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Abstract

The activation of sterol regulatory element binding proteins (SREBPs) is regulated by insulin-

induced genes-1 and -2 (Insig-1 and Insig-2) and SCAP. We previously reported that feeding R-α-

lipoic acid (LA) to Zucker Diabetic Fatty (ZDF) rats improves severe hypertriglyceridemia. In this 

study, we investigated the role of cAMP-responsive element-binding protein H (CREBH) in the 

lipid-lowering mechanism of LA and its involvement in the SREBP-1c and Insig pathway. 

Incubation of McA cells with LA (0.2 mM) or glucose (6 mM) stimulated activation of CREBH. 

LA treatment further induced mRNA expression of Insig-1 and Insig-2a, but not Insig-2b, in 

glucose-treated cells. In vivo, feeding LA to obesity-induced hyperlipidemic ZDF rats activated 

hepatic CREBH and stimulated transcription and translation of Insig-1 and Insig-2a. Activation of 

CREBH and Insigs induced by LA suppressed processing of SREBP-1c precursor into nuclear 

SREBP-1c, which subsequently inhibited expression of genes involved in fatty acid synthesis, 

including FASN, ACC and SCD-1, and reduced triglyceride contents in both glucose-treated cells 

and ZDF rat livers. Additionally, LA treatment also decreased abundances of very-low-density 

lipoprotein (VLDL)-associated apolipoproteins, apoB100 and apoE, in glucose-treated cells and 

livers of ZDF rats, leading to decreased secretion of VLDL and improvement of 

hypertriglyceridemia. This study unveils a novel molecular mechanism whereby LA lowers 

triglyceride via activation of hepatic CREBH and increased expression of Insig-1 and Insig-2a to 

inhibit de novo lipogenesis and VLDL secretion. These findings provide novel insight into the 

therapeutic potential of LA as an anti–hypertriglyceridemia dietary molecule.
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1. Introduction

Hyperlipidemia is closely related to the pathogenesis of a cluster of chronic metabolic 

diseases, including fatty liver disease, insulin resistance, type-2 diabetes and atherosclerosis. 

Cyclic AMP-responsive element-binding protein H (CREBH) is a transcription factor 

localized to the ER membrane and selectively expressed in the liver and small intestine [1, 

2]. Nutritionally, CREBH is induced by FAs (fatty acids) [3–5] and fasting, and suppressed 

by refeeding [3, 4]. Accumulating evidence has demonstrated that CREBH is fundamentally 

involved in glucose and lipid metabolism, including gluconeogenesis, hepatic lipid 

synthesis, FA oxidation, and lipoprotein metabolism [6–8]. Human subjects with 

nonsynonymous and insertional mutations within the CREBH gene suffer from severe 

hypertriglyceridemia [9]. Depletion of CREBH induces hypertriglyceridemia in mice under 

fasting conditions [3], with plasma TG specifically increased in the VLDL fraction. Reduced 

lipoprotein lipase activity has been proposed to be a contributing factor to the 

hypertriglyceridemia observed in CREBH-null mice [9]. However, the role of CREBH in 

lipid metabolism is not fully understood.

The sterol responsive element-binding proteins (SREBPs) are master transcription factors of 

lipid metabolism. In liver, the SREBP-1c and SREBP-2 isoforms mainly regulate hepatic 

FA and cholesterol synthesis, respectively. Upon exposure to low levels of cellular sterol, 

activation of SREBPs is regulated via a group of ER-resident proteins consisting of insulin-

induced gene-1 and -2 (Insig-1 and -2) and SCAP [10]. Insig-2 exists as two isoforms, 

Insig-2a and -2b, with Insig-2a predominantly expressed in liver and Insig-2b expressed 

ubiquitously. Expression of both isoforms is regulated by distinct mRNA splicing within the 

5′-UTR, which eventually produces a common mRNA that encodes identical proteins [11, 

12].

R-α-lipoic acid (LA) is enzymatically synthesized from octanoic acid in the mitochondria of 

most prokaryotic and eukaryotic microorganisms. It plays a vital role in mitochondrial 

metabolism by acting as a critical co-factor for α-ketoacid dehydrogenases. Although LA is 

naturally synthesized in sufficient amounts, many studies have shown that LA oral 

supplements have therapeutic effects for a variety of pathophysiological conditions, 

including diabetic complications and hypertension [13, 14]. Recently, LA has been reported 

to reduce plasma TG in animal models [15–18] and human subjects. Diets containing LA 

dose-dependently decreased hepatic TG and cholesterol concentrations in rats [19]. In 

Zucker Diabetic Fatty (ZDF) rats, a rodent model in which SREBP-1c expression and 

lipogenesis are known to be abnormally high [20] and develops hypertriglyceridemia after 

the age of 7 weeks, feeding a regular chow diet supplemented with LA at a dose of 2.4 g/kg 

diet from the age of 5 weeks prevented the development of hyperlipidemia and maintained 

plasma TG levels at a level comparable to lean counterparts [16]. In addition to preventing 

hypertriglyceridemia, LA corrected blood lipid levels once TG had become elevated [15, 
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17]. Downregulation of genes involved in hepatic long-chain FA and TG synthesis has been 

proposed to play a role in the anti-hypertriglyceridemic action of LA [15, 17].

In the present study we identify the molecular mechanism by which LA inhibits hepatic TG 

synthesis and VLDL secretion. Specifically, we demonstrate that LA induces hepatic 

CREBH expression and activation and increases transcription and translation of Insig-2a and 

Insig-1 both in vitro and in vivo. In turn, the increased abundance of Insig-1 and Insig-2a 

sequesters hepatic SREBP-1c in the ER and hinders its activation, preventing SREBP-1c-

dependent TG synthesis. Inhibition of TG synthesis therefore reduces lipid substrate 

availability for VLDL biogenesis, leading to reduced secretion of VLDL-apoB and 

improvement of systemic hypertriglyceridemia.

2. Materials and Methods

2.1 Animal protocols

Obese 7-week old male Zucker rats (GmiCrl-fa/fa) were purchased from Charles River 

Laboratories (Wilmington, MA). Rats were acclimated for two weeks after arrival, housed in 

individual cages at an ambient temperature of 22 ± 2°C with a 12:12-hr light–dark cycle and 

free access to water and food (Purina 5008: 56.4% calories from carbohydrates, 26.8% 

calories from protein, 16.7% from fat; Dyets, Bethlehem, PA). The 9-week old rats were 

then randomly assigned to one of two feeding groups for two weeks: Purina 5008 + LA (3 g 

R-α-lipoic acid/kg diet; MAK Wood, Grafton, WI) or pair-fed Purina 5008. Food was 

provided between 1 and 3 pm in two-day feeding rations along with MilliQ water, and food 

intake, water intake, and body weight were recorded every second day. LA consumption 

was thus estimated to approximate 200 mg/kg of body weight per day. At the end of the 

feeding trial, rats were fasted for three hours and blood was collected in EDTA-coated tubes, 

then centrifuged at 12,000×g for 1 min to collect plasma, which was then stored at −80°C. 

Rats were then anesthetized using isoflurane and livers were excised and weighed, then 

frozen in liquid nitrogen and stored at −80°C. Animals were handled in accordance with the 

Institutional Animal Care and Use Committee (IACUC), University of Nebraska-Lincoln, 

and all experiments were conducted in conformity with the Public Health Service (PHS) 

Policy on Humane Care and Use of Laboratory Animals.

2.2 Cell culture

The hepatic tumor cell line McA-RH7777, originally derived from the Buffalo rat, was 

obtained from America Type Culture Collection (Manassas, VI) and maintained in DMEM 

containing 10% FBS, 1.0 g/L glucose and 0.5% penicillin/streptomycin. Cells were grown in 

T75 flasks at 37°C, 5% CO2, with the media changed every other day and cells passaged 

every 3–4 days. Twenty-four hours prior to treatment, cells were seeded onto 6-well plates 

(0.25 × 106) and maintained overnight in DMEM containing 4.5 g/L glucose. The next day, 

6 mM glucose was added to the glucose treated groups (glucose group, Glu) while the 

control group was kept in DMEM with 4.5 g/L glucose. Cells were then treated with 0.2 mM 

LA for 48 hours, a concentration that can be achieved in human blood plasma after ingestion 

of a supplement [21]. LA was dissolved in ethanol to prepare a 100 mM stock solution, and 

glucose was dissolved in water to prepare a 1 M solution. Palmitic acid (PA) was prepared 
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as previously described [22]. For cell transfection, 1.5 g of plasmid DNAs were transfected 

into McA cells as previously described [23].

2.3 PCR

Total RNA was isolated from tissues and cells using TRIzol (Life Technologies, Grand 

Island, NY). RNA integrity was confirmed using a NanoDrop 2000 (Wilmington, DE). First 

strand cDNA was synthesized with oligo(dT) and random primers using a High-Capacity 

cDNA Reverse Transcription Kit with RNase Inhibitor (Life Technologies). PCR was 

performed on a Bio-Rad T100 Thermo Cycler (Hercules, CA). Fold changes in mRNA 

induction were determined after normalization of the mRNA levels to internal control 18S 

ribosomal RAN levels. Primer sequences will be provided upon request.

2.4 Immunoblot analysis

Liver tissue and cells were washed with ice cold PBS and lysed with cold lysis buffer. 

Plasma protein was also prepared using lysis buffer. Total protein amounts in liver tissue 

and cell lysates were determined by Bradford dye-binding method (Bio-Rad) and 

immunoblot analysis was performed. The following antibodies were used: anti-apoB, anti-

apoE, and anti-albumin (Midland Bioproducts, Boone, IA); anti-β-actin (Sigma-Aldrich, St. 

Louis, MO); anti-CREBH, anti-SREBP-1, anti-SREBP-2, anti-Insig-1, and anti-Insig-2 

(Santa Cruz, Dallas, TX); and anti-histone H3 (Thermo Scientific, Waltham, MA). Signals 

were detected using enhanced chemiluminescence (Pierce, Rockford, IL).

2.5 Determination of lipid contents in cells

Total TG and cholesterol were extracted from cells using a hexane:isopropanol (2:3) solvent 

extraction mixture. Briefly, 1 mL of the solvent was added to each well for 30 min then 

collected; this was then repeated with another 0.5 mL of the solvent. The solvent was then 

allowed to evaporate and the dried lipids were dissolved in 100% ethanol. TG and 

cholesterol concentrations were detected using an Enzymatic/GPO endpoint method (Pointe 

Scientific, Canton, MI). Cells were lysed in 50 mM NaOH for protein assay by Bradford 

dye-binding method (Bio-Rad). Total TG and cholesterol contents in the cells are shown as 

ratios relative to total cellular protein (mg/g).

3. Results

3.1 LA induces expression of CREBH, Insig-1, and Insig-2a and activates CREBH in vitro

Previous reports have shown that treating mouse primary hepatocytes [6, 24], human Huh7 

cells, and rat H4IIE liver cells [25] with free FAs, such as oleate or palmitic acid (PA), 

induces CREBH expression. To determine whether PA has a similar impact in our in vitro 

cell model, we treated McA cells with 0.25 mM PA for 48 hours and found that PA 

significantly induced CREBH mRNA expression. Treating the cells with PA plus 0.2 mM 

LA for 48 hours also induced significant expression of CREBH (Figure 1A). To further 

dissect the inhibitory impact of LA on FA synthesis and the role of CREBH in this process, 

we turned to a glucose-induced lipogenic cell culture model. Instead of directly supplying 

cells with free FAs, we cultured McA cells in glucose (6 mM) to promote de novo 

lipogenesis from citrate [26]. This would thus allow us to study the effect of LA on de novo 
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TG synthesis from acetyl-CoA, an essential substrate in lipid synthesis. Similar to what we 

observed with FA treatment, glucose treatment (6 mM) for 48 hours induced significant 

CREBH mRNA expression and the presence of LA had an additive effect (Figure 1B). 

Treating McA cells with LA significantly activated CREBH, indicated by the increased 

abundance of N-terminal CREBH (CREBH-N), which is the active nuclear form of CREBH, 

while the protein mass of full-length CREBH (CREBH-F) was maintained at a comparable 

level between treated and untreated cells (Figure 1C). To further investigate the potential 

association between CREBH and SREBPs, we examined the Insig proteins, as they are 

critical regulators of SREBP signaling. Treatment with LA significantly increased mRNA 

expression of both Insig-1 and Inisig-2a in glucose-treated cells (Figure 1D). In contrast, the 

presence of LA had no detectable effect on Insig-2b mRNA expression (Figure 1D). The 

relationship between CREBH and Insig-1/2a was further investigated by overexpressing 

CREBH cDNAs in McA cells and measuring Insig-1 and Insig-2a mRNAs. As shown in 

Figure 1E, compared to the mock transfection, forced expression of CREBH enhanced 

Insig-2a mRNA transcripts but not Insig-1, indicating that the increases in Insig-1 and 

Insig-2a mRNAs upon LA treatment may be regulated by different mechanisms. These 

results suggest that LA treatment induces mRNA transcription and activation of CREBH, as 

well as increases mRNA levels of Insig-1 and Insig-2a. Activation of CREBH may exert an 

effect on Insig-2a mRNA expression under conditions of glucose-derived de novo 

lipogenesis.

3.2 LA induces expression and activation of CREBH and Insigs in the liver of ZDF rats

It has been reported that overexpression of exogenous Insig-1 and Insig-2 in ZDF rats 

suppresses hepatic lipogenesis [20]. Previously, we also showed that ZDF rats develop 

severe hypertriglyceridemia at the age of 7 weeks, which is markedly improved by LA 

feeding [15, 17]. To determine whether the CREBH-Insigs pathway activated by LA is 

involved in the TG-lowering mechanism of LA, we measured CREBH and Insigs in LA-fed 

ZDF rats. Since the chow diet used was rich in carbohydrates, substrates for lipid synthesis 

were primarily derived from carbohydrates, thus ensuring comparability between the in vitro 

and in vivo models. Similar to LA-treated McA cells, LA feeding significantly increased 

hepatic CREBH mRNA levels (Figure 2A). Protein level of the active nuclear form of 

CREBH was also significantly increased in the livers of LA-fed ZDF rats, while the protein 

abundance of full-length CREBH remained unchanged (Figure 2B). Furthermore, hepatic 

Insig-1 and Insig-2a mRNAs were concomitantly increased by LA feeding, whereas 

Insig-2b was unaffected (Figure 2C). The increase in Insig-2a mRNA translated into a 

significant increase in Insig-2 protein (Figure 2D). Surprisingly, this was not the case with 

Insig-1, as we were unable to detect an increase in Insig-1 protein mass despite increased 

Insig-1 mRNA (Figure 2D). This may be due to the relative short lifetime of Insig-1 protein. 

These data suggest that LA feeding induces mRNA transcription and activation of CREBH 

in the livers of ZDF rats, which is associated with increased expression of hepatic Insig-1 

and Insig-2a.
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3.3 LA inhibits activation of the SREBP-1c pathway in glucose-treated McA cells and ZDF 
rats

Activation of Insig-1 and Insig-2a signaling upon exposure to LA treatment prompted us to 

further investigate de novo lipid synthesis pathways in glucose-treated McA cells. We first 

determined whether LA inhibits SREBP-1c activation since this is the SREBP isoform that 

regulates free FA synthesis in the liver. Expressions of full-length SREBP-1c precursor 

(SREBP-1c-p) protein, as well as the active nuclear form of SREBP-1c (SREBP-1c-n), were 

both significantly decreased by LA treatment (Figure 3A). To further investigate another 

SREBP family member, SREBP-2, which regulates cholesterol metabolism, we found that 

the protein abundances of full-length (SREBP-2-p) and active nuclear SREBP-2 (SREBP-2-

n) were not affected by LA (Figure 3A). Consistent with these in vitro observations, in the 

livers of the LA-treated ZDF rats, both the full-length and nuclear forms of SREBP-1 were 

significantly decreased upon LA treatment, compared to pair-fed untreated controls (Figure 

3B). Neither the full-length nor the nuclear form of SREBP-2 was downregulated by LA 

feeding (Figure 3B). The regulatory effect of LA on SREBP-1c appeared to be at the post-

transcriptional level, as no alteration was detected in SREBP-1c mRNA between the LA-

treated and non-treated groups (Suppl. Figure 1). These data therefore indicate that the 

increased expression of Insig-1 and Insig-2a induced by LA was capable of sequestering and 

retaining SREBP-1c in the ER, thereby hindering its activation by proteolytic cleavage in 

the Golgi complex.

3.4 LA suppresses TG synthesis in glucose-induced lipogenic McA cells

To further investigate the underpinnings of lipogenesis in McA cells with or without LA 

treatment, we measured the mRNAs of a number of SREBP-1c target genes that are 

involved in hepatic de novo FA synthesis, including fatty acid synthase (FASN), acetyl-CoA 

carboxylase (ACC), and stearoyl-CoA desaturase-1 (SCD-1). In accordance with the 

suppression of SREBP-1c upon LA treatment, transcription of FASN, ACC, and SCD-1 

mRNAs was decreased in LA-treated McA cells relative to vehicle-treated cells (Figures 

4A). Further assessment of cellular lipid contents revealed that LA treatment significantly 

decreased TG levels in McA cells compared to control cells (Figure 4B). In the presence of 

LA, cholesterol contents were slightly reduced, but not to a level that was statistically 

significant (Figure 4B). These results suggest that under carbohydrate-mediated pro-

lipogenic conditions, LA specifically inhibits de novo TG synthesis through modulation of 

hepatic SREBP-1c and Insig-1/Insig-2 signaling without significant abatement of cholesterol 

synthesis through SREBP-2.

3.5 LA reduces intracellular and secreted VLDL-associated apolipoproteins and improves 
systemic hyperlipidemia

The inhibitory effect of LA on TG synthesis prompted us to further investigate VLDL 

metabolism in our experimental models. Since apoB is a critical structural protein in the 

biogenesis of VLDL and its cellular abundance is associated with proper lipidation 

occurring at the co- or post-translational steps [27], we reasoned that reduced availability of 

lipids by LA treatment would create a lipid-poor environment that would prompt the 

degradation of apoB, thereby diminishing VLDL assembly and secretion. Indeed, protein 
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levels of cellular apoB100 as well as secreted VLDL-apoB100 in the culture medium were 

significantly decreased in the LA-treated cells compared to the untreated cells (Figure 5A). 

Moreover, the abundance of apoE, another VLDL-associated apolipoprotein that is involved 

in VLDL secretion, was also decreased by LA [28] (Figure 5A). In vivo, LA feeding 

significantly reduced protein levels of apoB100 and apoE in the livers of ZDF rats (Figure 

5B). This inhibitory effect occurred specifically for the VLDL-associated apolipoproteins, as 

protein expression of albumin, another liver secreted protein, was not affected by LA 

treatment (Figures 5A and B). In addition, LA had no detectable effect on the mRNA levels 

of microsomal triglyceride transfer protein (MTP), an ER chaperone that mediates protein 

lipidation of apoB during VLDL assembly (Suppl. Figure 2). Decreased hepatic apoB and 

apoE upon LA feeding resulted in a reduction in VLDL secretion, indicated by the 

significantly reduced levels of plasma apoB and apoE (Figure 5C). We further observed that 

mRNA transcripts of LDL-receptor, a receptor responsible for the uptake of LDL remnants 

into hepatocytes, were also decreased in the livers of LA-treated ZDF rats (Figure 5D). 

Taken together, these results suggest that LA curbs TG-rich VLDL assembly and secretion 

by lowering apoB and apoE availability.

4. Discussion

This study demonstrated that LA activates CREBH and upregulates Insig-2a both in vitro 

and in vivo. CREBH activation by LA may contribute to the ability of this bioactive food 

compound to inhibit the proteolytic cleavage and nuclear translocation of SREBP-1c under 

glucose conditions, thereby repressing the transcription of lipogenic genes and lipidation of 

VLDL. LA-dependent activation of the transcription factor CREBH may represent the 

missing piece in the molecular mechanism by which LA ameliorates hepatic steatosis and 

hypertriglyceridemia.

This is the first report showing that activation of CREBH by LA represses TG lipid 

synthesis through inhibition of SREBP-1c. Previously, CREBH knockout mice were shown 

to develop hypertriglyceridemia as a result of impaired clearance of plasma TG rather than 

exacerbated secretion of TG-rich lipoproteins from the liver [9]. This is also the first report 

showing that CREBH is upregulated transcriptionally by a dietary organosulfur compound. 

Importantly, LA-induced upregulation of CREBH mRNA was accompanied by a rise in 

CREBH protein, particularly the nuclear, transcriptionally competent form of CREBH. 

Although historically recognized as an antioxidant able to reduce various oxidized targets, 

including other antioxidants such as ascorbate or glutathione, LA does not appear to act as 

an antioxidant here. At the doses ingested from a supplemented diet and because it is very 

rapidly metabolized, LA does not accumulate to sufficient cellular levels (low μM) to have a 

lasting impact similar to that of traditional antioxidants (e.g., ascorbate or tocopherol) [13, 

14]. Rather, the short window of activity afforded by exogenous LA suggests that it acts 

transiently on cell signaling pathways involved in lipid homeostasis.

SREBPs are major transcription factors that control the biosynthesis of cholesterol, FA, and 

TG in the liver [29]. Their activation is regulated by sister proteins in the ER, Insig-1 and 

liver-specific Insig-2, whose expressions are regulated by different signaling pathways. 

Nutritional factors, such as fasting and refeeding, regulate Insig gene expression, which has 
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been proposed to be associated with the fluctuation in plasma insulin levels induced by 

nutritional factors, particularly carbohydrates. In addition, expression of Insig-1 is induced 

by insulin stimulation and active SREBPs. In contrast, protein level of Insig-2 is 

downregulated by insulin [30]. Another nutritional factor that has been proposed to regulate 

Insig protein is sterol. Low level of sterol induces ubiquitination of Insig-1 and reduces 

Insig-1 protein level [29]. Research continually strives to identify new inhibitors of SREBPs 

and targeting Insig proteins may offer therapeutic alternatives to managing hyperlipidemia 

and fatty liver disease.

In the present study, we provide new evidence that Insig-2a and CREBH expressions are 

concomitantly increased by LA both in vitro and in vivo. Since overexpression of CREBH 

in McA cells enhanced gene expression of Insig-2a, but not Insig-1 or Insig-2b, we propose 

that Insig-2a is a target gene of CREBH. The CREBH-Insig-2a pathway may be a novel 

pathway that is specifically associated with SREBP-1c to control hepatic FA and TG 

synthesis. Research is currently being undertaken in our laboratory to test this hypothesis.

Intraperitoneal administration of LA (100 mg/kg body weight) has been reported to activate 

hepatic AMPK signaling, which in turn inhibits SREBP-1c mRNA expression. However, 

this signaling was only sustained for a very short time frame, as AMPK phosphorylation 

returned to baseline within 3 days [31]. The transient effect of LA on AMPK indicates that 

there is/are (an) alternative AMPK-independent pathway(s) that mediate(s) LA’s effect on 

hepatic steatosis [31]. Indeed, Timmers et al. reported that LA supplementation could 

prevent lipid accumulation associated with feeding a high-fat diet to Wistar rats, 

independently of AMPK [32]. In our study, at the end of a 2-week diet trial, we were unable 

to observe any alteration on AMPK phosphorylation or mRNA transcription of SREBP-1c 

in the liver tissues of untreated and treated groups [17], suggesting that the anti-SREBP 

effect of LA, at this time point, was mediated by a mechanism other than AMPK activation. 

That is, LA negatively regulated SREBP-1c activation at the post-transcriptional level by 

inducing the expression of Insig proteins to sequester the precursor of SREBP-1c in the ER. 

Perhaps this is a major pathway that mediates the anti-lipogenic property of LA in a 

prolonged treatment.

In addition to its impact on hepatic TG synthesis, the anti-hypertriglyceridemia property of 

LA was further reflected through its impact on the metabolism of the lipoprotein VLDL. The 

assembly and secretion of VLDL takes place in the hepatic ER and is regulated by multiple 

factors. Co- and post-translational lipidation of apoB mediated by MTP is a critical step in 

VLDL assembly [33–35] and intracellular abundance of apoB protein is mainly regulated by 

the availability of lipid substrates, including TG, cholesterol, and phospholipids. High levels 

of intracellular lipids stabilize apoB and stimulate the assembly and secretion of VLDL, 

whereas when intracellular lipids are decreased, apoB is subject to degradation through 

proteasomal and nonproteasomal pathways, thereby reducing VLDL secretion [27]. Since 

LA treatment downregulates apoB protein level without altering the mRNA expression of 

either apoB (data not shown) or MTP in McA cells or livers of ZDF rats, the decrease in 

apoB protein upon LA treatment is very likely caused by increased protein degradation due 

to the low level of lipids in the LA-treated hepatocytes. Taken together, our findings provide 
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novel insights into the TG-lowering mechanism of LA and further support of its potential as 

a therapeutic approach in the treatment of metabolic hyperlipidemia.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
LA induces expression of CREBH, Insig-1, and Insig-2a in McA cells. (A) McA cells were 

treated with PA (0.25 mM) and LA (0.2 mM) for 48 hours, as indicated, and total RNA was 

extracted to detect mRNA expression of CREBH. Transcript levels were normalized to 

internal control 18S ribosomal RAN. (B) McA cells were cultured in normal medium 

(Control, CTL), glucose (6 mM) or glucose plus LA (0.2 mM) for 48 hours. Total RNA was 

extracted to detect mRNA expression of CREBH. Transcript levels were normalized to 

internal control 18S ribosomal RAN. (C) McA cells were treated the same as in (B). Protein 

masses of full-length (F) and nuclear (N) CREBH were detected by immunoblot analysis of 

cell lysates. Immunoblots were quantified by densitometry and CREBH-F was normalized 

to β-actin, while CREBH-N was normalized to Histone H3. (D) Total RNA prepared as in 

(B) was used to determine the mRNA expression of Insig-1, Insig-2a, and Insig-control 

vector (Mock) or a plasmid expressing WT CREBH (CREBH WT). Forty-eight hours after 

transfection, cells were collected, total RNA was extracted, and mRNA levels of Insig-1 and 

Insig-2a were determined by q-PCR. Results are shown as means ± SD for two experiments 

performed in triplicate. *P<0.05, **P<0.01, ***P<0.001

Tong et al. Page 12

J Nutr Biochem. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
LA increases hepatic CREBH and Insig-2 expression in ZDF rats. Livers were isolated from 

11-wk old ZDF rats fed an LA-supplemented diet for two weeks and from pair-fed controls. 

Total RNA was extracted from liver tissues to detect mRNA expression of (A) CREBH, as 

well as (C) Insig-1, Insig-2a, Insig-2b. Transcript levels were normalized to internal control 

18S ribosomal RAN. Protein mass of (B) full-length (F) and nuclear (N) CREBH, as well as 

(D) Insig-1 and Insig-2, were detected by immunoblot analysis of homogenized liver tissues. 

Immunoblots were quantified by densitometry and normalized to β-actin, except for 

CREBH-N, which was normalized to Histone H3. Results are shown as means ± SD (n=4/

group). *P<0.05, **P<0.01, ***P<0.001.
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Figure 3. 
LA reduces hepatic full-length and nuclear SREBP-1 protein expression in McA cells and 

ZDF rats. (A) McA cells were cultured in either glucose (6 mM) alone or glucose (6 mM) 

plus LA (0.2 mM) for 48 hours. Protein masses of precursor (p) and nuclear (n) SREBP-1c 

and SREBP-2 were detected by immunoblot analysis of cell lysates. (B) Livers were isolated 

from 11-wk old ZDF rats fed an LA-supplemented diet for two weeks and from pair-fed 

controls. Protein mass of precursor and nuclear SREBP-1c as well as nuclear SREBP-2 were 

detected by immunoblot analysis of liver tissues. Immunoblots were quantified by 

densitometry and precursor proteins were normalized to β-actin, while nuclear proteins were 

normalized to Histone H3. Results are shown as means ± SD for two experiments performed 

in triplicate and n of 4 per group for the animal study. *P<0.05.
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Figure 4. 
LA suppresses FA synthesis genes and reduces cellular TG and cholesterol levels in McA 

cells. McA cells were cultured in high glucose (4.5 g/L) DMEM with the addition of either 

glucose (6 mM) alone or glucose (6 mM) plus LA (0.2 mM) for 48 hours. (A) Total RNA 

was extracted to detect mRNA expression of FASN, ACC, and SCD-1 reductase. Transcript 

levels were normalized to internal control 18S ribosomal RAN. (B) Media was removed and 

total lipid was extracted from cells to measure TG and cholesterol concentrations. Results 

are shown as means ± SD for one representative experiment performed in triplicate. Two 

experiments were performed in triplicate and showed similar results. *P<0.05.
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Figure 5. 
LA reduces intracellular levels and secretion of VLDL-associated apolipoproteins in McA 

cells and ZDF rats. (A) McA cells were cultured in either glucose (6 mM) alone or glucose 

(6 mM) plus LA (0.2 mM) for 48 hours. Protein mass of apoB100 and apoE were detected 

by immunoblot analysis of cell lysates and culture medium. Results are shown as means ± 

SD for two experiments performed in triplicate. (B, C) Three-hour fasted blood was 

collected and livers were isolated from 11-wk old ZDF rats fed an LA-supplemented diet for 

two weeks and from pair-fed controls. Protein mass of apoB100 and apoE were detected by 

immunoblot analysis of (B) liver tissues and (C) plasma. Results are shown as means ± SD 

(n=4/group). Immunoblots were quantified by densitometry and normalized to albumin. (D) 

Total RNA was extracted from liver tissues to detect mRNA expression of LDL-receptor. 

*P<0.05, **P<0.01.
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