in the adipose tissues [54] and 

a biomarker for insulin sensitivity [55], may support this possibility. Insulin resistance 

may also result from deficiency of isoprenoids including the coenzyme Q10 with 

functions in electron transduction chain in mitochondria [56]; mitochondrial dysfunction 

has been implicated in insulin resistance [57]. On the other hand, reduction in Pparγ 

activity has been suggested to prevent insulin resistance [58-61]; pitavastatin induced 

GLUT4 mRNA level in 3T3-L1 cells when used during lipid accumulation period (day 8-

16) [62] while rosuvastatin also increased insulin sensitivity in an animal model [63]. 

While statins impair insulin secretion and response in non-obese patients, they may 

reduce lipotoxicity caused by obesity-associated triglyceride-rich lipoproteins and help 

maintain glycemic control in obese type 2 diabetes patients [22].  

The essential role of mevalonate in adipocyte differentiation shown herein may 

provide a molecular target for obesity intervention. Naturally occurring mevalonate 

suppressors including the vitamin E tocotrienols [64], terpenoids [65], genistein [66], and 

berberine [47] suppress adipocyte differentiation with concomitant down regulation of 

Pparγ, C/EBPα, and Fabp4 expression. Dietary tocotrienols have been shown to increase 

insulin sensitivity [67]. Dietary mevalonate suppressors may have anti-adipogenic 
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benefits without the potential complications such as insulin resistance associated with 

statins. 
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CHAPTER VI 

SUMMARY AND CONCLUSION 

 This dissertation contributes valuable information in relation to the effect of 

geranylgeraniol on the suppression of adipocyte differentiation of murine 3T3-F442A 

preadipocytes.  In this study we have shown that 3T3-F442A preadipocytes incubated 

with geranylgeraniol for 8 days exhibited a dose-dependent decrease in the intracellular 

triglyceride content, as determined by AdipoRed Assay and Oil Red O staining.  Similar 

findings were demonstrated with lovastatin, a known competitive inhibitor of HMG-CoA 

reductase, a key enzyme necessary for mevalonate synthesis.   

Our hypothesis proposed that geranylgeraniol suppresses the differentiation of 

murine 3T3-F442A preadipocytes by decreasing intracellular triglyceride accumulation 

and down regulating the expression of adipogenic transcriptional factors associated with 

the mevalonate pathway and the insulin signaling pathway, pathways that promote 

adipogenesis.  Our study demonstrated that geranylgeraniol suppressed lipid 

accumulation in 3T3-F442A preadipocytes.  Furthermore, geranylgeraniol down 

regulated the expression of various genes which are crucial at different stages in the 

adipogenesis process, as measured by real-time qPCR.  Pparγ and SREBP-1c are both 

involved in the early phase of adipocyte differentiation (Gregoire et al., 1998) and their 

presence is critical in the initiation of adipogenesis.  There are several adipogenic genes 

which are stimulated by these earlier processes such as INSIG1, Lep, Fabp4, AdipoQ
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and GPDH, which are important in the progression of adipocyte differentiation.  Mature, 

fully differentiated adipocytes are characterized by GLUT4 and Fasn, important 

biomarkers of terminal differentiation.  Since we observed markedly lower mRNAs 

levels among all of these adipogenic genes, the geranylgeraniol mediated suppression of 

adipocyte differentiation may have probably impacted the earlier stages of the process 

which influenced the progression of adipogenesis.  It can be established that the 

mevalonate pathway plays a key role in preadipocyte differentiation through mediation of 

Pparγ. 

The dose-dependent inhibition of intracellular triglyceride accumulation by both 

geranylgeraniol and lovastatin was not reversed by the addition of 5µM mevalonate as 

seen in Oil Red O staining and AdipoRed assay.  The impact of geranylgeraniol and 

lovastatin on the expression of the adipogenic genes was also not reversed by 

supplemental mevalonate at this concentration.  Nonetheless, reversal of the lovastatin 

effect was evident at higher concentrations of mevalonate (500µM), but this level is at the 

upper range of physiologically attainable concentrations. 

The inhibitory effect of geranylgeraniol and lovastatin on 3T3-F442A 

preadipocyte differentiation is apparently not associated with cytotoxicity.  

Geranylgeraniol did not decrease cell viability in the preadipocytes prior to and following 

differentiation at any of the tested concentrations (20 - 200µmol/L) when incubated for 

24 or 48 hours.  Only 10 μmol/L of lovastatin reduced cell viability following 48 hour 

incubation in preadipocytes treated prior to differentiation. The same concentration of 
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lovastatin was required to decrease the viability of mature, fully-differentiated 3T3-

F442A cells.  Representative images of AO/EB and fluorescence microscopy 

demonstrated that when 3T3-F442A preadipocytes were incubated with 20 – 200 μmol/L 

geranylgeraniol or 1.25-10µmol/L Lovastatin for 24 or 48 hours prior to differentiation, 

only cells incubated with 200 μmol/L geranylgeraniol had signs of apoptosis. Mature 

adipocytes, however, may be more sensitive following 24 and 48 hour incubation with 

both treatments.  With geranylgeraniol, all groups had some indications of apoptosis.  

There were also some signs of apoptosis with 5 and 10µmol/L Lovastatin.  These 

observations, however, need further confirmation. 

In conclusion, geranylgeraniol suppressed the differentiation of murine 3T3-

F442A preadipocytes by down regulating several transcriptional factors and genes 

characteristic to the mature adipocyte which are essential in the adipogenesis process.  

This in turn resulted in decreased intracellular triglyceride accumulation.  Mevalonate-

derived metabolites have essential roles in promoting adipocyte differentiation and 

adipogenic gene expression. Dietary mevalonate suppressors such as geranylgeraniol may 

have potential as anti-adipogenesis compounds.  

Recommendations on Future Directions 

 Further examination of specific mechanisms of action involved in the impact of 

geranylgeraniol on suppressing differentiation in murine 3T3-F442A preadipocytes 

would be beneficial.  Western Blot analysis of the geranylgeraniol treated preadipocytes 

would provide useful insight into the detection of specific proteins involved in the 
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adipogenesis process.  Assessment of the potential reversal of the effect of 

geranylgeraniol by the Ppar agonist mevalonate, at higher concentrations but 

physiologically acceptable levels, warrants additional investigation. 

To our knowledge, the effects of geranylgeraniol on modulating the 

differentiation of preadipocytes in human or murine adipose tissue, had not been 

explored.  The in vitro investigations in this dissertation could possibly lay the foundation 

for future studies examining the impact of geranylgeraniol on animal adipose tissue 

regulation in vivo.
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APPENDIX A 

Additional Results and Discussion 
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ADDITIONAL RESULTS AND DISCUSSION 

Apoptosis 

We examined whether the decreased cellular triglyceride could be related to 

programmed cell death (PCD) by measuring apoptosis in 3T3-F442A preadipocytes prior 

to (Figures 5,6 and 9,10) and following (Figure 7,8 and 11,12) the differentiation process 

with the acridine orange ethidium bromide dual staining assay. 

Representative images of AO/EB and fluorescence microscopy demonstrated that 

when 3T3-F442A preadipocytes were incubated with 20 – 200 μmol/L geranylgeraniol 

for 24 (Figure 5) or 48 hours (Figure 6) prior to differentiation, only cells incubated with 

200 μmol/L geranylgeraniol had signs of apoptosis. Mature adipocytes, however, may be 

more sensitive to the apoptotic effect of geranylgeraniol in that all groups had some 

indications of apoptosis (Figures 7, 8). These observations, however, need further 

confirmation. 

 Prior to differentiation, 3T3-F442A preadipocytes incubated with 1.25-10µmol/L 

Lovastatin for 24 (Figure 9) or 48 hours (Figure 10) exhibited no signs of apoptosis as 

determined by representative images of AO/EB and fluorescence microscopy. Fully 

differentiated adipocytes, however, showed some indications of apoptosis following 24 

(Figure 11) and 48 hour (Figure 12) incubation with 5 and 10µmol/L Lovastatin.  These 

observations warrant further studies. 
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Figure 5. The effect of geranylgeraniol on apoptosis in murine 3T3-F442A preadipocytes 

prior to 8-d differentiation. The pre-differentiation 3T3-F442A cells were incubated with 

0 (A), 20 (B), 100 (C) and 200 (D) μmol/L geranylgeraniol for 24 hours before apoptosis 

was determined by Acridine Orange and Ethidium Bromide Dual Staining Assay. 

  

 

 

Figure 6. The effect of geranylgeraniol on apoptosis in murine 3T3-F442A preadipocytes 

prior to 8-d differentiation. The pre-differentiation 3T3-F442A cells were incubated with 

0 (A), 20 (B), 100 (C) and 200 (D) μmol/L geranylgeraniol for 48 hours before apoptosis 

was determined by Acridine Orange and Ethidium Bromide Dual Staining Assay.  
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Figure  7. The effect of geranylgeraniol on apoptosis in murine 3T3-F442A 

preadipocytes following 8-d differentiation. The differentiated 3T3-F442A cells were 

incubated with 0 (A), 20 (B), 100 (C) and 200 (D) μmol/L geranylgeraniol for 24 hours 

before apoptosis was determined by Acridine Orange and Ethidium Bromide Dual 

Staining Assay.  

 

 

 

Figure 8. The effect of geranylgeraniol on apoptosis in murine 3T3-F442A preadipocytes 

following 8-d differentiation. The differentiated 3T3-F442A cells were incubated with 0 

(A), 20 (B), 100 (C) and 200 (D) μmol/L geranylgeraniol for 48 hours before apoptosis 

was determined by Acridine Orange and Ethidium Bromide Dual Staining Assay.  



124 

 

 

Figure 9. The effect of lovastatin on apoptosis in murine 3T3-F442A preadipocytes prior 

to 8-d differentiation. The pre-differentiation 3T3-F442A cells were incubated with 0 

(A), 2. 5 (B), 5 (C) and 10 (D) μmol/L lovastatin for 24 hours before apoptosis was 

determined by Acridine Orange and Ethidium Bromide Dual Staining Assay.  

 

 

 

Figure 10. The effect of lovastatin on apoptosis in murine 3T3-F442A preadipocytes 

prior to 8-d differentiation. The pre-differentiation 3T3-F442A cells were incubated with 

0 (A), 2. 5 (B), 5 (C) and 10 (D) μmol/L lovastatin for 48 hours before apoptosis was 

determined by Acridine Orange and Ethidium Bromide Dual Staining Assay.  



125 

 

 

Figure 11. The effect of lovastatin on apoptosis in murine 3T3-F442A preadipocytes 

following 8-d differentiation. The differentiated 3T3-F442A cells were incubated with 0 

(A), 2. 5 (B), 5 (C) and 10 (D) μmol/L lovastatin for 24 hours before apoptosis was 

determined by Acridine Orange and Ethidium Bromide Dual Staining Assay.  

 

 

Figure 12. The effect of lovastatin on apoptosis in murine 3T3-F442A preadipocytes 

following 8-d differentiation. The differentiated 3T3-F442A cells were incubated with 0 

(A), 2. 5 (B), 5 (C) and 10 (D) μmol/L lovastatin for 48 hours before apoptosis was 

determined by Acridine Orange and Ethidium Bromide Dual Staining Assay.  
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Primer Verification 

Melting Profile 

Purity of the double stranded DNA (dsDNA) was determined by analyzing the 

melting profile of the PCR products generated from each primer.  Melt peak charts were 

obtained from DNA sequences of the genes of interest and amplified by real-time qPCR 

using iQ
TM

 SYBR® Green Supermix (Figure 13 A, B, C, D).  The melting curve analysis 

showed one peak corresponding to a specific PCR product for the following genes: 

AdipoQ, ADD1, Fabp4, Fasn, GLUT4, GPDH, HMG-CoA reductase, Lep, LPL, Pref1, 

RPL22, SCD1 and SREBP1.   

The melt peak chart attained from the DNA sequence of C/EBPα did not show a 

distinct peak but rather multiple ones at varying temperatures denoting non-specificity of 

the primer (Figure 13 A).   As for INSIG1, the melt peak chart obtained from its DNA 

sequence shows two different peaks, one large peak at ~84
o
C and a small one at ~80

o
C 

(Figure 13 C).  This implies that there may have been more than one product generated 

during the amplification.  The sequence was then blasted and it was established that the 

sequence matched one other gene, serine palmitoyltransferase, in small quantity, so there 

was slight contamination of the primer.   However, sequencing the purified DNA of the 

product showed a high quality primer meaning that INSIG1 was dominant.   

The melt peak chart produced from the DNA sequences of Pparγ showed two 

peaks, one at ~84.5
o
C and the other at ~85.5

o
C (Figure 13 C).  The primer designed for 

the PCR reactions is a combination of Pparγ1 and Pparγ2 which may explain why this 



127 

 

was observed.  The sequencing results for Pparγ showed a high quality primer, but non-

specificity was detected due to two isoforms present.  After the sequence was blasted, it 

was confirmed that the sequence did not match any other genes.   It appears as though 

Pparγ1 and Pparγ2 were amplified simultaneously since the two peaks were very close 

to each other, with slight preference towards one isoform, as depicted by its higher peak.   

    

 

Figure 13A. Melting peaks charts obtained from a) adiponectin b) ADD1 c) Fabp4 and d) 

C/EBPα DNA sequences amplified by real-time qPCR using iQ
TM

 SYBR® Green 

Supermix. The melting curve analysis showed one peak corresponding to the specific 

PCR product, with the exception of C/EBPα. 
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Figure 13B. Melting peaks charts obtained from a) Fasn  b) GLUT4 c) GPDH and d) 

HMG-CoA R DNA sequences amplified by real-time qPCR using iQ
TM

 SYBR® Green 

Supermix.  The melting curve analysis showed one peak corresponding to the specific 

PCR product. 
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Figure 13C. Melting peaks charts obtained from a) INSIG1 b) Lep c) LPL and d) Pparγ 

DNA sequences amplified by real-time qPCR using iQ
TM

 SYBR® Green Supermix.  The 

melting curve analysis showed one peak corresponding to the specific PCR product, with 

the exception of INSIG1 and Pparγ. 
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Figure 13D. Melting peaks charts obtained from a) Pref1 b) RPL22 c) SCD1 and d) 

SREBP1 DNA sequences amplified by real-time qPCR using iQ
TM

 SYBR® Green 

Supermix.  The melting curve analysis showed one peak corresponding to the specific 

PCR product. 

 

DNA Sequencing 

To confirm specificity and rule out the possibility of two products being generated 

by RT-PCR, primers used to generate the PCR products were used as sequencing primers 

to sequence both strands of the dsDNA.  The quality scores obtained from the DNA 

sequencing for each gene analyzed are summarized in Table 3.  When analyzing the final 

a 

c 

b 

d 
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PCR data for each gene, we took into consideration both the melt peak chart analysis and 

the quality scores of the gene from DNA sequencing. 

 

 

Table 3. 

DNA Sequencing results: Quality scores of the individual primer sequences 

 

 

* Genes were included in the final data analysis of Real Time RT-qPCR 

** QS of ≥ 40: Automatic pass, good trace results 

     QS of 25 – 39: Manual review, acceptable traces results 

     QS of 15 – 24: May indicate problems, examine trace data 

 

   

      

Gene Direction 
Quality Score 

(QS)** 
Gene Direction 

Quality Score 

(QS)** 

AdipoQ* Up+ 43 INSIG1*         Up+ 48 

  Dn- 44   Dn- 44 

ADD1 Up+ 30 Lep* Up+ 45 

  Dn- 32   Dn- 46 

C/EBPα Up+ 19 LPL Up+ 21 

  Dn- 15   Dn- 21 

Fabp4* Up+ 41 Pparγ* Up+ 43 

  Dn- 42   Dn- 34 

Fasn* Up+ 29 Pref1 Up+ 25 

  Dn- 27   Dn- 28 

GLUT4* Up+ 32 RPL22* Up+ 36 

  Dn- 23   Dn- 42 

GPDH* Up+ 24 SCD1 Up+ 32 

  Dn- 29   Dn- 33 

HMGCoAR Up+ 13 SREBP-1* Up+ 43 

  Dn- 34   Dn- 47 
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ABSTRACT 

 

The diterpene geranylgeraniol suppresses the growth of human liver, lung, ovary, 

pancreas, colon, stomach, and blood tumors with undefined mechanisms. We evaluated 

the growth-suppressive activity of geranylgeraniol in murine B16 melanoma cells. 

Geranylgeraniol induced dose-dependent suppression of B16 cell growth (IC50=55±13 

µmol/L) following a 48-h incubation in 96-well plates. Cell cycle arrest at the G1 phase, 

manifested by a geranylgeraniol-induced increase in G1/S ratio and decreased expression 

of cyclin D1 and cyclin-dependent kinase 4, apoptosis detected by Guava Nexin™ assay 

and fluorescence microscopy following acridine orange and ethidium bromide dual 

staining, and cell differentiation shown by increased alkaline phosphatase activity, 

contributed to the growth suppression. Murine 3T3-L1 fibroblasts were 10-fold more 

resistant than B16 cells to geranylgeraniol-mediated growth suppression. Geranylgeraniol 

at near IC50 concentration (60 µmol/L) suppressed the mRNA level of 3-hydroxy-3-

methylglutaryl coenzyme A (HMG-CoA) reductase by 50%. The impact of 

geranylgeraniol on B16 cell growth, cell cycle arrest and apoptosis were attenuated by 

supplemental mevalonate, the product of HMG-CoA reductase that is essential for cell 

growth.  Geranylgeraniol and d-δ-tocotrienol, a down-regulator of HMG-CoA reductase, 

additively suppressed the growth of B16 cells. These results support our hypothesis that 

mevalonate depletion mediates the tumor-specific growth-suppressive impact of 

geranylgeraniol. Geranylgeraniol may have potential in cancer chemoprevention and/or 

therapy. 

 

INTRODUCTION 

 

The mevalonate-derived intermediates, farnesyl pyrophosphate and 

geranylgeranyl pyrophosphate, are covalently attached to the carboxy-terminal cysteine 

residue of the nuclear lamins (1) and members of the small G proteins (2). This post-

translational modification is essential to the membrane attachment and biological 

functions of these proteins that are vital to cell survival and growth. 

 3-Hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase, the rate-

limiting activity in mevalonate synthesis (3), is differentially regulated in sterologenic 
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and tumor tissues (4). In sterologenic tissues HMG-CoA reductase is under a multivalent 

regulation consisting of sterol-mediated transcriptional feedback regulation and non-

sterol-mediated post-transcriptional regulation. Tumor reductase activity, to the contrary, 

is resistant to the sterol-mediated transcriptional regulation and consequently elevated. 

Nevertheless, tumor reductase remains responsive to the isoprenoid-mediated down 

regulation. 

The essential role of mevalonate in growth and the uniquely dysregulated tumor 

HMG-CoA reductase render the tumor reductase a viable target for intervention. The 

statins, competitive inhibitors of HMG-CoA reductase (3), and the isoprenoids, down-

regulators of reductase (5), suppress the growth of melanoma cells. Geranylgeraniol (all 

trans-3,7,11,15-tetramethyl-2,6,10,14-hexadecatetraen-1-ol), a diterpene found in linseed 

oil (6), Cedrela toona wood oil (7), and sucupira branca fruit oil (8), suppresses HMG-

CoA reductase activity in human fibroblasts (9, 10) and human A549 lung 

adenocarcinoma cells (11). Geranylgeraniol also suppresses the proliferation of tumor 

cells derived from human blood (12-15), lung (11, 16, 17), colon (13, 14), liver (14, 18), 

ovary (14, 19), pancreas (14, 20), and stomach (14). Nevertheless, the role of mevalonate 

in geranylgeraniol-mediated growth inhibition has not been delineated. 

 We hypothesize that mevalonate depletion mediates the growth-suppressive 

impact of geranylgeraniol in tumors. In the present study we tested this hypothesis in 

murine B16 melanoma cells. Geranylgeraniol-induced concentration-dependent 

suppression of the B16 cell growth was accompanied by cell cycle arrest at the G1 phase, 

initiation of apoptosis and increased alkaline phosphatase (ALP) activity suggesting cell 

differentiation. Supplemental mevalonolactone attenuated the impact of geranylgeraniol 

on cell growth, cell cycle arrest and apoptosis. Blends of geranylgeraniol and d-δ-

tocotrienol, a down-regulator of HMG-CoA reductase activity, synergistically suppressed 

the growth of B16 cells.  

MATERIALS AND METHODS 
 

Chemicals: 

 Lovastatin and d-δ-tocotrienol were gifts from Merck Research Laboratories 

(Rahway, NJ) and American River Nutrition, Inc. (Hadley, MA), respectively. 

Geranylgeraniol was purchased from Sigma-Aldrich (St. Louis, MO). 

 

 

Cell growth assay: 

 

 Murine B16 melanoma cell growth was measured by using CellTiter 96


 

Aqueous One Solution (Promega, Madison, WI) as previously described (21). Briefly, 

B16 melanoma cells, purchased from the American Type Culture Collection (ATCC, 

Manassas, VA) and cultured in RPMI 1640 medium (Sigma-Aldrich) supplemented with 

10% fetal bovine serum (FBS, Hyclone Lab Inc., Logan, UT) and 1% penicillin-

streptomycin (MP biomedicals, Solon, OH) at 37
o
C in a humidified atmosphere of 5% 
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CO2, were seeded at 1000 cells/0.1 mL medium/well in 96-well tissue culture plates 

(Fisher Scientific Company LLC, Houston, TX). At 24 h the medium was decanted from 

each well and replaced with 0.1 mL fresh medium containing geranylgeraniol that was 

pre-dissolved in ethyl alcohol. All cultures contained 1 mL/L of ethyl alcohol. Cells were 

further incubated for an additional 48 h. The 72-h cell populations following a quick rinse 

with 0.1 mL Hank’s Balanced Salt Solution (HBSS) were determined by adding 20 µL of 

CellTiter 96


 Aqueous One Solution to each well; plates were held in the dark at 37
o
C 

for 2 h and then read at 490 nm with a SPECTRAmax


 190 multi-plate reader with 

SOFTmax


 PRO version 3.0 (Molecular Devices, Sunnyvale, CA). Absorbances from 

wells containing cell-free medium were used as baselines and were deducted from 

absorbances of other cell-containing wells. The IC50 value is the concentration of 

geranylgeraniol required to suppress the net increase in cell number by 50%. 

 Murine 3T3-L1 embryo fibroblasts (ATCC) were grown in Dulbecco’s modified 

Eagle’s medium (DMEM) with 4 mmol/L L-glutamine adjusted by ATCC to contain 1.5 

g/L sodium bicarbonate and 4.5 g/L glucose, supplemented with 10% bovine calf serum 

and 1% penicillin/streptomycin (Invitrogen, Carlsbad, CA). Cultures, seeded in 0.1 mL 

medium with 2x10
3
 cells/well in a 96-well plate, were incubated for 24 h at 37

o
C in a 

humidified atmosphere of 5% CO2. At 24 h the medium was decanted from each well and 

replaced with 0.1 mL fresh medium containing geranylgeraniol. Incubation continued for 

additional 48 h. Cell populations of all wells were determined using the CellTiter 96


 

Aqueous One Solution. 

 

Microscopy:   
Photomicrographs of representative fields of monolayers of B16 cells in the cell 

growth assay were made with a Nikon Eclipse TS 100 microscope (Nikon Corporation, 

Tokyo, Japan) equipped with a Nikon Coolpix 995 digital camera (Nikon Corporation). 

Cell cycle distribution: 

B16 cells were seeded in 25 cm
2
 flasks (Becton Dickinson Labware, Franklin 

Lakes, NJ) at 1x10
6 

cells/flask with 5 mL medium/flask and incubated for 24 h. Medium 

was then decanted and cultures replenished with medium containing geranylgeraniol that 

had been dissolved in ethyl alcohol. Following additional 12- and 24-h incubations, 

adherent cells were harvested by trypsinization and pelleted by low speed centrifugation.  

Cell pellets were fixed in 1 mL 70% ethanol at -20
o
C overnight and washed in 1 mL 

phosphate-buffered saline (PBS). Cells (5 x 10
5
) were re-suspended in 500 µL PBS 

containing 0.5 mg RNase A (Sigma-Aldrich) and incubated at 37ºC for 30 min.  

Following gentle mixing a 100 µL aliquot of propidium iodide (Sigma-Aldrich, 1 g/L in 

PBS containing 0.1% Triton X-100) was added.  The cells were incubated in the dark at 

room temperature for 15 min and then held at 4
o
C in the dark for flow cytometric analysis 

(22).  Aliquots of 1 x 10
4
 cells were analyzed for DNA content using a BD 

FACSCaliber™ Flow Cytometer (BD Biosciences, San Jose, CA).  The distribution of 

cells in the G1, S, and G2/M phases of the cell cycle was determined using MultiCycle 

AV software (Phoenix Flow Systems, San Diego, CA).   
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Annexin V assay for apoptosis 

B16 cells were seeded in 25 cm
2
 flasks (Becton Dickinson Labware) at 1x10

6
 

cells/flask with 5 mL medium/flask and incubated for 24 h. Medium was then decanted 

and cultures replenished with medium containing geranylgeraniol. Following additional 

12- and 24-h incubations, adherent cells were harvested by trypsinization and pelleted by 

refrigerated centrifugation at 300 g for 10 min.  Resuspended cells in 150 µL medium 

containing 2x10
4
 cells were mixed with 50 μL of the Guava Nexin™ reagent containing 

Annexin V-PE and Nexin 7-amino-actinomycin D (7-AAD), loaded onto the 96 well 

plate, and incubated at room temperature in the dark for 20 min. Samples containing 5 x 

10
3
 cells were analyzed by using a Guava EasyCyte flow cytometer (Guava 

Technologies, Inc., Hayward, CA) with the Guava ExpressPlus program (22, 23). 

Annexin V is a phospholipid-binding protein that has high affinity for phosphatidylserine 

translocated from the internal surface to the outer surface of cell membrane at the early 

stage of apoptosis. 7-AAD selectively permeates late stage apoptotic and dead cells. 

Therefore cells that are viable (Annexin V- and 7-AAD-), early apoptotic (Annexin V+ 

and 7-AAD-), late apoptotic (Annexin V+ and 7-AAD+) and dead cells with nuclear 

debris (Annexin V- and 7-AAD+) can be separated and percentages of these cell 

populations quantified.  

 

Acridine orange and ethidium bromide dual staining assay for apoptosis 

B16 cells were seeded in 25 cm
2
 flasks (Becton Dickinson Labware, Franklin 

Lakes, NJ) at 1.5x10
6 

cells/flask with 5 mL medium/flask and incubated for 24 h. 

Medium was then decanted and cultures replenished with medium containing 

geranylgeraniol. Following additional 24-h incubation the monolayer cells were 

harvested by trypsinization. Cells were resuspended in 100 µL cold PBS and a dye 

mixture (4 µL) containing 50 µg/mL acridine orange (Becton, Dickinson and Company, 

Sparks, MD) and 50 µg/mL ethidium bromide (Sigma-Aldrich) was added to each 

sample. The cells were then immediately observed under an Axiovert 200 M microscope 

(Carl Zeiss MicroImaging Inc., Thornwood, NY) equipped with a FluoArc lamp, an 

AxioCam MRm digital camera system (Carl Zeiss), and AxioVision Rel. 4.3 program 

(Carl Zeiss). The phase-contrast images of representative fields of each well and the 

green and red fluorescence emitted by acridine orange and ethidium bromide staining 

were captured by using bright field phase 2, fluorescein isothiocyanate (FITC) and 

tetramethylrhodamine isothiocyanate (TRITC) filters, respectively (23).  

 

Alkaline phosphatase activity assay 

B16 cells were inoculated in Petri-dishes (100 mm x 20 mm, Corning Life 

Sciences, Wilkes Barre, PA) at 5x10
6 

per dish. Following a 24-h incubation, medium was 

aspirated and replaced with fresh medium containing  0, 30, 60 and 90 µmol/L 

geranylgeraniol and the incubation continued for additional 48 h. Cells were washed with 

PBS twice and lysed with 0.5 mL of 0.5% Triton X-100 per dish. Cell lysates were 
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collected and shaken at room temperature for 20 min before being centrifuged at 14,000 

rpm for 5 min. In a 96-well plate 150 µL supernatant was added to 50 µL of working 

solution from QuantiChrom™ Alkaline Phosphatase Assay Kit (BioAssay Systems, 

Hayward, CA) according to manufacturer’s instruction and the absorbance was read at 

405 nm with a Tecan Infinite M200 micro plate reader (Tecan, Salzburg, Austria). 

Protein concentration of each sample was determined with BCA™ Protein Assay Kit 

(Pierce, Rockford, IL) and alkaline phosphatase activity was normalized based on protein 

concentrations. 

 

Western-blot: 

Murine B16 melanoma cells cultured in 150 cm
2
 flasks (Midwest Scientific, 

Valley Park, MO) at 5x10
6 

per flask were incubated with geranylgeraniol for 12 and 24 h. 

Following the incubation the growth medium was aspirated and cells washed with 10 mL 

ice cold PBS twice and then 150 µL of lysis buffer (50 mmol/L Tris-HCl, pH 8.8, 5 

mmol/L EDTA, 1% SDS) containing freshly mixed 1% protease inhibitor cocktail 

(Sigma-Aldrich) was added to the flask. Cells were sonicated (Fisher Scientific) for 45 

seconds and placed in a dry bath incubator (Boekel Scientific, Feasterville, PA) at 90°C 

for 20 minutes. Protein concentration of each sample was determined with BCA™ 

Protein Assay Kit (Pierce). Samples containing 60 µg proteins were mixed with lamelli 

buffer (Bio-Rad Laboratories, Hercules, CA) at 1:1 ratio (v/v) and boiled for 5 min before 

being loaded onto a Mini PROTEAN® 3 (Bio-Rad) electrophoresis unit with a 15% 

SDS-polyacrylamide gel and run at 150 V for 2-4 h. The proteins were then transferred to 

Immobilon-P transfer membrane (Millipore, Bedford, MA) with a Mini Trans-Blot® Cell 

(Bio-Rad) at 100 mA overnight. The immobilon-P transfer membranes were then 

incubated in blocking solution (5% non-fat dry milk in PBS) for 2 h at room temperature 

with shaking, rinsed with PBS, and then incubated with monoclonal antibodies to cyclin 

D1 and cyclin-dependent kinase (Cdk) 4 (Cell Signaling Technology, Beverly, MA) at 

4ºC overnight. After rinsing with PBS containing 0.1% Tween-20 (PBST) for 10 min., 

the membrane was incubated with a secondary antibody (horseradish peroxidase linked, 

Cell Signaling Technology, 1:3,000 in PBST) for 45 min. at room temperature, washed 

with PBST for 15 min., and reacted with SuperSignal West Pico Chemiluminescence Kit 

(Pierce) before being photographed at Chemi Doc XRS imaging system (Bio-Rad). 

Precision Strep Tactin-HRP (Bio-Rad) protein standards were used to identify the 

molecular weight of protein bands. A non-specific IgG (Cell Signaling Technology) was 

used for background control. 

 

Quantitative Real-Time Polymerase Chain Reaction (qPCR): 

Murine B16 melanoma cells cultured in Petri-dishes (100 mm x 20 mm, Corning 

Life Sciences) at 5x10
6 

cells per dish were incubated with geranylgeraniol for 24 h. Total 

cellular RNA was extracted using TRIzol reagent (Invitrogen) according to the 

manufacturer’s protocols. The concentration and purity of the isolated total RNA were 

determined spectrophotometrically using OD260:280 ratio. The integrity of the purified 
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total RNA was verified by detecting a 2:1 ratio for the 28S:18S ribosomal RNA (rRNA) 

using agarose gel electrophoresis. Samples were run on a 1.5% agarose gel (Tris-acetate 

(TAE) buffer) at 80 volts for 90 min. Gels were soaked in 0.5 µg/mL ethidium bromide 

for 1 h with shaking and then visualized by Chemi Doc XRS imaging system (Bio-Rad). 

The mRNA expression levels of HMG-CoA reductase gene (GenBank accession number 

NM_008255) were analyzed by reverse transcription followed by qPCR. Total RNA (2 

µg) in a 20 µL reaction buffer was reverse transcribed into cDNA using an Oligo (dT)20 

primer and SuperScript® III First-Strand kit (Invitrogen) following the manufacturer's 

instructions. cDNA was diluted by 25-fold with 25 µg/mL of acetylated bovine serum 

albumin (Invitrogen) and 6 µL of diluted cDNA was amplified in a 25 μL PCR solution 

containing 250 nmol/L of both forward and reverse primers of the HMG-CoA reductase 

gene and iQ
TM

 SYBR
®

 Green Supermix (Bio-Rad). The following primer sequences were 

designed using Vector NTI Advance version 11 software (Invitrogen): forward, 

GCTTGGGCCAGAGAAGACAGTGCTC; Reverse, 

ACTCTGCTGACCCCCTGAGGAAGCT.  The cDNA was denatured at 95
o
C for 3 

minutes followed by 40 cycles of PCR (94
o
C for 30 s, 60

o
C for 25 s, 72

o
C for 25 s, and 

78
o
C for 9 s) using DNA Engine Opticon

®
 2 System (Bio-Rad) with the Opticon Monitor 

program (version 3).  The mRNA levels were normalized using ribosomal protein L22 

(RPL22) as internal control (24) and quantified by using the δCt method.  Fold changes 

of gene expression were calculated by the 2-δδCt method. 

 

Statistics 

 One-way or two-way analysis of variance (ANOVA) was performed to assess the 

differences between groups using Prism® 4.0 software (GraphPad Software Inc., San 

Diego, CA). Differences in means were analyzed by Dunnett’s multiple comparison test 

unless specified otherwise. Levels of significance were designated as P < 0.05.  

 

RESULTS 

 

Figure 1A shows the geranylgeraniol-mediated suppression of the growth of 

murine B16 melanoma cells and 3T3-L1 fibroblasts. The IC50 values, concentrations of 

geranylgeraniol required to suppress cell growth by 50%, for B16 cells (55±13 µmol/L, 

n=6) was lower than one-tenth of that for 3T3-L1 cells (>640 µmol/L, n=3), indicating 

the higher sensitivities of the tumorigenic B16 cells to geranylgeraniol-mediated growth 

suppression. The photomicrographs shown in Figure 1B reveal the impact of 

geranylgeraniol on the B16 cells following a 24-h incubation. The untreated cells (I) 

exhibited the characteristic contact inhibition-disabled growth of B16 cells. Increasing 

the concentration of geranylgeraniol from 0 to 30 (II) and 60 (III) µmol/L yielded dose-

dependent decreases in cell density and marked cell elongation.   

Since geranylgeraniol-mediated growth suppression may stem from the down-

regulation of HMG-CoA reductase, we then evaluated the impact of supplemental 

mevalonate, the product of HMG-CoA reductase activity, on geranylgeraniol-induced 
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growth suppression (Figures 2). While geranylgeraniol (30-90 µmol/L) induced 

concentration-dependent growth suppression, supplemental mevalonate (500 µmol/L) 

significantly attenuated the effect of geranylgeraniol at all concentrations evaluated.   

The effect of geranylgeraniol on HMG-CoA reductase was further demonstrated 

by real-time qPCR. Following a 24-h incubation with 60 µmol/L geranylgeraniol, B16 

cells had a significantly lower level of HMG-CoA mRNA (Mann-Whitney post hoc 

analysis, n=4, P<0.05) with a medium value of 50% of that of control.  

HMG-CoA reductase down-regulators have been shown to induce cell cycle arrest 

at the G1 phase (5). We then evaluated the impact of geranylgeraniol on the cell cycle 

distribution of the B16 cells (Figure 3). The percentages of cells at G1, S and G2 phases 

prior to incubation with geranylgeraniol were shown in Figure 3A. Following a 12-h 

incubation with geranylgeraniol the percentage of cells at the G1 phase increased from 

42.2 ± 1.7% (control) to 59.1 ± 2.1% (30 µmol/L geranylgeraniol, P<0.01), 61.7 ± 0.3% 

(60 µmol/L geranylgeraniol, P<0.01), and 60.3 ± 0.4% (90 µmol/L geranylgeraniol, 

P<0.01), respectively. Co-incubation with 500 µmol/L mevalonolactone and 60 µmol/L 

geranylgeraniol reduced the percentage of cells at the G1 phase (42.2 ± 1.9%) to the 

control level (Figure 3B). Conversely, the percentage of cells at the S phase decreased 

from 45.6 ± 2.0% (control) to 25.5 ± 1.6% (30 µmol/L geranylgeraniol, P<0.01), 19.6 ± 

3.3% (60 µmol/L geranylgeraniol, P<0.01), and 19.6 ± 1.3% (90 µmol/L geranylgeraniol, 

P<0.01), respectively. Co-incubation with 500 µmol/L mevalonolactone and 60 µmol/L 

geranylgeraniol increased the percentage of cells at the S phase (43.3 ± 0.9%, P>0.05) to 

the control level (Figure 3C). The G1/S ratio, an indicator of cell cycle arrest at the G1 

phase, followed the pattern of G1 phase; that is, the ratio increased from 0.9 ± 0.1 

(control) to 2.3 ± 0.2 (30 µmol/L geranylgeraniol, P<0.01), 3.2 ± 0.6 (60 µmol/L 

geranylgeraniol, P<0.01), and 3.1 ± 0.2 (90 µmol/L geranylgeraniol, P<0.01), 

respectively. Co-incubation with 500 µmol/L mevalonolactone and 60 µmol/L 

geranylgeraniol reduced the G1/S ratio (1.0 ± 0.1, P>0.05) to the control level (Figure 

3E). The percentage of cells at the G2 phase also increased from 12.4 ± 0.9% (control) to 

15.4 ± 1.2% (30 µmol/L geranylgeraniol, P>0.05), 18.7 ± 3.5% (60 µmol/L 

geranylgeraniol, P<0.01), and 20.1 ± 1.7% (90 µmol/L geranylgeraniol, P<0.01), 

respectively. Co-incubation with 500 µmol/L mevalonolactone and 60 µmol/L 

geranylgeraniol decreased the percentage of cells at the G2 phase (14.5 ± 1.0%, P>0.05) 

to the control level (Figure 3D).  

Following a 24-h incubation with geranylgeraniol the percentage of cells at the 

G1 phase increased from 53.5 ± 6.5% (control) to 70.1 ± 0.5% (30 µmol/L 

geranylgeraniol, P<0.01) and 67.9 ± 0.7% (60 µmol/L geranylgeraniol, P<0.01), 

respectively (Figure 3F). Conversely, the percentage of cells at the S phase decreased 

from 33.3 ± 2.4% (control) to 16.5 ± 1.5% (30 µmol/L geranylgeraniol, P<0.01) and 11.4 

± 1.4% (60 µmol/L geranylgeraniol, P<0.01), respectively (Figure 3G). The G1/S ratio 

followed the pattern of G1 phase; that is, the ratio increased from 1.6 ± 0.3 (control) to 

4.3 ± 0.4 (30 µmol/L geranylgeraniol, P<0.01) and 6.0 ± 0.8 (60 µmol/L geranylgeraniol, 

P<0.01), respectively (Figure 3I). Although supplemental mevalonolactone did not 
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significantly change the percentage of cells in either G1 or S phase, co-incubation with 

500 µmol/L mevalonolactone and 60 µmol/L geranylgeraniol reduced the G1/S ratio to 

4.5 ± 0.7, a value significantly different (P<0.05) from that for 60 µmol/L 

geranylgeraniol alone. The percentage of cells at the G2 phase also increased from 10.7 ± 

0.9% (control) to 13.3 ± 1.0% (30 µmol/L geranylgeraniol, P>0.05) and 20.6 ± 0.9% (60 

µmol/L geranylgeraniol, P<0.01), respectively. Co-incubation with 500 µmol/L 

mevalonolactone and 60 µmol/L geranylgeraniol decreased the percentage of cells at the 

G2 phase (13.3 ± 1.2%, P>0.05) to near the control level (Figure 3H).  

The G1 arrest induced by geranylgeraniol was accompanied by a concentration-

dependent suppression of the expression of cyclin D1 and Cdk4 (Figure 4), key regulators 

in the G1/S cell cycle progression (25). Cells incubated with 90 µmol/L of 

geranylgeraniol for 12 h had significantly lower expression of cyclin D1 and Cdk4 

(P<0.01) than the control. 

At 24-h, geranylgeraniol and lovastatin induced concentration-dependent decreases in the 

expression of cyclin D1.  

HMG-CoA reductase suppressors also induce tumor cell apoptosis (5), an effect 

we examined next in B16 cells using the Guava Nexin™ assay with flow cytometry. The 

percentage of viable, early apoptotic and late apoptotic and necrotic cells in 12- (Figure 

5A2-4) and 24-h (Figure 5A5-7) untreated groups were not different (P>0.05) from the 0-

h values prior to incubation with geranylgeraniol (Figure 5A1). Following 12-h 

incubation with 90 µmol/L geranylgeraniol the percentage of viable cells (Figure 5A2) 

decreased significantly (P<0.05) whereas that of early apoptotic cells (Figure 5A3) 

increased (P<0.05). A greater impact of geranylgeraniol was observed when the 

incubation was extended to 24-h (Figure 5A5-7). The percentages of viable cells (Figure 

5A5) following 24-h incubation with 60 and 90 µmol/L geranylgeraniol decreased 

significantly (P<0.01) whereas those of late apoptotic and necrotic cells (Figure 5A7) 

increased (P< 0.01). Worth noting is that supplemental mevalonate (500 µmol/L) 

attenuated the impact of 24-h incubation with 60 µmol/L geranylgeraniol by increasing 

the percentage of viable cells to the control level. Concurrently, the percentage of late 

apoptotic and necrotic cells also dropped to the control level when 60 µmol/L 

geranylgeraniol was blended with mevalonate (Figure 5A7). The high level of late 

apoptotic cells following the 24-h incubation with 90 µmol/L geranylgeraniol may have 

contributed to the lack of increase in the percentage of cells in the G1 phase (Figure 3F).  

Photomicrographs of B16 cells (Figure 5B) obtained by acridine orange and 

ethidium bromide dual staining also confirmed geranylgeraniol-induced apoptosis. Viable 

cells have acridine orange staining with normal cell morphology. Acridine orange and 

ethidium bromide stained cells with condensed nucleus are in early and late apoptosis 

stages, respectively (23, 26). The number and percentage of ethidium bromide stained 

B16 cells following 24-h incubation with 75 µmol/L, or a mid-range value between 60 

and 90 µmol/L, of geranylgeraniol (Figure 5B7) were higher than the control (Figure 

5B3). Geranylgeraniol-treated cells showed nuclear condensation and membrane 

blebbing (Figure 5B6 & 7), morphological characteristics of apoptosis. 
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We then examined the impact of geranylgeraniol on ALP activity, a biomarker 

upregulated during differentiation (27). Geranylgeraniol induced ALP activity in B16 

cells (Figure 6). The ALP activities for B16 cells incubated with 0, 30, 60 and 90 µmol/L 

geranylgeraniol for 48-h were 0.29 ± 0.02 (IU/L), 0.57 ± 0.00 (P<0.01), 0.55 ± 0.01 

(P<0.05), and 0.77 ± 0.14 (P<0.001), with all geranylgeraniol-treated groups 

significantly different from the control.  

Previously studies have shown that mevalonate suppressors have potentially 

synergistic impact on cell growth (28, 29). Next we evaluated the potential synergy 

attained with blends of geranylgeraniol and d-δ-tocotrienol, a vitamin E isomer with 

HMG-CoA reductase- (30, 31) and tumor- (32) suppressive activities, in suppressing the 

growth of B16 cells. Geranylgeraniol at 15 µmol/L and d-δ-tocotrienol at 10 µmol/L 

suppressed the growth of B16 cells by 11% and 24%, respectively; a blend of the agents 

suppressed cell growth by 39% (Table 1), approximating the sum of individual impacts 

and indicating an additive effect. The cumulative effect was also shown with the blend 

containing 15 µmol/L geranylgeraniol and 20 µmol/L d-δ-tocotrienol. 

 

 

 

Table 1. Cumulative impact of geranylgeraniol and d-δ-tocotrienol on the proliferation of 

murine B16 melanoma cells 

                        Growth,          Suppression 

                % of control 

Control                        100 ±6
 a*

 

Geranylgeraniol (15 µmol/L)                      89 ±4
 ab

            11 

d-δ-  µmol/L)          76 ±13
 bc

            24 

d-δ-Tocotrienol (20 mol/L)          44 ±10
 de

            56  

Geranylgeraniol (15 µmol/L)+d-δ-Tocotrienol (10  µmol/L)    61 ±4
 cd

              39(35)** 

Geranylgeraniol (15 µmol/L)+d-δ-Tocotrienol (20  µmol/L)    29 ±4
 e
         71 (67) 

 

*Values are mean ± SD, n = 3. Means that are not denoted with a common letter are 

different (P<0.05) based on one-way ANOVA with Tukey's Multiple Comparison Test. 

**Numbers in the parentheses indicate expected percentage of growth suppression based 

on the sum of individual suppressions. 
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Figure 1. The differential impacts of geranylgeraniol on the growth of murine B16 

melanoma cells and murine 3T3-L1 embryo fibroblasts. (A) Representative growth 

curves showing the concentration-dependent impact of geranylgeraniol on the growth of 

murine B16 melanoma cells (■) and the impact of geranylgeraniol on 3T3-L1 embryo 

fibroblasts (♦). Cells were cultured and incubated with geranylgeraniol for 48 h before 

cell growth was measured by CellTiter 96


 Aqueous One Solution. Values are mean ± 

SD, n = 4. (B) The concentration-dependent inhibition of murine B16 melanoma cell 

growth shown in photomicrographs of B16 cells following a 24-h incubation with 0 (I), 

30 (II), and 60 (III) µmol/L geranylgeraniol. The contact inhibition-disabled growth of 

the B16 cells is shown in the Control culture (I). Concentration-dependent cell elongation 

and decrease in cell density occur progressively as the concentration of geranylgeraniol is 

increased (II & III). 
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Figure 2. Mevalonolactone (500 µmol/L) attenuates the geranylgeraniol-mediated growth 

suppression in murine B16 melanoma cells following a 48-h incubation with 0, 30, 60 

and 90 µmol/L of geranylgeraniol. Values for net growth measured by net absorbance at 

490 nm are mean±SD, n=6. There were significant effects of geranylgeraniol 

concentration (P<0.001), mevalonolactone supplementation (P<0.001) and their 

interaction (P<0.05) based on two-way ANOVA. All geranylgeraniol groups without 

mevalonolactone were significantly different from their mevalonolactone-free control 

(Tukey’s, P<0.05). With mevalonolactone supplementation, groups with 60 and 90 

µmol/L geranylgeraniol were different from their control (Tukey’s, P<0.05). Groups with 

blends of geranylgeraniol and mevalonolactone were different from their respective 

mevalonolactone-free groups (Tukey’s, P<0.05). 
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Figure 3. The impact of geranylgeraniol on the cell cycle distribution of murine B16 

melanoma cells. The percentages of murine B16 melanoma cells in G1 (B & F), S (C & 

G), and G2 (D & H) phases of the cell cycle and the G1/S ratio (E & I) of B16 cells 

following 0- (A), 12- (B-E) and 24- (F-I) h incubations with 0, 30, 60 and 90 µmol/L 

geranylgeraniol blended with 0 and 500 µmol/L mevalonolactone. Values are mean ± 

SD, n=3. Differences between treated and control (0 µmol/L) groups were analyzed by 

one-way ANOVA with Dunnett’s post test (*P<0.05; **P< 0.01). 
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Figure 4. The impact of geranylgeraniol and lovastatin on the expression of cyclin-

dependent kinase (Cdk) 4 and cyclin D1 in murine B16 melanoma cells following 12- 

and 24-h incubations shown in representative blots. Cell lysates were subjected to 

western-blot procedures and blots were detected by chemiluminescence and quantitated. 

The values for the ratios of Cdk4/β-actin and cyclin D1/β-actin shown in the bar graphs 

are median ± range, n ≥ 3. Values with * and ** are significantly different from that of 

control with P<0.05 and P<0.01, respectively, based on Kruskal-Wallis test followed by 

Dunnett’s multiple comparison test. 
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Figure 5. The impact of geranylgeraniol on the initiation of apoptosis in murine B16 

melanoma cells. (A) The percentages of viable (V), early-apoptotic (E.A.), and late-

apoptotic and necrotic (L.A.) B16 cells following 0- (1), 12- (2-4) and 24- (5-7) h 

incubations with geranylgeraniol as measured by the Guava Nexin™ assay. The 

percentages of V, E.A., and L.A. cells prior to geranylgeraniol incubation are shown in 1. 

Following a 12-h incubation with 90 µmol/L geranylgeraniol, the percentage of viable 

cells (2) decreased; concomitantly, the percentage of early apoptotic cells (3) increased. 

A 24-h incubation with 60 and 90 µmol/L geranylgeraniol led to decreased percentage of 

viable cells (5) and increased percentage of late apoptotic cells (7).  

Supplemental mevalonolactone significantly attenuated the impact of 24-h 

geranylgeraniol incubation on the percentages of viable (5) and late apoptotic and 

necrotic (7) cells. Values are mean ± SD, n = 3. Differences between treated and control 

(0 µmol/L) groups were analyzed by one-way ANOVA with Dunnett’s post test (*P< 

0.05; **P<0.01). (B) Photomicrographs of murine B16 melanoma cells showing the 

geranylgeraniol-initiated apoptosis detected by acridine orange and ethidium bromide 

dual staining. B16 cells were incubated with 0 (1-4) and 75 (5-8) µmol/L geranylgeraniol 

for 24 h. Photomicrographs of the same fields were taken under phase-contrast 

microscope (1 and 5) and fluorescence microscope with a fluorescein isothiocyanate 

(FITC) (2 and 6) or tetramethylrhodamine isothiocyanate (TRITC) (3 and 7) filter and 

then merged (4 and 8). Arrows mark the red fluorescence emission from ethidium 

bromide staining shown in late apoptotic and necrotic cells induced by geranylgeraniol 

Figure 5A.
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Figure 6. The impact of geranylgeraniol on alkaline phosphatase (ALP) activity in murine 

B16 melanoma cells. Following a 48-h incubation with 0, 30, 60, and 90 µmol/L 

geranylgeraniol, B16 cells were lysed and ALP activity in the supernatant was analyzed 

using QuantiChrom™ Alkaline Phosphatase Assay Kit as described in Materials and 

Methods. Values are mean ± SD, n = 3. Values with *, ** and *** are significantly 

different from that of control with P<0.05, P<0.01, and P<0.001, respectively, as 

determined by one-way ANOVA with Tukey’s multiple comparison test. 
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DISCUSSION: 

 

 Diverse cell lines have a wide range of sensitivity to geranylgeraniol-mediated 

growth suppression, with IC50 values ranging from 10 µmol/L for human HuH-7 

hepatoma cells (18) to 400 µmol/L for human H460 lung adenocarcinoma cells (16); 

those for other tumor cells originated from pancreas (14, 20), stomach, colon, liver, blood 

and ovary (14) fall somewhere in between. The IC50 value for geranylgeraniol in B16 

cells evaluated herein lies in the mid-range of the reported IC50 values. The underlying 

mechanisms for such a wide range of sensitivities remain unknown, though they may be 

related to culture conditions including cell density and length of treatment and potentially 

the differential extent of dysregulation of the mevalonate pathway in various cell lines. 

The cell growth assay employed in this study does not differentiate cytostatic and 

cytotoxic effects that could both lead to decreased cell numbers. The morphological 

changes induced by geranylgeraniol are reminiscent of those effected by other 

mevalonate suppressors including lovastatin and tocotrienols (28). 

The geranylgeraniol-induced concentration-dependent impact on cell cycle 

distribution of B16 cells is consistent with the G1 arrest mediated by geranylgeraniol in 

A549 cells (17). Lovastatin (33, 34) and other isoprenoid mevalonate suppressors 

including the monoterpenes perillyl alcohol and geraniol (35), sesquiterpenes trans, 

trans-farnesol (35) and β-ionone (5, 36), and tocotrienols (5) have been shown to induce 

G1 arrest in tumor cells. Mevalonate attenuated the lovastatin-mediated G1 arrest in 

human T24 bladder carcinoma cells (37) and MCF-7 breast cancer cells (38). The 

geranylgeraniol-mediated down-regulation of cyclin D1 and Cdk4, two regulators of the 

G1 to S transition, is consistent with the upregulation of p21 and p27, two suppressors of 

cyclin D1 and Cdk4 (39), and down-regulation of cyclin D1 and Cdk4 induced by other 

mevalonate suppressors including lovastatin (40), perillyl alcohol (35), geraniol (35, 41), 

farnesol (35), β-ionone (41), and lycopene (42). Mevalonate attenuated the lovastatin-

mediated upregulation of p21 and p27 in MDA-MB-157 tumor cells (40). 

 Geranylgeraniol-induced B16 cell apoptosis is consistent with previous reports in 

A549 lung adenocarcinoma cells (11, 17), HL-60 (12, 13, 43), K562 (12, 13), ML1, M1, 

P388 (43) and U937 (15, 43) leukemia cells, COLO320 DM colon adenocarcinoma cells 

(13), HuH-7 hepatoma cells (18), and TYK-nu ovarian cancer cells (19). Geranylgeraniol 

also activates caspase-3 (15, 18, 44) and PARP cleavage (44). The concentration of 

geranylgeraniol required to induce apoptosis in these studies (12, 13, 15, 17) falls in the 

30-90 µmol/L range employed in the present study for the induction of apoptosis in B16 

cells (Figure 5).   

 Geranylgeraniol-induced ALP activity, an indicator of B16 cell differentiation, is 

reminiscent of the geranylgeranylacetone-induced differentiation of human U937, ML1 

and HL-60 myeloid leukemia cells (45). Consequently, menaquinone 4 (46, 47) with a 

geranylgeraniol moiety, rather than phylloquinone (46) with a phytol side chain, is able to 

induce differentiation. 
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Parallel to the impact of geranylgeraniol, mevalonate suppressors (48) including the 

monoterpenes (49), sodium phenylacetate, sodium phenylbutyrate (50), lovastatin (51, 

52) and genistein (53) induce tumor cell differentiation.  

 Mevalonate suppressors have been shown to induce cell cycle arrest, apoptosis, 

and differentiation, consequent to the impaired post-translational modification of Ras 

(26), insulin-like growth factor 1 receptor (48) and nuclear lamins (5). These events may 

have collectively contributed to the geranylgeraniol-induced growth suppression. 

Supplemental mevalonolactone attenuated growth suppression, cell cycle arrest and 

apoptosis, further supporting our hypothesis that the suppression of HMG-CoA reductase 

activity, at least in part, mediates the impact of geranylgeraniol in B16 cells. Previous 

studies have shown that geranylgeraniol suppresses reductase activity in fibroblasts (9, 

10), human A549 lung adenocarcinoma cells (11) and human MCF-7 breast 

adenocarcinoma cells (54); mevalonate attenuated the geranylgeraniol impact in MCF-7 

cells (54). The IC50 value (55 µmol/L) of geranylgeraniol in suppressing the growth of 

B16 cells equals to that required to suppress HMG-CoA reductase by 50% in A549 cells 

(11) and MCF-7 cells (54) and in the current study, that required to suppress the mRNA 

level for HMG-CoA reductase by 50%. Consequent to HMG-CoA reductase down-

regulation, gavage feeding of geranylgeraniol reduced plasma cholesterol level in Wistar 

rats and more prominently, reduce tumor incidence and the size of preneoplastic lesions 

in chemically initiated hepatocarcinogenesis (55).  

Previous studies have used mevalonate at concentrations ranging from 500 

µmol/L (54) to 4 mmol/L (40) to show its ability to reverse the effects of mevalonate 

suppressors including geranylgeraniol and lovastatin. Though at the lower end of that 

range, the 500 µmol/L mevalonolactone used herein far exceeds physiologically 

attainable levels. It is conceivable that secondary effects of the pharmaceutical level of 

mevalonate beyond the repletion of cellular mevalonate pool may have interfered with 

the impact of geranylgeraniol. In vivo studies may provide more direct evidence linking 

the reductase- and tumor- suppressive activities of geranylgeraniol. Nevertheless, the 

present study may have identified mevalonate depletion as a unifying mechanism for 

geranylgeraniol-mediated tumor suppression. 

The concentration of geranylgeraniol, 100 µmol/L, employed to suppress 

reductase in fibroblasts (9) is twice as high as that in the A549 cells (11), MCF-7 cells 

(54) and the B16 cells herein. In the present study murine 3T3-L1 cells were more than 

10-fold resistant than B16 cells to geranylgeraniol-mediated growth suppression, 

suggesting a tumor-targeting action of geranylgeraniol. Geranylgeraniol may be added to 

the growing list of isoprenoids with specific impact on the uniquely dysregulated HMG-

CoA reductase in tumors (48). It remains unknown whether the reductase is dysregulated 

in B16 melanoma cells.  

Blends of mevalonate suppressors synergistically suppress tumor growth (28, 29, 

48). The additive effect of geranylgeraniol and d-δ-tocotrienol in suppressing B16 cell 

growth could reflect their dual impact on HMG-CoA reductase. In vivo and further 

mechanistic studies may reveal whether geranylgeraniol and a broad class of mevalonate-
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derived secondary products, the pure and mixed isoprenoids with reductase-suppressive 

activities, have potential in cancer chemoprevention and/or therapy when applied 

individually and in blends.  
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