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Pine nut oil (PNO) has been reported to reduce hepatic lipid accumulation. 

However, the specific effect of pinolenic acid (18:3, all-cis-Δ5,9,12), a 

unique component of PNO, on hepatic lipid metabolism has not been 

studied. Therefore, we investigated whether pinolenic acid affects hepatic 

lipid metabolism using the HepG2 human liver cell line and compared the 

effects of pinolenic acid to the effects of palmitic acid, oleic acid, γ-linolenic 

acid, pinolenic acid, eicosapentaenoic acid (EPA), or α-linolenic acid. 

HepG2 cells were incubated in serum-free medium supplemented with 50 

μM BSA, palmitic acid, oleic acid, γ-linolenic acid, pinolenic acid, EPA, or 

α-linolenic acid for 24 h. Lipid accumulation was determined by Oil red O 
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(ORO) staining and enzymatic colorimetric method. Hepatic mRNA levels 

of genes related to triacylglycerol synthesis (SREBP1c, FAS, SCD1, and 

ACC1), fatty acid oxidation (ACC2, PPARα, CPT1A, and ACADL), and 

lipoprotein infusion (LDLr) and of genes that may be involved in the down-

regulation of the lipogenic pathway (ACSL3, ACSL4, and ACSL5) were 

determined by qPCR. Hepatic LDLr and ACSL4 protein levels were 

measured by Western blot analysis. Hepatic mRNA levels of SREBP1c, FAS, 

and SCD1 were significantly decreased by pinolenic acid treatment (P<0.05) 

compared to BSA control (53%, 54%, and 38% less, respectively). Pinolenic 

acid also reduced the gene expression of LDLr (43% less, P<0.01). In 

addition, mRNA levels of ACSL3 were decreased (30% less, P<0.05), and 

ACSL4 tended to be decreased by pinolenic acid (20% less, P=0.082) 

relative to the control group. In conclusion, pinolenic acid down-regulated 

the lipid anabolic pathway in hepatocytes by reducing markers related to 

lipid synthesis, lipoprotein infusion, and the regulation of the lipogenic 

pathway. 
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I.  Introduction 

The Korean pine nut oil (PNO), which is the seed oil extrated from 

Pinus koraiensis, has been utilized for culinary purposes. PNO is contains a 

variety of fatty acids, including unique fatty acids such as Δ5-unsaturated 

polymethylene-interrupted fatty acids (Δ5-UPIFAs). PNO contains 5% 

palmitic acid (16:0), 2% stearic acid (18:0), 27% oleic acid (18:1, Δ 9), 45% 

linoleic acid (18:2, Δ 9,12), 15% pinolenic acid (18:3, Δ 5,9,12), and 3% 

other Δ5-UPIFAs (Wolff 1998, Wolff et al. 2000). Likewise, pinolenic acid 

is a major component of Δ5-UPIFA in PNO and the unique component of 

PNO (Wolff and Bayard 1995). Pinolenic acid is a n-6 polyunsaturated fatty 

acid (PUFA) and the positional isomer of γ-linolenic acid (No and Kim 

2013).  

PNO has been reported to have a favorable effect of reducing body 

weight and body fat in in vivo studies (Sugano et al. 1994, Asset et al. 1999, 

Ferramosca et al. 2008, Park et al. 2013). Consumption of a diet containing 

PNO in mice resulted in significantly lower body weights, liver weights, 

plasma total triacylglycerol levels, and plasma cholesterol levels compared 

with mice fed a diet containing maize oil (Ferramosca et al. 2008). Asset et 

al. (Asset et al. 1999) showed that serum triacylglycerol and very low-

density lipoprotein (VLDL)-triacylglycerol levels decreased in PNO-fed 
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mice. Moreover, in our previous study, mice that were fed a high-fat diet 

(HFD) containing PNO for 12 weeks exhibited significantly less weight 

gain and white adipose tissue weight (Park et al. 2013). Some in vitro 

studies reported the effects of PNO on lipid metabolism (Ferramosca et al. 

2008, Le et al. 2012). Le et al. (Le et al. 2012) suggested that PNO-fed mice 

showed higher gene expression of Pparα, Cpt1, and Acadl, which are 

related to fatty acid oxidation, in skeletal muscle and brown adipose tissue 

compared to soy bean oil-fed mice. Enzyme activities of hepatic Acc and 

Fas in the liver (related to triacylglycerol synthesis) were lower in mice fed 

a diet containing a mixture of 1% conjugated linoleic acid (CLA) and 7.5% 

PNO than in 1% CLA-fed mice (Ferramosca et al. 2008).  

The specific effects of pinolenic acid on plasma lipids have been 

investigated in vitro. Fatty acid extract containing high pinolenic acid 

(HPAFAE) treatment enhanced hepatic LDL uptake compared to fatty acid 

extract containing low pinolenic acid (LPAFAE) treatment in HepG2 cells 

(Lee et al. 2004).  

However, few in vitro studies have investigated the pinolenic acid 

specific effect, while many in vivo studies have suggested favorable effects 

of PNO on lipid metabolism. In our study, we have hypothesized that 

pinolenic acid, which is a unique fatty acid of PNO, could contribute to the 

lipid-lowering effects of PNO. In this study, we demonstrated the pinolenic 
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acid-specific effects on the expression of lipid metabolism-related markers 

in HepG2 cells. The specific objectives for this study were to investigate 1) 

whether magnitude of lipid accumulation were influenced by pinolenic acid 

treatment; 2) whether there were any changes in gene expression of markers 

related to triacylglycerol synthesis and oxidation in pinolenic acid treated 

cells; 3) whether the expression of cholesterol synthesis-related markers was 

affected by pinolenic acid treatment; 4) whether expression of lipoprotein 

infusion marker gene was influenced by pinolenic acid; and 5) whether there 

were any changes in the expression of lipid biosynthesis regulating enzymes 

in pinolenic acid treated cells. Furthermore, we compared the effect of 

pinolenic acid on the lipid metabolism to the effects of palmitic acid, oleic 

acid, γ-linolenic acid, pinolenic acid, eicosapentaenoic acid (EPA), or α-

linolenic acid in HepG2. 
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II. Literature Review 

1. Hepatic lipid metabolism  

1.1. Mechanisms of lipid accumulation in liver 

The liver is the main organ which controls lipid metabolism of the whole 

body. The liver synthesizes lipid and regulates lipid oxidation and 

reconstitutes fatty acids as lipoproteins which are secreted into whole body 

circulation.  

Lipid homeostasis is tightly maintained by balanced lipogenesis, uptake, 

and secretion. The steady state balance of hepatic lipid synthesis is also 

controlled by the consumption of fatty acids by mitochondrial β-oxidation, 

which is critical for production of both adenosine triphosphate (ATP) and 

ketone bodies and lipogenesis (Kawano and Cohen 2013). Moreover, fatty 

acid uptake into the liver also contributes to the steady balance of hepatic 

triglycerides in the liver (Zhang et al. 2013). 

The possible sources of fats contributing to fatty liver include peripheral 

fats stored in adipose tissue that flow to the liver and dietary fatty acids, 

which is mainly through the uptake of intestinally derived chylomicron 

remnants, and fatty acids newly made within the liver through de novo 

lipogenesis (Dong et al. 2014). After the conversing of fatty acids into 

triacylglycerol, triacylglycerol can be stored as lipid droplets within 
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hepatocytes or secreted into the blood as VLDL, but they can also be 

hydrolyzed and the fatty acids channeled towards the β-oxidation pathway. 

Therefore, excessive fat accumulation in the liver can occur as a result of 

increased fat delivery, increased fat synthesis, reduced fat oxidation, or 

reduced fat export in the form of lipoprotein (Postic and Girard 2008). 

Disruptions of lipid formation and catabolism have been implicated in 

various metabolic diseases, such as obesity and diabetes. 

 

 

 

 

 

 

 

 

 

 

  



- 6 - 

 

 

 

 

Figure 1. Metabolic defects leading to the hepatic lipid accumulation1 

(Postic and Girard 2008). 

1CM, chylomicron; FA, fatty acid; NEFA, non-esterified fatty acid; TG, 

triacylglycerol; VLDL, very-low-lipoprotein 
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1.2. Genes related to hepatic lipid metabolism 

Hepatic triacylglycerol synthesis 

The synthesis of triacylglycerol in liver has three steps, lipogenesis, 

desaturation-elongation, and esterification. Acyl-CoA Carboxylase catalyzes 

the ATP-dependent carboxylation of acetyl-CoA to produce malonyl-CoA, a 

material of the fatty acid synthesis and a key regulator of the fatty acid 

oxidation. ACC1 is mainly expressed in the cytoplasm of liver and adipose 

tissue, and is proposed to be involved in fatty acid synthesis, whereas ACC2 

is predominantly expressed in skeletal muscle and heart, and is responsible 

for fatty acid b-oxidation (Peng et al. 2009). SCD1 is the rate-limiting 

enzyme that converts palmitoyl-CoA and stearoyl-CoA to palmitoleoyl-CoA 

and oleoyl-CoA, respectively(Zhang et al. 2013). Fatty acid synthesis 

catalyzes the last step in the fatty acid biosynthetic pathway.  

Enzymes of triacylglycerol synthesis are transcriptionally regulated by 

ChREBP (carbohydrate-responsive-element-binding protein), SREBP1c, 

and LXRs (liver X receptor) in liver. The SREBP family consists of the 

isoforms SREBP1 and SREBP2 (Knebel et al. 2012). SREBP1c mainly 

regulates triacylglycerol synthesis, and SREBP2 predominantly regulates 

cholesterol synthesis. The transcription factor SREBP1c affects GK 

(glucokinase), ACC, FAS, ELOVL6 (elongation of very long chain fatty 

acids protein 6), SCD1, and GPAT (glycerol-3-phosphate acyltransferase) 
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(Shimano 2001). LXRs are also important regulators of triacylglycerol 

synthesis, through the direct transcriptional activation of ACC, FAS, and 

SCD1, but also indirectly via the insulin-mediated transcriptional activation 

of SREBP1c. 
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Figure 2. Metabolic pathways leading to the triacylglycerol synthesis in 

liver1 (Postic and Girard 2008) 

1ACC, acetyl-CoA carboxylase; ATP, adenosine triphosphate; CPT, carnitine 

palmitoyl transferase; DAG, diacylglycerol; DGAT, diglyceride 

acyltransferase; ELOVL6, elongation of very long chain fatty acids protein 

6; F6P, fructose 6 phosphate; FAS, fatty acid synthase; G6P, glucose 6 

phosphate; GK, glucokinase; GLUT-2, glucose transporter; GPAT, glycerol 

3 phosphate acyltransferase; HMG-CoA,3-hydroxy-3-methylglutaryl-CoA; 

LCFA, long chain fatty acid; LPA, lysophosphatidic acid; L-PK, L-pyruvate 

kinase; PEP, phosphoenolpyruvate; SCD, Stearoyl-CoA desaturase-1; TG, 

triacylglycerol 
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Fatty acid oxidation 

The balance of hepatic triglycerides is also controlled by the 

consumption of fatty acids by mitochondrial b-oxidation, which is critical 

for production of both ATP and ketone bodies (Kawano and Cohen 2013). 

Fatty acids are transformed to fatty acid-acyl CoA to translocate across the 

mitochondrial membrane. Fatty acid-acyl CoA is coupled to their 

conversion to acyl-carnitines by the activity of carnitine palmitoyl-

transferase (CPT1), which is also localized in the outer mitochondrial 

membrane and catalyzes the formation of acyl-carnitine from acyl-CoA and 

free carnitine (Eaton et al. 1996). Cytosolic ACC1, the major isoform of 

ACC in liver, contributes malonyl-CoA for fatty acid synthesis and for 

inhibition of fatty acid oxidation. By contrast, malonyl-CoA produced by 

ACC2, which is localized in mitochondria, serves primarily to suppress fatty 

acid (Abu-Elheiga et al. 2001). The hepatic expression of peroxisome 

proliferator-activated receptor (PPAR)α is also essential for glucagon-

mediated fatty acid oxidation. PPARα is a fatty acid-activated nuclear 

hormone receptor that plays a central role in the transcriptional regulation of 

lipid and glucose metabolism (Mandard et al. 2004). Activated PPARα 

forms a heterodimer with retinoid X receptor (RXR), which binds to 

specific DNA sequences known as peroxisome proliferator response 
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elements (PPREs). This transcriptional complex promotes the expression of 

genes that mediate fatty acid oxidation. 

Cholesterol synthesis 

Cholesterol is a constituent of cellular membranes and a precursor 

in the formation of bile acids and steroid hormones. However, excessive 

cholesterol induced atherosclerotic lesion, gall stone formation, and 

hyperlipidemia. Therefore, a balance between cholesterol absorption and 

excretion and endogenous cholesterol synthesis is important, and the liver 

plays an important role to regulate body cholesterol metabolism (Maxwell et 

al. 2003). Genes involved in cholesterol metabolism that are directly 

activated by SREBPs include the LDL receptor, 3-hydroxy-3-

methylglutaryl-CoA (HMG-CoA) synthase, HMG-CoA reductase, farnesyl 

diphosphate synthase, squalene synthase, and SREBP2 (Shimomura et al. 

1998). The identification of 3-hydroxy-3-methylglutaryl CoA (HMG-CoA) 

reductase as the first committed enzyme in the cholesterol biosynthetic 

pathway and the primary site of feedback regulation. Though SREBP1 

mainly regulates the synthesis of fatty acids, SREBP1 is also involved in 

cholesterol synthesis by regulating the expression of HMGCR (Shimano 

2001). SREBP1 binds to the sterol regulatory region of the HMGCR 

promoter, and then SREBP1 activates the HMGCR promoter in hepatocyte 

(Vallett et al. 1996). 
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Lipoprotein infusion 

The majority of plasma cholesterol is transported by the LDL 

fraction. LDL receptor mediates the uptake of LDL from the plasma and 

delivers LDL to the endosomal system for degradation (Dong et al. 2014). 

The circulating levels of LDL is determined by its rate of uptake through the 

hepatic LDL receptor pathway. (Lammi et al. 2014). The expression of 

LDLr is regulated by insulin via the SREBP1c pathway (Costet et al. 2006, 

Haas et al. 2013). SREBP binds to the sterol regulatory element (SRE) 

sequence to encode the enhancer of the LDLr gene (Brown and Goldstein 

1999). 

ACSLs involved in downregulation of lipogenic pathway 

ACSL catalyzes conversion of fatty acids to acyl-CoA, which is the first 

step in intracellular lipid metabolism. The levels of several isoforms of 

ACSLs expression was distinct in different cells. In liver, ACSL3, ACSL4, 

and ACSL5 is predominant form of ACSLs (Sandoval et al. 2008). The 

resulting acyl-CoA has numerous metabolic fates within cells, including 

incorporation into triacylglycerol and membrane phospholipids, use as 

substrates for β-oxidation and protein acylation, and function as ligands for 
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transcription factors (Mashek et al. 2006). As such, ACSL plays an 

important role in intracellular lipid metabolism (Achouri et al. 2005). 

ACSL3 is known to play a role in lipid biosynthesis. The knockdown of 

ACSL3 significantly reduced the reporter gene activity of several lipogenic 

transcription factors (e.g., Srebp1c, Chrebp, Lxr, and Pparγ) (Bu et al. 2009), 

and ACSL3 control lipid droplet nucleation in hepatocytes (Kassan et al. 

2013). Though, the role of ACSL4 is clearly unknown, ACSL4 has been 

shown to be significantly up-regulated in non-alcoholic fatty acid liver 

disease (NAFLD) (Westerbacka et al. 2007, Golej et al. 2011, Kan et al. 

2014).  
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2. Characteristics of different types of fatty acids  

Structure of different types of fatty acids 

Fatty acids exist in free form in the body, and they also can be 

found as fatty acyl ester in complex molecules. Palmitic acid (16:0) is the 

saturated fatty acid, with 16-carbon backbone. Palmitic acid and stearic acid 

(18:0) is the most common saturated fatty acid (Joshi-Barve et al. 2007). 

Monounsaturated fatty acid have single double bond between the carbons, 

and oleic acid (18:1, Δ9) is a natural monounsaturated fatty acid. 

Fatty acids which have more than two double bond between 

carbons are polyunsaturated fatty acids. There are many long 

polyunsaturated fatty acids, and they can be separated as ω-3, ω-6, or ω-9 

according to the location of double bonds (Clarke 2001). Gamma-linolenic 

acid (18:3. Δ6, 9, 12) and pinolenic acid (18:3. Δ5, 9, 12) are ω-6 PUFA, 

and they are positional isomer which have same number of carbons. Alpha-

linolenic acid (18:3. Δ9, 12, 15) is ω-3 PUFA with 18-carbon backbone. 

EPA (20:5. Δ5, 8, 11, 14, 17) and DHA (22:6, Δ4, 7, 10, 13, 16, 19) has 
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been known the most abundant ω -3 PUFA in human diet (Caputo et al. 

2011).  

 

 

Effects of different fatty acids in liver lipid metabolism 

Dietary fat has important roles in human, including a source of 

energy, structural components for cells and a regulator of gene expression 

that lipid metabolism, carbohydrate, protein metabolism, and cell 

differentiation (Jump 2004). It also has been known that dietary fatty acid 

influences hepatic lipogenesis (Ferramosca and Zara 2014).  

PUFA is especially well known for its effects of regulating gene 

expression through various mechanisms including changing membrane 

composition, intracellular calcium levels, and eicosanoid production. In 

addition, PUFA has been known to be critical to regulate several key genes 

of lipid metabolism (Sampath and Ntambi 2005). ARA, DHA, and EPA 

treatment repressed genes expression related to cholesterol and lipid 

metabolism (Fujiwara et al. 2003). ARA, DHA, and EPA treated cells 

decreased mRNA and proteins expression of SCD1 and SREBP1c, two 

major factors involved in unsaturated fatty acids synthesis (Caputo et al. 

2011). EPA feeding marginally affected the triacylglycerol content and 
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mitochondrial and peroxisome enzyme activities (Aarsland et al. 1990). In 

HepG2 cells treated with palmitic, oleic, linoleic or EPA, LDL receptor 

binding activity, protein and mRNA levels decreased as the degree of 

unsaturation of the fatty acids increased (Pal et al. 2002). 

3. Pine nut oil 

3.1. Pine nut oil characteristic and component  

Pine nuts, which are oily seeds of the genus pinus, have been utilized 

around the world for centuries. Pine seeds that are consumed are those from 

Pinus-koraiensis, P.pinea, P.sibirica, P.monophylla, and probably some 

others (Wolff and Bayard 1995). Pinus koraiensis, a native plant of eastern 

Asia is one of the main types of commercial pine nuts and it is commonly 

called the Korean pine nut (Wolff et al. 2000). 

Pine nut oil (PNO) reported that it contains 5% palmitic acid (16:0), 2% 

stearic acid (18:0), 27% oleic acid (18:1, Δ 9), 45% linoleic acid (18:2, Δ 

9,12), 15% pinolenic acid (18:3, Δ 5,9,12), and 3% of other Δ5-UPIFAs. 

PNO is composed of many types of unique fatty acids, e.g., Δ5-unsaturated 

polymethylene-interrupted fatty acids (Δ5-UPIFAs). (Wolff and Bayard 

1995, Wolff et al. 2000).  

Pinolenic acid is a long chain fatty acid (all-cis-5,9,12-18:3), which is the 

positional isomer of γ-linolenic acid. (Lee et al. 2004). Pinolenic represents 
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about 14.5% of total fatty acids in PNO, while the total content of Δ5-

UPIFAs in P. koraiensis seeds varies in the range 17.3-17.7% (Imbs et al. 

1998). Likewise, pinolenic acid is a major component of Δ5-UPIFA in PNO.  

 

3.2. Effects of Pine nut oil  

Body weight and liver weight 

PNO caused a 37.4% reduction in body weight and 13.7% liver weight in 

PNO fed mice. In addition, plasma triacylglycerol and total cholesterol was 

also significantly decreased in these PNO fed mice. Liver lipids 

(triacylglycerol, cholesterol, phospholipids) were also positively influenced 

by PNO (Ferramosca et al. 2008). Male C57BL/6 mice were fed a 15% 

energy from lard and 30% energy from either soybean oil (SBO-HFD) or 

PNO (PNO-HFD) for 12 weeks. The PNO-HFD resulted in less weight gain 

and intramuscular lipid accumulation (muscle triacylglycerol) than the 

SBO-HFD and increased mRNA and proteins expression related to 

oxidative metabolism (Le et al. 2012). Consumption of HFD containing 

PNO resulted in significantly less weight gain, and decreased 18% of white 

adipose tissue weight (Park et al. 2013) 

Plasma lipids lowering effects 
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Pinus koraiensis seed oil tended to decrease serum triacylglycerol by 16% 

and VLDL-triacylglycerol by 21%. P. koraiensis seed oil had a 

triacylglycerol lowering effect in rats, due to a reduction in circulating 

VLDL (Asset et al. 1999). In other study, mice were fed a standard diet 

(control) or a diet supplemented with 1% CLA or a mixture of 1% CLA plus 

7.5% pine nut oil (CLA + P). In CLA + P group, liver cholesterol, plasma 

triacylglycerol, and plasma cholesterol levels decreased compared to CLA 

fed mice (Ferramosca et al. 2008).  

Hepatic lipid metabolism 

PNO-fed mice showed higher gene expression of Pparα, Cpt1, and 

Acadl, which are related to fatty acid oxidation, in skeletal muscle and 

brown adipose tissue compared to soy bean oil-fed mice (Le et al. 2012). 

Mice fed a diet containing a mixture of 1% conjugated linoleic acid (CLA) 

and 7.5% PNO decreased enzyme activation of hepatic Acc and Fas related 

to triacylglycerol synthesis compared to 1% CLA-fed mice (Ferramosca et 

al. 2008).  

3.3. Effect of pinolenic acid 

Plasma lipids lowering effects 

There are few study suggesting the specific pinolenic acid effect. 

HepG2 cells with HPAFE resulted in significantly higher internalization of 
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3,3′-dioctadecylindocarbocyanine-LDL as compared to treatment with 

LPAFAE. This study suggested that pinolenic acid may have LDL-lowering 

properties by enhancing hepatic LDL uptake. (Lee et al. 2004) 

 

III. Materials and Methods 

1.  Cell culture 

The human hepatoma HepG2 cell line (ATCC, Manassas, USA) was 

cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Welgene, 

Daegu, Korea) containing 10% (v/v) heat-inactivated fetal bovine serum 

(FBS) (GibcoBRL), 2 mM L-glutamine (GibcoBRL), 100 U/ml penicillin 

(GibcoBRL), and 100 mg/ml streptomycin (GibcoBRL). Cells (3 x 106 

cells/ 100-mm2 dish) were maintained at 37°C in a 5% CO2/air environment. 

Cells were serum-starved overnight prior to the fatty acid treatment. After 

starvation, cells were treated with fatty acid/bovine serum albumin (BSA) 

(Fitzgerald, MA, USA) complex for 24 h. 
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2.  Preparation fatty acids for cell culture 

Fatty acid was dissolved in 100% ethanol, heated at 55°C for 30 

min, and vortexed to dissolve it completely. Then, it was coupled to 3.33% 

BSA (Fitzgerald, MA, USA) to make the final fatty acid concentration at 5 

mM. Fatty acid was added to the culture medium as a conjugated complex 

form of fatty acid-free BSA (2:1 molar ratio). The conjugated solution was 

diluted in a serum-free media to final concentrations of 25, 50, or 100 μM 

fatty acids. HepG2 cells were cultured with each of the six fatty acids 

(palmitic acid, oleic acid, γ-linolenic acid, pinolenic acid, eicosapentaenoic 

acid (EPA), and α-linolenic acid (Cayman, Michigan, USA) for 24 h. The 

same doses of BSA solution were used for the control group. 
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3.  Determination of cell viability 

Cells (1 x 104 cells/well) were plated in flat-bottom 96 well plates 

(Becton Dickinson, Franklin Lakes, NJ). Five mg of MTT (3-2,5-

diphenyltetrazolium bromide) (GibcoBL, Grand Island, NY) was added to 1 

mL of sterile PBS. After incubation with 25 μM, 50 μM, or 100 μM of fatty 

acids for 24 h, 20 µl MTT solution was added to each well and incubated for 

additional 4 h. Insoluble formazan precipitates that were formed were 

solubilized with 50 µl of Dimethyl sulfoxide (DMSO) (Sigma, St. Louis, 

USA) added to each well and mixed thoroughly with the pipette. Optical 

density was measured at 450 nm using microplate spectrophotometer. Fatty 

acid treated cell viability was normalized by same concentration of BSA 

treated cell viability. 
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4. Determination of triacylglycerol and total cholesterol levels 

The intracellular triacylglycerol and total cholesterol levels were 

measured in cell lysates. HepG2 cells (1 x 106 cells/well) were seeded in 60 

mm culture dishes and serum-starved before treatment. After treatment with 

fatty acids for 24 h, cells were homogenized in 0.45 mL of PBS. The 

homogenates were extracted with 1.35 mL of chloroform and methanol (2:1, 

v/v). The mixture was vortexed vigorously and incubated for 17 h at room 

temperature. After centrifugation at 3,000 x g for 10 min at 4℃, the solution 

was allowed to separate into two phases. An aliquot of the bottom layer was 

evaporated under nitrogen gas. The lipid pellet was dissolved in 100 μL of 

PBS containing 1% Triton X-100 and 100 μL of isopropanol. The 

triacylglycerol and total cholesterol were determined using an enzymatic 

reagent kit (Asan Pharm. Co., Seoul, Korea). Three hundred μL of enzyme 

solution was added to each well of 96-well plate and 3 μL of sample or 

standard was added to each well. Then, the plate was incubated for 10 min 
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at 37℃ and the absorbance was measured at 550 nm and 500 nm 

(spectramax 190; molecular devices, CA, USA), respectively. To normalize 

the results, protein concentration was used. 

 

 

5.  Oil red O staining 

The magnitude of cellular lipid accumulation was measured by Oil 

Red O (ORO) staining. Cells were maintained in medium supplemented 

with each fatty acid or BSA as a control for 24 h. Cells were washed with 

cold phosphate-buffered saline (PBS) and fixed in 10% (v/v) formalin for 1 

h. Then, cells were dried completely at room temperature. After dried, cells 

(2 x 105 cells/well) stained with Oil red O solution in 24 well plates. Oil red 

O was added for 15 min, followed by washing with 85% propyleneglycol 

for 3 min. Then, plates were counterstained with hematoxylin for 1 min. The 

stained part of the cells were eluted by adding 1 mL of 100% isopropanol 

and absorbance was measured at 500 nm by a microplate spectrophotometer 

using isopropanol as blank. To get an image, after stained with the oil red o 

solution, the plate was observed by a microscopy. 
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6.  RNA isolation and cDNA synthesis  

Total RNA from HepG2 cells was extracted using Trizol (Invitrogen, CA, 

USA). 1 x 106 cells were in 1 mL of Trizol reagent for 5 min at room 

temperature. Following the addition of 0.2 mL of chloroform, all samples 

were vortexed and incubated for 3 min, and centrifuged at 12,000 x g for 15 

min at 4℃. After centrifuging, aqueous phase was transferred to new tubes 

and mixed with 0.5 mL of isopropanol for 10 min. After centrifugation at 

12,000 x g for 15 min at 4℃, the supernatant was removed, and one mL of 

75% ethanol was added to wash the pellet. Supernatants were decanted 

again and the left RNA pellets were dried in the air. RNA pellet was 

dissolved in 20 μL of distilled water. The concentrations of the RNA 

solutions were quantified using a spectrophotometer (DU530, Beckman, CA, 

USA), and the qualities of the RNA samples were examined by agarose gel 

electrophoresis using Gel Doc XR system (Bio-Rad Laboratories Inc.). 



- 25 - 

 

 Five micrograms of RNA sample were used for cDNA synthesis using 

PrimeScript™Ⅱ 1st strand cDNA synthesis kit (TAKARA bio Inc., Japan). 

The cDNA synthesis reaction was performed using Applied Biosystems 

Thermal Cycler 2720 (Life technologies co.). The condition for reverse 

transcription was 42℃ for 50 min, and stopped by denaturing at 95℃ for 5 

min. 

7. Real-time PCR  

Hepatic mRNA levels related to lipid synthesis (SREBP1c, FAS, ACC1, 

and SCD1), lipid oxidation (PPARα, ACC2, CPT1A, and ACADL), 

cholesterol synthesis (SREBP2 and HMGCR) lipoprotein infusion (LDLr), 

and regulation of lipogenic pathway (ACSLs) were determined using rea-

time PCR analysis. All reactions were performed in total of 20 μL reaction 

volume containing 1 μL of 2 ng/ μL reverse-transcried cDNA, 10 μL of 

SYBR Premix Ex Taq, 0.4 μL of 10 μM forward primer, 0.4 μl of 10 μM 

reverse primer, 0.4 μL of ROX reference dye, and 7.8 μL of autoclaved 

distilled water using the SYBR green kit (TAKARA bio Inc., Japan). The 

mRNA levels of the genes of interest were determined using specific 

primers (Table. 1). Quantitative real-time PCR was performed with a 

Stepone Real-Time PCR system (Applied Biosystems, CA, USA) under the 

following steps and conditions; initiation step at 95℃ for 40 sec, 
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denaturation step at 95℃ for 5 sec, annealing and extension step at 60℃ 

for 30 sec up to 4- cycles, and melting curve analyses were carried out at 95℃ 

for 15 sec, 60℃ for 1 min, and 95℃ for 15 sec. Thethreshold cycle (Ct) 

values were analyzed using StepOne™ Software version 2.1 (Applied 

Biosystems, CA, USA).To normalize the results, glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) gene was used as the internal control. 

The relative quantification method was used to determine the expression of 

the target genes. 
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Table 1. Primer sequences used in real time PCR 

 

 

 

 

 

 

 

SREBP1, Sterol regulatory element-binding protein; FAS, Fatty acid synthase; ACC1, Acetyl-CoA carboxylase1; SCD1, Stearoyl-CoA 

desaturase-1; ACC2, Acetyl-CoA carboxylase2; PPARα, Peroxisome proliferator-activated receptor α; CPT1A, Carnitine Palmitoyl transferase 1; 

ACADL, Acyl-CoA dehydrogenase long chain; SREBP2, Sterol regulatory element-binding protein; HMGCR, 3-Hydroxy-3-methyl-glutaryl-

CoA reductase; LDLr, Low density lipoprotein receptor; ACSLs, Long chain acyl coenzyme A synthase; GAPDH, Glyceraldehyde 3-phosphate 

dehydrogenase

 
GENE 

Primer sequence 
Forward primer Reverse primer 

SREBP1c GAGAAGCACCAAGGAGACGA TTCCCAGCCCCTCAGATAC 

FAS CTGGCTGTCCCTGTCCCTAT TTTTGGTGGAGACGATGAGC 

ACC1 TGGGAGGCAATAAGAACCTG CACGCTCAAGTCACCAAGAA 

SCD1 GGCTCCCAAGTGTAGCAGAG TACCACCACCACCACCATTAC 

ACC2 CACCTTCATTTGCCAGGACT CACAACCCACTGCTCTGATG 

PPARα ACCACCATTCCCACAGACAG CCAGGTTTGCGTAGAAGAGC 

CPT1A ATTTTGCTGTCGGTCTTGGA CTCTTGCTGCCTGAATGTGA 

ACADL GGGGTTTCAAGGCAGTAAGG CATTTCGGCTACCATTTGCT 

SREBP2 GACGCCAAGATGCACAAGTC ACCAGACTGCCTAGGTCGAT 

HMGCR CTGCCAATGCTGCCATAAGT AGATAGGAACGGTGGGTGGT 

LDLr GACGTGGCGTGAACATCTG CTGGCAGGCAATGCTTTGG 

ACSL3 CCCCTGAAACTGGTCTGGTG TCCGCCTGGTAATGTGTTTTAA 

ACSL4 TCAGCAACAGCAAACAGACC CCAAGAGCAAGGAAGGTAAAAAG 

ACSL5 CCCTTTGACCCTTGAACTTGT TCCTGTCTTTCCCATCTTCG 

GAPDH TGACTCCGACCTTCACCTTC CTCTCTGCTCCTCCTGTTCG 
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8. Total protein extraction and western blot analysis 

Immunoblotting analysis was performed to determine protein expression 

of LDL receptor. After 24 h incubation with FA, 1 x 106 cells were washed 

with phosphate-buffered saline (pH 7.5) and lysed for 30 min on ice in 

protein lysis buffer (1% Nonidet P-40, 150 mM Sodium chloride (NaCl), 

10% glycerol, 1 mM ethylene diamine tetra acetic acid (EDTA), 1 mM 

sodium orthovanadate (Na3VO4), 50 mM Tris-HCl, 0.25% sodium 

deoxycholate, 1 mM phenyl methane sulfonyl fluoride (PMSF), 1 mM 

sodium fluoride (NaF), 1 mM sodium pyrophosphate, 1 mM β-

glycerophosphate, protease inhibitor cocktail tablet). After incubation cells 

were centrifuged at 12,000 rpm for 20 min at 4℃, and then supernatants 

were transferred to fresh tubes. Bradford assay was used to determined 

concentrations of extracted total protein. 10 μL of protein sample or several 

dilution of BSA standard solutions (0, 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, and 1 

mg/mL) and 200 μL of 5X diluted Bradford assay reagent (Bio-Rad 

Laboratories Inc.) was added to 96 well each well. After incubation for 5 

min at room temperature, the absorbance was measured at 595 nm to 

determine total protein concentration using standard curve.  

Total cell protein (15 μg) were subjected to 10% SDS-PAGE after 

denaturing for 5 min at 100℃ containing 5% of β-mercaptoethanol and 

transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore). 
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The membrane was blocked for 1 h in Tris-buffered saline containing 0.1% 

Tween 20 and 5% nonfat dry milk. After that membrane was incubated in 5% 

skim milk solution with rabbit anti-LDLr (1:2000, Abcam, Cambridge, UK) 

for 3 h, or with mouse anti-β–actin (1:10000, Sigma, St. Louis, USA) for 1 h. 

After blotting first antibody, membrane was incubated with horseradish 

peroxidase-conjugated anti rabbit IgG (1:3000, Cell signaling technology, 

MA, USA) for 1 h or anti mouse IgG (1:20000, Sigma, St. Louis, USA) for 

1 h secondary antibodies. Finally, the bands on the membrane were detected 

with enhanced chemiluminescence (ECL) Western blot detection reagents 

(Santa Cruz, CA, USA) for 1 min in the dark room and detection was 

perform on X-ray film. Band density was analyzed using Quantity One (bio-

Rad Laboratories Inc.) software program, and β–actin-specific-band was 

used as loading control. 
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9. Statistical analysis 

Data were analyzed by the SPSS 19.0 program. Data were analyzed by 

one-way analysis of variance (ANOVA) for overall effects of treatments 

followed by Fisher’s least significant difference (LSD) post-hoc test for 

individual comparisons. A P value of 0.05 or less was considered significant. 
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IV. Results 

1. Effects of fatty acid on cell viability of HepG2 cell   

We measured cell viability in different concentration below 1 mM. 

Concentration of pinolenic acid following pine nut oil has not been 

determined. However it was shown that free fatty acid concentration was 

about 0.5 mmol/L in serum of PNO diet supplemented women (Pasman et al. 

2008). The results are shown in Figure 3. Cells treated 25 μM or 50 μM 

fatty acid did not affect cell viability, but EPA treatment decresed cell 

viability in 100 μM. Furthermore, 200 μM, 400 μM, 600 μM of γ-linolenic 

acid or EPA or α-linolenic acid treated cells diminished cell viability. As a 

result, these results indicated that fatty acid was not cytotoxic to HepG2 

cells in 25 μM or 50 μM. Consistent with our study, Kuang et al. (Kuang et 

al. 2012) indicated that cell viability was decreased with EPA or DHA 

treatment above 200 μM in HepG2 cells. Therefore, we conducted our study 

50 μM of fatty acid treated HepG2 cells.  
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Figure 3. Effects of fatty acids on cell viability in HepG2 cells.  

HepG2 cells were treated with 25 or 50 or 100 or 200 or 400 or 600 μM of 

each fatty acid or BSA for 24 h. The data were presented as mean ± SEM 

(n=3 per group). Different letters indicate significant differences at P<0.05 

by Fisher’s least significant difference (LSD) multiple comparison test.  
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2. Intracellular triacylglycerol and total cholesterol levels  

The effect of pinolenic acid on the intracellular TG and total 

cholesterol levels were determined, as shown in Figures 4A and 4B, 

respectively. Treatment with pinolenic acid and all the other fatty acids—

including palmitic acid, oleic acid, γ-linolenic acid, EPA, and α-linolenic 

acid— didn’t altered no significant differences in intracellular 

triacylglycerol and total cholesterol levels compared to the control. 
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Figure 4. Intracellular triacylglycerol and total cholesterol levels  

A. Triacylglycerol levels (μg/mg protein), B. Total cholesterol levels (μg/mg 

protein). 

HepG2 cells were treated with 50 μM of each fatty acid or BSA for 24 h. 

The data were presented as mean ± SEM (n= 3 ~ 4 per group). Different 

letters indicate significant differences at P<0.05 by Fisher’s least significant 

difference (LSD) multiple comparison test.  
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3. Effect of pinolenic acid on lipid accumulation determined 

by ORO  

The quantitative and representative data of lipid accumulation 

analysis are shown in Figures 5A and 5B. There were no differences in the 

amounts of lipid accumulated between the control group and the pinolenic 

acid group at 25 μM, 50 μM, or 100 μM. None of the other fatty acids—

including palmitic acid, oleic acid, γ-linolenic acid, EPA, and α-linolenic 

acid—produced significant differences in the magnitude of lipid 

accumulation. 
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Figure 5. Effects of fatty acids on lipid accumulation.  

A. Each fatty acid or BSA was treated with 25 μM, 50 μM, or 100 μM for 

24 h. The extracted stained solution’s absorbance was measured by a 

spectrometer at 500 nm. The relative quantity of lipid accumulation 

compared to the control group was presented as mean ± SEM (n=3 per 

group).  
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B. After being treated with 50 μM of each fatty acid or BSA control for 24 h, 

HepG2 cells were observed by microscopy. (a) Control (b) Palmitic acid (c) 

Oleic acid (d) γ-linolenic acid (e) Pinolenic acid (f) EPA (g) α-linolenic acid.   

4. Effect of pinolenic acid on mRNA levels of markers related 

to triacylglycerol synthesis  

The mRNA levels of SREBP1c, FAS, ACC1, and SCD1 were 

determined when treated with 50 μM of fatty acids or BSA for 24 h. The 

results are shown in Figure 6. The levels of SREBP1c mRNA was 

decreased by 53% with pinolenic acid treatment compared to the control 

(P<0.05). Gamma-linolenic acid, EPA, and α-linolenic acid treatment also 

decreased mRNA levels of SREBP1c by 71%, 78%, and 74%, respectively, 

when compared to the control (P<0.05). Pinolenic acid treatment showed 

similar effects of decreasing mRNA levels of SREBP1c as those with γ-

linolenic acid, EPA, or α-linolenic acid treatments. 

The mRNA levels of FAS were significantly decreased by pinolenic 

acid treatment compared to the control group by 54% (P<0.01). Gamma-

linolenic acid, EPA, and α-linolenic acid treatment also decreased gene 

expression of FAS by 65%, 70%, and 70%, respectively, when compared to 

the control (P<0.01). Pinolenic acid treated cells showed tendency of 

decreased FAS gene expression similar to those in γ-linolenic acid, EPA, or 

α-linolenic acid treated cells. 
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The gene expression of ACC1 was not decreased by any of the fatty 

acid treatments. However, the mRNA levels of SCD1 were reduced by 38% 

in pinolenic acid-treated cells compared to the control group (P<0.05), and 

they were decreased by 39% compared to palmitic acid-treated cells 

(P<0.05). Gamma-linolenic acid, EPA, and α-linolenic acid treatment 

resulted in significantly less gene expression of SCD1 (62%, 79%, and 64%, 

respectively) compared to the control (P<0.01). Gamma-linolenic acid and 

α-linolenic acid treated cells showed same effects of decreasing mRNA 

levels of SCD1 as those with pinolenic acid treated cells. EPA showed 66% 

lower SCD1 mRNA levels compared with the pinolenic acid-treated group 

(P<0.05).  
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Figure 6. Effects of fatty acids on mRNA levels of triacylglycerol 

synthesis-related markers (SREBP1c, FAS, ACC1, and SCD1).  

HepG2 cells were treated with 50 μM of each fatty acid or BSA for 24 h. 

The data were presented as mean ± SEM (n= 3 ~ 4 per group). Different 

letters indicate significant differences at P<0.05 by Fisher’s least significant 

difference (LSD) multiple comparison test.  

SREBP1, Sterol regulatory element-binding protein; FAS, Fatty acid 

synthase; ACC1, Acetyl-CoA carboxylase1; SCD1, Stearoyl-CoA 

desaturase-1;  
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5. Effect of pinolenic acid on mRNA levels of markers related 

to fatty acid oxidation 

The expression of PPARα, CPT1A, ACC2, and ACADL genes after 

treatment with 50 μM of fatty acids is shown in Figure 7. There were no 

significant differences in the mRNA levels of PPARα, CPT1A, or ACC2 in 

any of the fatty acid treatment groups—including palmitic acid, oleic acid, 

γ-linolenic acid, pinolenic acid, EPA, and α-linolenic acid. EPA 

significantly increased the expression of ACADL genes compared to the 

control (P<0.001) 
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Figure 7. Effects of fatty acids on mRNA levels of fatty acid oxidation-

related markers (ACC2, PPARα, CPT1A, and ACADL).  

HepG2 cells were treated with 50 μM of each fatty acid or BSA for 24 h. 

The data were presented as mean ± SEM (n= 3 ~ 4 per group). Different 

letters indicate significant differences at P<0.05 by Fisher’s LSD multiple 

comparison test.  

ACC2, Acetyl-CoA carboxylase2; PPARα, Peroxisome proliferator-

activated receptor α; CPT1A, Carnitine Palmitoyl transferase 1; ACADL, 

Acyl-CoA dehydrogenase long chain; 
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6. Effect of pinolenic acid on SREBP2 and HMGCR mRNA 

levels  

The gene expression of SREBP2 and HMGCR was determined, and the 

results are shown in Figure 8. Pinolenic acid, palmitic acid, and oleic acid 

treatment did not decrease the mRNA levels of SREBP2. However, 

pinolenic acid-treated cells had 30% lower mRNA levels of HMGCR 

compared to the control (P<0.05). The gene expression of HMGCR was also 

decreased by γ-linolenic acid, EPA, and α-linolenic acid treatment (53%, 

63%, and 51%, respectively) compared to the control (P<0.01). Gamma-

linolenic acid and alpha-linolenic acid treatment showed same effects on 

decreasing HMGCR mRNA levels with pinolenic acid treatment. EPA 

treatment reduced mRNA levels of HMGCR more than pinolenic acid 

treatment (P<0.05).  
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Figure 8. Effects of fatty acids on SREBP2 and HMGCR mRNA levels.  

HepG2 cells were treated with 50 μM of each fatty acid or BSA for 24 h. 

The data were presented as mean ± SEM (n= 3 ~ 4 per group). Different 

letters indicate significant differences at P<0.05 by Fisher’s LSD multiple 

comparison test. 

SREBP2, Sterol regulatory element-binding protein; HMGCR, 3-Hydroxy-

3-methyl-glutaryl-CoA reductase; 

 

 

 

0.00

0.20

0.40

0.60

0.80

1.00

1.20

SREBP2 HMGCR

R
e

la
ti
v
e

 m
R

N
A

 e
x
p

re
s
s
io

n
 (

R
Q

)

Con

PAM

OLA

GLA

PNA

EPA

ALA

a abab

abab

b b

a ab

ab

cd

bc

d
cd



- 44 - 

 

 

 

7. Effect of pinolenic acid on LDL receptor mRNA levels 

Figure 9 shows that pinolenic acid significantly reduced the mRNA 

levels of LDL receptors by 43% compared to the control (P<0.01). Pinolenic 

acid also tended to lower the gene expression of LDL receptors more than 

palmitic acid (P=0.056). The gene expression of LDL receptors was also 

decreased by γ-linolenic acid and α-linolenic acid treatment by 40% and 

38%, respectively, compared to the control (P<0.05). Pinolenic acid treated 

cells showed same tendency of decreasing mRNA levels of LDLr those with 

γ-linolenic acid and α-linolenic acid treated cells. 
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Figure 9. Effects of fatty acids on LDLr mRNA levels.  

HepG2 cells were treated with 50 μM of each fatty acid or BSA for 24 h. 

The data were presented as mean ± SEM (n= 3 ~ 4 per group). Different 

letters indicate significant differences at P<0.05 by Fisher’s LSD multiple 

comparison test. 

LDLr, Low density lipoprotein receptor; 
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8. Effect of pinolenic acid on protein expression of LDL 

receptor 

The effect of pinolenic acid on the protein expression of LDL 

receptors was determined, as shown in Figures 10A and 10B. Treatment 

with pinolenic acid and all the other fatty acids—including palmitic acid, 

oleic acid, γ-linolenic acid, EPA, and α-linolenic acid—produced no 

significant differences in the protein expression of LDL receptors compared 

to the control. 
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Figure 10. Effects of fatty acids on protein expression of LDLr.  

A. HepG2 cells were treated with 50 μM of each fatty acid or BSA for 24 h. 

After treating cells, we performed Western blotting for LDL receptors and β-

actin.  
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B. The intensity of the LDL receptor band was densitometrically measured 

and normalized to the protein expression level of β-actin. The data were 

presented as mean ± SEM (n=3 per group).   

LDLr, Low density lipoprotein receptor; 

9. Effect of pinolenic acid on mRNA levels of ACSL family 

As shown in Figure 11, pinolenic acid-treated cells decreased the 

mRNA levels of ACSL3 by 30% compared to the control (P<0.05). The gene 

expression of ACSL3 was also reduced by γ-linolenic acid, EPA, and α-

linolenic acid treatment (by 45%, 43%, and 34%, respectively) compared to 

the control. Pinolenic acid showed same effects of lowering ACSL3 

expression as those with oleic acid, γ-linolenic acid, EPA, and α-linolenic 

acid. 

In addition, pinolenic acid treatment could be associated with the 

down-regulation of the gene expression of ACSL4 (P=0.082). The gene 

expression of ACSL4 was significantly decreased by γ-linolenic acid, EPA, 

and α-linolenic acid treatment compared to the control. Oleic acid, γ-

linolenic acid, and α-linolenic acid treated cells showed same tendency 

decreased ACSL3 mRNA levels as those with pinolenic acid treated cells. 

EPA decreased ACSL4 mRNA levels significantly more than pinolenic acid 

(P<0.01). The mRNA levels of ACSL5 were not affected by fatty acid 

treatment.  
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Figure 11. Effects of fatty acids on mRNA levels of ACSLs.   

HepG2 cells were treated with 50 μM of each fatty acid or BSA for 24 h. 

The data were presented as mean ± SEM (n= 3 ~ 4 per group). Different 

letters indicate significant differences at P<0.05 by Fisher’s LSD multiple 

comparison test. 

ACSL, Long chain acyl coenzyme A synthase; 
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V. Discussion 

Incorporation of PNO in the diet has been reported to have a 

favorable effect on adiposity by reducing weight gain and body fat 

accumulation (Sugano et al. 1994, Asset et al. 1999, Ferramosca et al. 2008, 

Park et al. 2013). Pinolenic acid is a unique component of the fatty acids in 

PNO (Wolff 1998, Wolff et al. 2000). In this study, we showed that 

pinolenic acid significantly reduced the expression of genes related to 

triacylglycerol synthesis, such as SREBP1c, FAS, and ACC1. Pinolenic acid 

also decreased the expression of the cholesterol synthesis marker HMGCR 

and the lipoprotein infusion marker LDLr. Pinolenic acid reduced the gene 

expression of markers known to play a role in lipid biosynthesis, such as 

ACSL3 and ACSL4. Likewise, we showed that pinolenic acid might 

contribute to the hepatic lipid accumulation-reducing effects of PNO by 

down-regulating markers involved in lipid anabolic pathways. 

There was no difference in lipid accumulation when HepG2 cells 

were treated with palmitic acid, oleic acid, γ-linolenic acid, pinolenic acid, 

EPA, or α-linolenic acid at 25, 50, and 100 μM. However, in vivo, mice fed 
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a diet containing 12.8% PNO for 8 weeks exhibited a 13.7% lower liver 

weight and 37.4% lower body weight compared with mice fed maize oil 

(Ferramosca et al. 2008). Le et al. (Le et al. 2012) showed that mice fed a 

HFD containing 30% energy from PNO for 12 weeks exhibited less weight 

gain and intramuscular lipid accumulation compared with mice fed a HFD 

containing soybean oil. In rats, Poudyal et al. (Poudyal et al. 2013) reported 

that supplementation of 3% EPA oil in an HFD for 8 weeks reduced liver 

weight by 75% and total body weight by 47% compared with rats with an 

HFD alone. Rats fed with fish oil, a rich source of EPA, for 4 weeks had 73% 

lower liver triacylglycerol levels than lard fed rats (Levy et al. 2004). 

Although the modulation of lipid accumulation in the hepatic cell line by 

fatty acids was not observed, the effects of pinolenic acid and EPA on 

hepatic lipid content have been reported in vivo (Levy et al. 2004, Tsuzuki et 

al. 2005, Poudyal et al. 2013). 

A significantly different magnitude of cellular lipid accumulation in 

hepatocytes was observed when HepG2 cells were treated with 1 mM of 

palmitic acid for 24 h (Iio et al. 2013) or 600 μM of oleic acid for 20 h 

(Fujimoto et al. 2006). However, we observed reduced viability when 

HepG2 cells were treated with γ-linolenic acid, EPA, and α-linolenic acid at 

200, 400, or 600 μM. Kuang et al. (Kuang et al. 2012) also showed that cell 

death was increased with PUFA treatment above 200 μM in HepG2 cells. In 
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our study, the concentration of fatty acids might not have been high enough 

to influence the magnitude of cellular lipid accumulation in hepatocytes.  

However, in previous study, there were many studies which 

suggested that fatty acid treatments could change the expression of genes 

related to lipid metabolism in HepG2(Kohjima et al. 2009, Caputo et al. 

2011, Kuang et al. 2012, Luo et al. 2012). In this study, the expression of 

markers related to lipid metabolism were modulated by γ-linolenic acid, 

pinolenic acid, EPA, and α-linolenic acid treatments, indicating that each 

fatty acid had specific effects on hepatic lipid metabolism. Nuclear 

lipogenic transcription factor SREBP1c plays a critical role in regulating the 

expression of lipogenesis-related genes, including FAS and SCD1 (Shimano 

2001, Knebel et al. 2012). FAS promoter acitivity is stimulated by SREBP1c, 

and the effects of sterol on inhibiting FAS promoter activity also require an 

interaction of SREBP1 with NF-Y or Sp1 (Teran-Garcia et al. 2007). Knebel 

et al. (Knebel et al. 2012) reported that mice with liver-specific 

overexpression of mature Srebp1c showed higher expression of Fas and 

Scd1 genes. In our study, γ-linolenic acid, pinolenic acid, EPA, and α-

linolenic acid treatments resulted in decreased SREBP1c mRNA levels as 

well as lower FAS and SCD1 expression compared with the control and 

palmitic acid-treated groups. Overall, the effects of γ-linolenic acid, 
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pinolenic acid, EPA, and α-linolenic acid on the gene expression of FAS and 

SCD1 might have been regulated by SREBP1c. 

It has been shown that PUFA suppresses the protein expression of 

SREBP1 in the liver, which regulates the expression of lipogenic genes 

(Mater et al. 1999, Xu et al. 2001, Nakatani et al. 2003). In a study by 

Caputo et al. (Caputo et al. 2011), 50 μM of docosahexaenoic acid (DHA), 

EPA, or arachidonic acid treatments for 24 h reduced the protein and gene 

expression of SREBP1c in HepG2 cells. Further, mice fed 30% fish oil for 1 

week exhibited lower expression of the mature form of the SREBP1c 

protein and gene expression of Srebp1c in the liver compared to mice fed 30% 

safflower oil (Nakatani et al. 2003). Our finding is well corroborated by 

previous reports that PUFA—including γ-linolenic acid, pinolenic acid, EPA, 

and α-linolenic acid—decrease the gene expression of SREBP1 in the liver. 

The mRNA levels of SREBP2 and HMGCR were measured to 

determine the effects of pinolenic acid on the regulation of the expression of 

cholesterol synthesis-related markers. The SREBP family, the nuclear 

lipogenic transcription factor, consists of the isoforms SREBP1 and SREBP2. 

SREBP1 predominantly regulates the synthesis of fatty acids, while SREBP2 

regulates cholesterol synthesis (Knebel et al. 2012). 3-hydroxy-3-

methylglutaryl-CoA reductase (HMGCR) is a rate-limiting enzyme of the 

cholesterol biosynthesis pathway that catalyzes the committed step of 
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cholesterol biosynthesis (Kim et al. 2012). Though SREBP1 mainly 

regulates the synthesis of fatty acids, SREBP1 is also involved in cholesterol 

synthesis by regulating the expression of HMGCR (Shimano 2001). 

SREBP1 binds to the sterol regulatory region of the HMGCR promoter, and 

then SREBP1 activates the HMGCR promoter in HepG2 cells (Vallett et al. 

1996). The liver-specific overexpression of mature Srebp1c with a liver-

specific enhancer resulted in 12-fold higher Hmgcr levels in mice (Knebel et 

al. 2012). In our study, pinolenic acid, γ-linolenic acid, EPA, and α-linolenic 

acid lowered the mRNA levels of SREP1c and HMGCR.  

LDLr mediates the uptake of LDL from the plasma and delivers 

LDL to the endosomal system for degradation (Dong et al. 2014). Since 

increased fat delivery can contribute to excessive lipid accumulation (Postic 

and Girard 2008), the expression of the LDLr gene was measured in this 

study. The expression of LDLr is regulated by insulin via the SREBP1c 

pathway (Costet et al. 2006, Haas et al. 2013). SREBP binds to the sterol 

regulatory element (SRE) sequence to encode the enhancer of the LDLr 

gene (Brown and Goldstein 1999). PCSK9, a natural inhibitor of the LDLr 

pathway, is regulated by the depletion of cholesterol via the SREBP pathway 

(Costet et al. 2006). Both SREBP1c and LDLr mRNA levels were decreased 

by pinolenic acid, γ-linolenic acid, and α-linolenic acid treatments in this 

study. Therefore, the mRNA levels of LDLr in pinolenic acid-, γ-linolenic 
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acid-, and α-linolenic acid-treated cells might have been down-regulated 

through changes in the expression of SREBP1c. 

ACSLs catalyze the formation of fatty acyl-CoA from fatty acids 

and have several isoforms (Bu and Mashek 2010). While the gene 

expression of ACSLs has been shown to be distinct in different cells, ACSL3, 

ACSL4, and ACSL5 are predominant forms of ACSLs in HepG2 cells 

(Sandoval et al. 2008). Bu et al. (Bu et al. 2009) reported that the 

knockdown of ACSL3 using siRNA significantly diminished the reporter 

gene activity of several lipogenic transcription factors (e.g., Srebp1c, 

Chrebp, Lxr, and Pparγ) in rat primary hepatocytes. Adam et al. (Kassan et 

al. 2013) reported that ACSL3 is involved in the control of lipid droplet 

nucleation in hepatocytes. ACSL4 has been shown to be significantly up-

regulated in non-alcoholic fatty acid liver disease (NAFLD), but its function 

in the liver remains poorly defined (Westerbacka et al. 2007, Kan et al. 

2014). Kan et al. (Kan et al. 2014) reported that arachidonic acid treatment 

down-regulated the protein expression of ACSL4 by decreasing the half-life 

of ACSL4 protein and enhancing ACSL4 ubiquitination in hepatic cells. Our 

results indicated that pinolenic acid could down-regulate the lipid anabolic 

pathway by reducing mRNA levels of ACSL3 and ACSL4 in hepatocytes. 

Treatment with other PUFA—including γ-linolenic acid, EPA, and α-

linolenic acid—could also down-regulate the lipid synthesis pathway, 
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decreasing the gene expression of ACSL3 and ACSL4 in HepG2 cells. Few 

studies have investigated the effects of PUFA on ACSLs. Therefore, our 

results have value, as they suggest the effect of PUFA—including γ-

linolenic acid, pinolenic acid, EPA, and α-linolenic acid—on the regulation 

of mRNA levels of ACSL3 and ACSL4 in hepatocytes.  

Overall, we found that pinolenic acid treatment reduced the mRNA 

levels of SREBP1c, FAS, SCD1, LDLr, ACSL3, and ACSL4, factors known to 

be involved in lipid metabolism and regulated by SREBP1c. PUFA has been 

reported to regulate liver lipid metabolism through SREBP1c, a 

transcriptional regulator of lipid synthesis genes (Moon et al. 2002, Sampath 

and Ntambi 2005). Taken together, we suggest that pinolenic acid could 

down-regulate the liver lipid anabolic pathway via the SREBP1c pathway. 

To support this hypothesis, further studies are required on the markers 

modulating the expression of SREBP1c, such as LXRα (Howell et al. 2009) 

or AMPK (Jelenik et al. 2010), and the binding effect of pinolenic acid to 

genes of SRE (Teran-Garcia et al. 2007). 

The limitation of the study is that in vitro studies are limited in their 

ability to demonstrate the effects of pinolenic acid on lipid accumulation, so 

in vivo studies should be conducted to determine the magnitude of lipid 

accumulation. However, in vivo effect of PNO on hepatic lipid accumulation 

has been demonstrated (Ferramosca et al. 2008, Le et al. 2012).  



- 57 - 

 

In the current study, for the first time, we showed that pinolenic acid 

has specific effects on reducing the expression of genes related to 

triacylglycerol synthesis, cholesterol synthesis, lipoprotein infusion, and 

acyl-CoA binding to fatty acids in HepG2 cells. Regarding its possible 

mechanism, pinolenic acid might down-regulate the lipid anabolic pathway 

in hepatocytes by regulating the SREBP1c pathway. Overall, this study 

supports our hypothesis that pinolenic acid contributes to the in vivo effects 

of PNO on attenuating lipid accumulation.  

 

 

 

 

 

 

 

 

 

 

 



- 58 - 

 

 

VI. Summary 

In this study, we investigated whether pinolenic acid contributed to the in 

vivo effect of pine nut oil on attenuating lipid accumulation using HepG2 

cells to determine the pinolenic acid specific effect on lipid metabolism. 

Furthermore, we compared the effects of pinolenic acid on hepatic lipid 

metabolism to those of palmitic acid, oleic acid, γ-linolenic acid, pinolenic 

acid, α-linolenic acids or EPA. 

The human hepatic carcinoma cell line, HepG2 cells were incubated in 

serum-free medium supplemented with 50 μM BSA (control), palmitic acid, 

oleic acid, γ-linolenic acid, pinolenic acid, or α-linolenic acids or EPA for 

24 h. Magnitude of lipid accumulation was determined by Oil red O staining. 

Gene expression related to triacylglycerol synthesis (SREBP1c, FAS, SCD1, 

and ACC1), fatty acid oxidation (ACC2, PPARα, CPT1A, and ACADL), 

cholesterol synthesis (SREBP2 and HMGCR), lipoprotein infusion (LDLr), 

and genes that may be involved in downregulation of lipogenic pathway 

(ACSL3, ACSL4, and ACSL5) were determined by qPCR. LDLr protein 

expression was measured by Western blot. The results obtained in the 

present study can be summarized as follows: 

1) There was no difference in the amount of lipid accumulation among 
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groups treated with different fatty acids.  

2) Pinolenic acid treatment had lower mRNA levels of SREBP1c, FAS, and 

SCD1, which are related to triacylglycerol synthesis, compared to 

control. In addition, pinolenic acid also significantly decreased SCD1 

mRNA levels compared to palmitic acid treatment.  

3) Pinolenic acid had no effect on the expression of genes related to fatty 

acid oxidation.  

4) Pinolenic acid did not alter the SREBP2 mRNA levels. However, a 

significant decrease in gene expression of HMGCR compared to control 

was observed.  

5) The gene expression of LDLr was decreased in pinolenic acid group 

compared to control group. But, there was no significant difference in 

LDLr protein levels between pinolenic acid and control.  

6) ACSL3 mRNA levels was significantly reduced in pinolenic acid 

compared to control, and gene expression of ACSL4 tended to lower in 

pinolenic acid treatment cells compared to control.   

The results from this study suggested that pinolenic acid downregulated 

lipid anabolic metabolism in liver, which might partly explain that pinolenic 

acid could contribute to the in vivo effect of pine nut oil on attenuating lipid 

accumulation. In addition, this study suggested that pinolenic acid might 
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have decreased lipid biosynthesis in hepatocyte by reducing SREBP1c, 

which is transcriptional regulatory factor of lipid biosynthesis.   
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국  

 

놀 산이 HepG2 포주에  지질 사  

 자  에 미 는 향 

 

 

울  원 식품 양 과 

이 아  

 

잣 름  식  름  공 원  나   지질 강  효과, 

체  감소 효과, 간에  지  축   효과가 보고   있다. 잣 

름  여러 지 산 분  함 고 있는데, 그 에 탄소 18 개를 

가지고 5, 9, 12 번 탄소에 이 결합  가지고 있는 놀 산이라는 

분  특이  함 고 있다. 라  본 연구에 는 잣 름  

지질 강  효과가 잣 름에 풍부 고 특이 인 놀 산 특이 인 

효과인지 알아보고, 놀 산이 간에  지질 사에 어떠  향  
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미 는지 알아보고자 다.  미트산, 산, 감마 리놀 산, 

EPA, 알  리놀 산  처리군  군  어 놀 산이 간에  

지질 사에 미 는 효과를 존에 보고  지 산 처리 결과  해 

보고자 다. 간암 포주인 HepG2 를 양 여 24 시간 동안 

놀 산  포함  미트산, 산, 감마 리놀 산, EPA, 알  

리놀 산  처리 며 조군 는 청 알부민만 처리  군  

다. 24 시간 동안 HepG2 포에 25, 50, 100 μM 지 산  

처리  군들에  지 산 축 양  변 는 없었지만, 지  사  

자 양에는 미  차이가 있었다. 지  합 에 여 는 

SREBP1c, FAS, SCD1 자가 놀 산 처리 포에  미 게 

감소 다.  놀 산 처리 포에  콜 스  합 에 주요  

역  는 HMGCR 자  양도 미  도  감소 다. 

간  지  입에 여 는 LDLR  단 질 양  차이가 

없었지만 LDLR 자가 놀 산 처리 포가 미 게 감소 다. 

 간에  지질 동  작용  도 다는 ACSL3 자 양도 

놀 산 처리 포에  미 게 감소 고, ACSL4 자 양 

역시 감소 는 경향  보 다. 이러  자 양  변  보면, 

놀 산이 간에   지 과 콜 스  합 에 여 는 

자들  조 고 간  지  입에 여 는 자를 조  며, 

간에  동  작용  사를 이끄는 자들  감소시키는 향  
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간에  지질 사를 조 다고   있다.  놀 산이 양  

조 는 자들  공통  SREBP1c 에 해 그 양이 

조 다고 알 진 자들 , 다가 불포 지 산이 SREBP1c  양 

조  통해 지  축  양  감소 시킨 행 연구들과 결부시켰  , 

놀 산이 SREBP1c  조  통해 간에  체 인 지질 합  

사를 감소시킬 가능  시해 볼  있었다. 결 , 잣 름  

간에  지질 축  감소 효과에 그 특이  분인 놀 산이 여  

 있다는 가능  시   있다.  

 

주요어: 놀 산, 간  지질 사, HepG2 

번: 2013-21506  
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