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Abstract

Background and Aims: Heparin-binding EGF-like growth factor (HB-EGF) is a representative 

EGF family member that interacts with EGFR under diverse stress environment. Previously, we 

reported that the HB-EGF-targeting using antisense oligonucleotide (ASO) effectively suppressed 

an aortic aneurysm in the vessel wall and circulatory lipid levels. In this study, we further 

examined the effects of the HB-EGF ASO administration on the development of hyperlipidemia-

associated atherosclerosis using an atherogenic mouse model.

Methods and Results: The male and female LDLR deficient mice under Western diet 

containing 21% fat and 0.2% cholesterol content were cotreated with control and HB-EGF ASOs 

for 12 weeks. We observed that the HB-EGF ASO administration effectively downregulated 
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circulatory VLDL- and LDL-associated lipid levels in circulation; concordantly, the HB-EGF 

targeting effectively suppressed the development of atherosclerosis in the aorta. An EGFR blocker 

BIBX1382 administration suppressed the hepatic TG secretion rate, suggesting a positive role of 

the HB-EGF signaling for the hepatic VLDL production. We newly observed that there was a 

significant improvement of the insulin sensitivity by the HB-EGF ASO administration in a mouse 

model under the Western diet as demonstrated by the improvement of the glucose and insulin 

tolerances.

Conclusion: The HB-EGF ASO administration effectively downregulated circulatory lipid levels 

by suppressing hepatic VLDL production rate, which leads to effective protection against 

atherosclerosis in the vascular wall.
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INTRODUCTION

Dyslipidemia and insulin resistance associated with obesity are risk factors for the 

development of atherosclerosis and cardiovascular diseases [1, 2]. Heparin-binding EGF like 

growth factor (HB-EGF) is an EGF family member, which interacts with EGFR and ERBB4 

[3]. The HB-EGF is expressed in multiple tissues including adipose and skeletal muscle 

tissues [4]. HB-EGF expression is upregulated in multiple cell type and tissues under 

oxidative stress conditions [5, 6]. The oxidation product of phospholipids induced 

upregulation of HB-EGF expression in the vascular endothelial cells and mediated 

inflammatory gene expression [7, 8]. HB-EGF expression was also upregulated in the 

adipose tissues under obesity [9, 10]. The expression of the HB-EGF in the liver is relatively 

low; however, knockdown or overexpression of the HB-EGF expression in the liver 

increased the sensitivity of the liver damages by CCl4, thioacetamide, and bile duct ligation 

[11–14].

Recently, we reported that the targeting of the HB-EGF using antisense oligonucleotide 

(ASO) administration significantly suppressed the development of an aortic aneurysm in a 

mouse model of angiotensin II (AngII) infusion model [15]. In the study, we detected that 

the HB-EGF ASO administration induced an effective downregulation of lipid levels in 

circulation. As a potential mechanism for the lipid-lowering, the HB-EGF ASO 

administration induced suppression of VLDL-associated triglyceride secretion from the liver 

[15]. In this study, we further examined the effects of the HB-EGF ASO administration on 
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the development of aortic atherosclerosis using the atherogenic LDLR deficient mice under 

the Western diet.

EXPERIMENTAL PROCEDURES

Refer to the Online Supplemental Material-Extended Procedure for the details of each 

procedure.

Design of the antisense oligonucleotides (ASO) - Control ASO (Ionis 549144: 5′-
GGCCAATACGCCGTCA −3′; with the underlines indicating cEt modified bases) and HB-

EGF ASO (Ionis 597622: 5 ′-TACATTATAGTCTTGG −3′) were designed, synthesized, 

and purified by the Ionis Pharmaceuticals [16]. The HB-EGF ASO sequence uniquely 

matches with the sixth exon of the mouse HB-EGF gene. The ASOs were resuspended in 

sterile saline and administered into the mouse model via intraperitoneally in a volume of 

200ul. We adopted 40mg/kg/week of body weight doses for the initial administration, and 

the dose was reduced to half for sustained suppression of the HB-EGF considering the half-

life of the ASOs [17]. Generally, the range of 20–40mg/kg/week doses induced reproducible 

suppression of the HB-EGF gene expression in the liver tissue [17, 18].

Mouse studies - Healthy male and female LDLR deficient mice purchased from the Jackson 

Laboratory (Stock No: 002207) at the age of 8–10 weeks were used for the atherosclerosis 

study. For the induction of hyperlipidemia, the mice were fed with Western diet (Teklad, No 

TD-88137 containing 21% fat and 0.2% cholesterol content) ad libitum. For the glucose and 

insulin tolerance tests, the male C57BL/6J mice purchased from The Jackson Laboratory 

(Stock No: 000664). At the age of 8 weeks were treated with Western diet for an additional 

four weeks for the tests of glucose and insulin tolerance tests. All the mice were maintained 

in an American Association for Accreditation of Laboratory Animal Care (AAALAC) 

approved animal facility at The University of Kentucky. All animal experiments were 

performed under the animal protocols approved by the University of Kentucky Institutional 

Animal Care and Use Committee (IACUC).

Measurement of the intensity of aortic atherosclerosis - Mice was sedated by intraperitoneal 

injection of ketamine and xylazine (100 and 10 mg/kg body weight, respectively). Blood 

was collected via heart puncture at termination step using EDTA-coated syringes. 

Atherosclerotic lesion and aortic intimal area were quantified for the total and three separate 

segments aortic lumens (arch, thoracic, and abdominal) as described previously [19, 20].

Quantification of liver tissue lipid content - The details of the procedure for the lipid 

extraction from the liver tissues and the quantification of triglyceride (TG) and total 

cholesterol concentrations were described in a previous report [15, 21] and Supplemental 

Online-Extended Procedure with details.

Plasma lipid and liver enzyme quantification - Plasma total triglyceride (TG) and cholesterol 

concentrations were quantified using enzymatic assay using reagents purchased from the 

Wako Diagnostics (Catalog No. 994–02891/992–02892 and 999–02601 for TG and 

cholesterol, respectively). Plasma ALT and AST levels were quantified by the Ionis 

Pharmaceuticals as previously reported [18].
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Immunocytochemistry with tissue sections - Refer to the Online Supplemental Materials-

Extended Procedure for the details of the Oil O Red and CD68 staining procedures with the 

frozen and paraffin-embedded aorta, liver, and white adipose tissue samples.

Hepatic triglyceride (TG) secretion assay- The details of the procedure were described in a 

previous report [15]. We adopted intraperitoneal injection of poloxamer-407 (1g/kg of body 

weight, Sigma-Aldrich, Cat No. 16758) to suppress the enzyme that hydrolyzes TG in the 

bloodstream and measured the time-dependent increases of circulatory TG levels by 

collecting 50μl of blood at 0, 1, 2, and 5-hour points via the retro-orbital route. Blood 

collection and injections were conducted on mice sedated under anesthesia using isoflurane 

(inhalation with 1–4% in O2). The apoB concentrations, as surrogates of VLDL, and 

triglyceride levels in the plasma samples were measured by the Western blotting and 

enzymatic assay kits from the Wako Diagnostics, respectively.

Heparin-releasable circulatory triglyceride (TG) hydrolytic activity assay - To measure the 

relative rate of the circulatory TG hydrolysis in circulation, we measured the TG hydrolytic 

activity of the plasma samples collected before and after 20 min-point of heparin injection 

(1.5 unit/g of body weight in saline) as described previously [15].

Glucose and insulin tolerance tests - After 5- and 3-hour fasting, one-time intraperitoneal 

injection of glucose (Sigma-Aldrich) and insulin (Novolin) at the dose of 1 g/kg and 0.15 

Unit/kg of body weight were applied, respectively. Tail-vein blood glucose levels at 0, 15, 

30, 60, 90, and 120 min points were quantified using Ascensia Contour Blood Glucose 

Meter following the procedure recommended by the manufacturer (Bayer HealthCare, LLC). 

The glucose and insulin tolerance assay values were presented as a mean ± standard error 

(SE).

HB-EGF quantification in the plasma – The ELISA kit for the mouse HB-EGF (LSBio, Cat 

No LS-F26245–1) was used for the quantification of HB-EGF levels in the plasma samples 

following the procedure recommended by the manufacturer. Recombinant mouse HB-EGF 

accompanied with the kit was used for the standard curve plotting.

Western blotting and qRT-PCR – Refer to the Online Supplemental Material-Extended 

Procedure for the details of the Western blotting and qRT-PCR procedures. Antibody 

information is described in the Online Supplemental Material-Extended Procedure. Primer 

DNA sequence information for the qRT-PCR is described in the Suppl. Table I.

Fast Protein Liquid Chromatography (FPLC) fractionation analysis for the lipoprotein-

associated cholesterol - Blood was collected from the mice in EDTA-coated tubes by cardiac 

puncture at termination and plasma was isolated by centrifugation by spinning 3,000×g for 

10min at 4°C. The cholesterol distribution among lipoprotein classes was determined by 

separation of plasma lipoproteins by gel filtration chromatography based upon the method 

described previously [15, 21].

Cell culture and treatment – Human hepatocarcinoma-derived HepG2 cell line purchased 

from the ATCC (Cat No. HB-8065) and cultured in DMEM complemented with 10% fetal 

bovine serum (FBS) (Hyclone, No SH30070) containing 4.5g/L glucose with 
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supplementation with penicillin/streptomycin (100 Units/ml and 100 μg/ml, respectively). 

Cells at about 80% confluence were serum-starved one day before treatment. Cells were 

treated with different doses of recombinant HB-EGF (LSBio, Cat No LS-G49) for 16 hours 

in a DMEM media supplemented with 0.1% BSA (fatty acid-free, Sigma-Aldrich, Cat No 

A2059) and 0.6 mM oleic acid (Cayman Chemical, Cat No 112–80-1). We quantified the 

apoB protein contents in the cell supernatant as a surrogate for the VLDL particles by 

sequential procedures of immunoprecipitation and Western blotting using two different apoB 

antibodies (Millipore-Sigma Cat No AB742 and Meridian Bioscience Cat No K34005G-1), 

respectively.

Statistical analysis – If not described separately, the results were presented as the mean ± 

standard deviation (SD). Student’s t- or Two-way ANOVA tests were applied for the 

comparison between or among groups. If applicable, multiple comparison adjustment 

corrections were applied using the Bonferroni method.

RESULTS

HB-EGF ASO administration effectively downregulated circulatory lipid levels in a 
hyperlipidemic mouse model.

The male and female LDLR deficient mice under Western diet were cotreated with control 

and HB-EGF ASOs for 12 weeks for the test of the effects of the HB-EGF targeting on the 

development of hyperlipidemia and hyperlipidemia-associated atherosclerosis formation 

(Figure 1A for the treatment scheme). The HB-EGF ASO administration induced a 

significant suppression of the HB-EGF gene expression in the liver (Figure 1B). Body 

weight change in male mice was not significant, but there was a tendency of reduction 

during the HB-EGF ASO administration (Figure 1C). The reduction of the body weight by 

the HB-EGF ASO in female mice was significant (Figure 1D). In a separate control 

experiment, we confirmed that the HB-EGF ASO administration did not induce significant 

changes in the food and water intakes in the male and female mice (Suppl. Figure 1A–B). 

However, there was a significant reduction in the size of epididymal white adipose tissue 

(eWAT) in the female mice by the HB-EGF ASO administration but not in male mice 

(Suppl. Figure 1C–H). The HB-EGF ASO administration did not change the size of the 

interscapular brown adipose tissue (BAT) in both male and female mice (Suppl. Figure 1C–

H). The cell size or morphology of the adipocytes in the eWAT were not different in both 

genders of mice (Suppl. Figure 2).

First, we detected that the HB-EGF ASO administration induced an effective 

downregulation of circulatory lipid levels including triglyceride (TG) and cholesterol in both 

male and female mice (Figure 1E–F; Suppl. Figure 3A). The FPLC fractionation of the 

lipoprotein-associated cholesterol in the plasma samples indicated an effective 

downregulation of the VLDL and LDL particles by the HB-EGF ASO administration 

(Figure 1G and Suppl. Figure 3B). The level of apoB protein, which is a permanently 

associated with VLDL and LDL particles, was also downregulated by the HB-EGF ASO 

administration (Figure 1H). However, the level of HDL was not changed by the HB-EGF 

ASO administration (Figure 1G and Suppl. Figure 3C).
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We also measured the changes of the circulatory HB-EGF levels using ELISA procedure. 

Interestingly, the HB-EGF ASO administration induced a significant increase of the HB-

EGF levels in circulation (Suppl. Figure 3D). We compared the HB-EGF transcript levels in 

multiple internal organs and adipose tissues to find a potential source of the HB-EGF in 

circulation. Internal organs including liver and lung, and eWAT but not BAT showed 

suppression of the HB-EGF expression (Suppl. Figure 3E).

The HB-EGF ASO administration effectively suppressed atherosclerosis development in 
the aorta.

The Western diet feeding induced a substantial atherosclerotic lesion formation in the LDLR 

deficient mice (about 15% of the total aortic lumen area) as shown by the Oil Red O staining 

of the aortic lumen (Figure 2A–C). The HB-EGF ASO administration induced an effective 

suppression of the atherosclerosis formation in both male and female mice (Figure 2B–C). 

The suppression of lesion development was shown in the entire aortic lumen area including 

arch, thoracic, and abdominal aorta (Suppl. Figure 4A–E). Correspondingly, there was a 

significant reduction of neutral lipid and inflammatory cell accumulation in the aortic root as 

determined by the Oil Red O and CD68 staining, respectively (Figure 2D–E). The 

atherosclerotic lesion size was significantly correlated with the total cholesterol levels in 

circulation but not with triglyceride levels, suggesting a central role of LDL particle level for 

the atherosclerotic development (Suppl. Figure 4F).

HB-EGF ASO administration affected hepatic lipid composition and function.

Next, we examined the changes of the hepatic lipid composition and function by the HB-

EGF ASO administration in the LDLR deficient mice under chow and Western diet in a 

separate set of mouse experiment. We confirmed that the HB-EGF ASO administration 

induced effective suppression of circulatory TG and cholesterol levels (Figure 3A–B). The 

Western diet feeding induced a robust increase in the TG and cholesterol concentrations in 

the liver tissue (Figure 3C–D). The combination of the HB-EGF ASO administration 

showed a further increase or tendency of increase in the TG and cholesterol concentrations 

in the mice under both chow and the Western diets. We also detected a significant increase 

of the liver size by the HB-EGF ASO administration in the hyperlipidemic mice model 

(Suppl. Figure 5A). We measured liver enzyme ALT and AST levels in circulation as indices 

of liver function (Suppl. Figure 5B–C). The HB-EGF ASO administration under chow diet 

condition did not induce elevation of the enzyme levels in circulation; however, the 

combination of the HB-EGF ASO with the Western diet induced a significant elevation of 

the liver enzyme levels in circulation.

To test the dose effect of the HB-EGF ASO on the liver function, we compared the effects of 

different doses of ASO administration on the hepatic lipid composition and liver enzyme 

levels in circulation. The range of 5 to 20mg/kg/week HB-EGF ASO administration still 

induced effective lipid-lowering in circulation (for example, 79%, 71%, and 61% reduction 

of the circulatory TG levels by 20, 10, and 5 mg/kg/week doses, respectively) (Suppl. Figure 

5D–E). The hepatic lipid accumulation induced by the HB-EGF ASO administration was 

moderate at the range of the doses compared with control ASO treatment group (Suppl. 

Figure 5F–G). The 20mg/kg/week dose of HB-EGF ASO administration still induced an 
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increase of ALT and AST elevation in circulation, but the 5 and 10 mg/kg/week doses 

induced minimal changes of the enzyme levels (Suppl. Figure 5H–I). We compared the gene 

expressions involved in the hepatic VLDL production, lipid synthesis, fibrogenesis, 

inflammation, bile acid synthesis, and lipid β-oxidation in the liver (Suppl. Figure 6). There 

were no significant differences except MCP1 (Suppl. Figure 6D) in the list of gene 

expressions by the HB-EGF ASO administration compared with control ASO treatment 

groups.

Previously, we reported that the HB-EGF ASO administration significantly inhibited VLDL-

TG secretion from the liver [15]; in contrast, a bolus injection of recombinant HB-EGF 

induced a transient increase of VLDL-TG secretion from the liver. In this study, we 

additionally tested the effects of the treatment of EGFR blocker on the hepatic TG secretion. 

As shown in Figure 3E, administration of water-soluble EGFR blocker BIBX1382 [22] 

significantly suppressed the hepatic TG secretion in vivo. In a separate control experiment, 

we confirmed that the BIBX1382 administration did not affect the TG clearance in 

circulation (Figure 3F).

To directly test the role of HB-EGF in the production of the VLDL particles in the liver 

cells, we tested the effects of recombinant HB-EGF in the apoB production in the HepG2 

cell line, which has been widely used for the mechanistic study of hepatic VLDL production 

[23]. A range of 0.1–10ng/ml of recombinant HB-EGF significantly increased apoB protein 

content in the cells and the secretion from the cells (Figure 3G). Different from the protein 

level, the apoB mRNA level was not significantly changed by the recombinant HB-EGF in 

the cells (Suppl. Figure 7A). The expression of the microsomal triglyceride transfer protein 

(MTP), which is another essential component for the VLDL assembly, was upregulated by 

0.1ng/ml of recombinant HB-EGF. The expression of CPT1A, which is involved in lipid β-

oxidation, was also upregulated by the recombinant HB-EGF with dose-dependent fashion 

(Suppl. Figure 7B). The gene expressions involved in the lipid synthesis (SREBP-1a, −1c, 

and −2 target genes) in the HepG2 cells were not significantly affected by the recombinant 

HB-EGF although there was a trend of bell-showed elevation of the SREBP-1c target genes 

(ACACA, SCD1, and FASN) in the cells (Suppl. Figure 7B).

HB-EGF ASO administration significantly improved insulin sensitivity in the mouse under 
the Western diet.

Dyslipidemia is closely associated with insulin resistance in obese individuals [2, 24]. To 

test the effects of the HB-EGF ASO administration in the systemic insulin sensitivity, we 

performed glucose and insulin tolerance tests using the male C57BL/6J mice after four 

weeks of Western diet feeding. As shown in Figure 4A–in B, the HB-EGF ASO 

administration significantly improved the glucose and insulin tolerances in the mice. There 

were no significant body weight changes by the HB-EGF ASO administration (Figure 4C). 

The basal level of TG and cholesterol in the model was relatively low compared with the 

lipid levels in the LDLR deficient mice under the Western diet; thus, the lipid-lowering 

effects induced by the HB-EGF ASO administration was moderate in the model mice 

(Figure 4D–E).
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Using HepG2 cells, we examined the direct effects of the recombinant HB-EGF pre- and 

cotreatment in the insulin signaling. The acute insulin treatment effectively induced the 

activation of the Akt signaling in the cells as shown by the induction of phosphorylation of 

Ser473-and Ser308-Akt (Suppl. Figure 8A). The pre- and cotreatment of the recombinant HB-

EGF did not affect the insulin action for the activation of Akt (Suppl. Figure 8B). Thus, the 

mechanism of the improvement of the systemic insulin sensitivity in vivo by the HB-EGF 

ASO administration appears to be mediated by an indirect mechanism or via a non-hepatic 

tissue function.

DISCUSSION

In this study, the targeting of HB-EGF using ASO administration induced effective 

downregulation of circulatory TG and cholesterol levels and parallel protection against the 

development of atherosclerosis in a hyperlipidemic mouse model. Suppression of the hepatic 

VLDL production appears to be a central mechanism for the lipid-lowering in circulation 

and increased lipid content in the liver tissue by the HB-EGF ASO administration. 

Interestingly, we observed that the HB-EGF ASO administration induced a tendency of the 

reduction of body weight and white adipose tissue size, and an improvement of the systemic 

insulin sensitivity. The reduction of the body weight and white adipose tissue size was more 

evident in female than male mice.

The HepG2 cell data showing the production of the apoB by the recombinant HB-EGF 

suggested that the HB-EGF could be an autonomous stimulator for the VLDL production in 

the liver as shown in the HepG2 cell results (Figure 4G). Additionally, we observed 

inhibition of the hepatic TG secretion by the administration of EGFR blocker BIBX1382. In 

HepG2 cells, the apoB protein content in the cells was increased without a change of apoB 

transcript, suggesting that an enhanced translation of apoB mRNA or increased stability of 

the apoB protein is associated with HB-EGF signaling. Previous reports showed that the 

increased apoB translation and enhanced stability of the ApoB are the mechanisms for the 

increased VLDL production in the liver [25, 26]. We performed a series of control 

experiments to test the role of the other candidate mechanisms for the lipid-lowering by HB-

EGF ASO administration. Previously, we reported that the administration of HB-EGF ASO 

or the bolus injection of recombinant HB-EGF did not affect the rate of TG clearance in 

circulation [15]. EGFR blocker BIBX1382 injection did not affect the TG clearance rate as 

shown in Figure 3F. We also reported that the HB-EGF ASO administration did not affect 

the fecal neutral sterol excretion rate, which is an index for the estimation of the net amount 

of cholesterol excretion via hepatobiliary pathway [15, 21]. There were no significant 

changes of gene expressions involved in the bile acid synthesis and lipid β-oxidation in the 

liver tissues by the HB-EGF ASO administration or in the HepG2 cells by the recombinant 

HB-EGF treatment (Suppl. Figures 6E–F).

When the hyperlipidemic mouse models were treated with the range of 20 to 40 mg/kg/week 

of HB-EGF ASO, there were significant increases or tendency of increase of lipid contents 

in the liver under both chow and Western diet feeding conditions (Figures 3C–D). At the 

same time, the HB-EGF ASO administration induced a significant increase in liver enzyme 

levels in circulation (Suppl. Figures 5B–C). A similar phenotype of hepatic lipid 
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accumulation was also reported by the administration of apoB or MTP ASOs in the same 

strain of mouse model [18]. The liver enzyme elevation in circulation by HB-EGF ASO 

administration appears to be closely linked with the lipid accumulation in the liver because 

the HB-EGF ASO administration under chow diet condition did not induce the elevation. 

The increase of hepatic lipid content or liver enzyme elevation in circulation were also 

dependent on the dose of HB-EGF ASO applied. A lower range of HB-EGF ASO 

administration (for example, 5 to 10mg/kg/week), which still induced lipid-lowering, but 

showed less lipid accumulation in the liver and elevation of liver enzymes in circulation 

(Suppl. Figures 5F–I). A recent report demonstrated that the apoB ASO administration 

induced TG disposal autophagy pathway as the duration of the ASO administration 

increased [27]. The MTP ASO did not induce this protective pathway because the MTP 

function is required for the function of the TG disposal by the autophagic pathway [27]. 

Thus, it would be interesting to check whether the HB-EGF ASO administration can induce 

a similar autophagic protective pathway or not.

Normal insulin signaling increased lipid synthesis and deposition in the liver cells but 

suppressed the hepatic VLDL production as typical anabolic signaling at the postprandial 

period [24, 28]. The occurrence of insulin resistance in an obese person, paradoxically, still 

allows the lipid synthesis and accumulation in the liver but selectively induces resistance on 

the suppression of VLDL production in the liver; thus, the insulin resistance frequently leads 

to a combination of the hepatic lipid accumulation (fatty liver) and the elevation of the TG 

levels in circulation (hypertriglyceridemia) [24, 28, 29]. We newly observed that the HB-

EGF ASO administration improved systemic insulin sensitivity in a mouse model under the 

Western diet (Figures 4A–B). The underlying mechanism of the improvement of the insulin 

sensitivity is still unclear; but, it appears to be mediated by an indirect mechanism through 

the improvement of lipid homeostasis or enhanced insulin sensitivity in non-hepatic tissues 

because the pre- or cotreatment recombinant HB-EGF did not affect the acute insulin 

signaling for Akt activation in a HepG2 cell system (Suppl. Figure 8B).

Surprisingly, the HB-EGF ASO administration significantly increased circulatory HB-EGF 

levels (Suppl. Figure 3D). It appears to be induced by a compensatory mechanism although 

the source of the elevated HB-EGF in circulation is unclear yet. Fukatsu et al. reported that 

the skeletal muscle tissue-specific HB-EGF overexpression significantly increased the 

systemic insulin sensitivity and glucose uptake by the skeletal muscle tissue [30]. Because 

the lipid-lowering by the HB-EGF ASO administration in the C57BL/6 mice was moderate 

(Figures 4D–E), the underlying mechanism of the improvement of the insulin sensitivity 

appears to be different from the mechanism of the lipid-lowering effects. Potentially, the 

elevated HB-EGF level in circulation may interact with the skeletal muscle to increase of the 

glucose uptake in the tissue. Because of the importance of the prevention of insulin 

resistance in obese people, further mechanistic studies on the improvement of the insulin 

sensitivity by the HB-EGF ASO administration might be important.

There was a significant reduction of the body weight and white adipose tissue size in the 

female mice by the HB-EGF ASO administration (Figure 1D and Suppl. Figures 1F–G). In 

male mice, the change was not significant, but there was a tendency of the body weight 

reduction by the HB-EGF ASO administration. Previous reports suggested that the HB-EGF 
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is a central regulator for the stem cell proliferation and differentiation as recently reviewed 

by the Vinante et al. [31]. Zhou et al. reported that the HB-EGF is involved in the 

transdifferentiation of the fibroblasts to adipose tissue-like cells [32]. Lee et al. reported that 

the recombinant HB-EGF is an inhibitor of the initial commitment of differentiation of 

pluripotent mesenchymal stem cells to the adipogenesis [33]. Because of the multi-functions 

of the HB-EGF depending on the cell type and tissue of its expression, for further 

clarification, the adipose tissue-specific HB-EGF gene-deficient model system might be 

required.

Multiple reports indicated that the vascular HB-EGF expression was upregulated in the 

hyperlipidemic condition and the HB-EGF expression was positively associated with the 

progress of atherosclerosis [34, 35]. The HB-EGF expression was also closely associated 

with the arterial intimal media thickness in a flow-induced arterial remodeling mouse model 

[36]. The HB-EGF ASO administration also downregulated the HB-EGF gene expression in 

the mouse aorta [15]. In addition to the lipid-lowering in circulation, the downregulation of 

local HB-EGF expression by the HB-EGF ASO administration may also contribute to the 

protection against the development of atherosclerosis in the vessel wall. Because the change 

of circulatory lipid levels may cause the changes of the local vessel HB-EGF gene 

expression [7], more study on the relative contributions of the local HB-EGF gene 

downregulation and lipid-lowering to the protection against atherosclerosis need to be 

addressed further. Use of vascular endothelial- or smooth muscle cell-specific HB-EGF gene 

deletion models might be useful tools for the determination.

Though we demonstrated that the HB-EGF ASO is effective in suppressing the circulatory 

lipid levels and protecting the atherosclerosis formation in the vessel wall, there are still 

many questions to be addressed to understand the mechanism of the phenotype changes 

associated with the HB-EF ASO. First, we need to understand the details of the cellular and 

signaling mechanism of the regulation of hepatic VLDL production by HB-EGF signaling. 

Additionally, the study on the role of the HB-EGF in the adipose and skeletal muscle tissues 

in regulating the lipid metabolism, adipogenesis, and insulin sensitivity would be important 

for understanding the HB-EGF ASO-induced phenotype changes like the reduction of the 

adipose tissue size and improvement of the insulin sensitivity. Further in-depth evaluation of 

any deleterious effects of the HB-EGF ASO on the hepatic lipid accumulation and function 

should be required to determine the usefulness of the ASO in treating dyslipidemia and 

insulin resistance.
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Abbreviations:

ApoB apolipoprotein B

ASO antisense oligonucleotide

EGFR epidermal growth factor receptor

HB-EGF heparin-binding EGF-like growth factor

LDL low-density lipoprotein

LDLR LDL receptor

MTP microsomal triglyceride transfer protein

TG triglyceride

VLDL very low-density lipoprotein
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Highlights:

• HB-EGF targeting using ASO administration suppressed hepatic VLDL 

secretion leading to a remarkable downregulation of circulatory triglyceride 

and cholesterol levels.

• HB-EGF ASO administration also induced an effective suppression of 

atherosclerosis.

• Newly we observed that the HB-EGF ASO administration significantly 

improved systemic insulin sensitivity in vivo.
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Figure 1. HB-EGF ASO administration effectively downregulated circulatory lipid levels.
(A) Animal treatment scheme. Male and female LDLR deficient mice under Western-diet 

were intraperitoneally injected weekly with control and HB-EGF ASOs for additional 12 

weeks (40 and 20 mg/kg/week ASO doses in a 6-week interval) (N=12–14). (B) The HB-

EGF mRNA level in the liver was determined by qRT-PCR for randomly selected three 

mice. (C-D) Body weight changes by weekly for the male (C) and female (D) mice. 

Initiation time points of ASO administration at doses of 40 and 20 mg/kg/week are marked 

with arrows. (E-F) Triglyceride (TG) and total cholesterol concentrations in the plasma 
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samples collected at the termination step. For the TG quantification assay, six samples 

nearest median values of cholesterol concentration were selected for the quantification. (G) 

FPLC fractionation of the lipoprotein-associated cholesterol in the plasma samples. Four 

plasma samples from the male groups in a median range of cholesterol levels were pooled 

together for the FPLC fractionation analysis. (H) ApoB levels in the five plasma samples 

selected from the median range of cholesterol levels were compared. Albumin level was 

determined as a loading control of plasma samples. * p<0.05, ** p<0.01, *** p<0.001, **** 

p<0.0001.
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Figure 2. HB-EGF ASO administration effectively suppressed atherosclerosis development in the 
aorta.
(A) Representative images of Oil Red O (ORO) staining for the lumen side of aortas isolated 

from the control and HB-EGF ASO treatment group of male mice. (B-C) En face 
measurement of intimal atherosclerotic lesions as measured at the termination step as a 

percent of the total aortic area for the male (B) and female (C) mice. (D-E) Representative 

images of in situ intimal lesion in the aortic root sections stained using Oil Red O (ORO) 

and CD68 antibody, respectively. **** p<0.0001.
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Figure 3. HB-EGF ASO administration affected the hepatic lipid content and VLDL production.
(A-D) The LDLR deficient mice (female, 8–10 weeks of age) under chow and Western diet 

were cotreated with control and HB-EGF ASOs at a dose for 40mg/kg/week for 16 weeks 

(N=5 per group). (A-B) The plasma and hepatic concentrations of the TG and total 

cholesterol levels were quantified at the termination step. (C-D) The hepatic concentrations 

of triglyceride and cholesterol were quantified. (E) Healthy C57BL/6 male mice fasted for 4 

hours were intraperitoneally injected with poloxamer-407 (1g/kg) at the 0-time point (N=5). 

At 0 and 1.5-hour points, the mice were injected with saline and BIBX1382 (40mg/kg) via 
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tail-vein. The time-dependent elevation of the TG concentration in circulation was measured 

by retro-orbital bleeding at 0, 1, 2 and 5-hour points. (F) Pre and heparin-releasable plasma 

TG hydrolytic activities were measured in C57BL/6 male mice after tail vein injections of 

saline or BIBX1382 (40mg/kg) at 4 and 2 hours before the heparin injection. Plasma 

samples collected at 0 and 20 min of heparin injection were used for the calculation of the 

heparin-releasable TG hydrolytic activity in circulation (G) Recombinant HB-EGF 

positively regulates apoB production in the liver cells. Confluent HepG2 cells were treated 

with HB-EGF for 16 hours in DMEM supplemented with 0.1% BSA and 0.6 mM oleic acid. 

Immunoprecipitation and Western blotting using apoB specific antibodies measured the 

apoB content in the cell supernatant and cell lysates. ** p<0.01, *** p<0.001, **** 

p<0.0001, and n.s. means no significance.
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Figure 4. HB-EGF ASO administration improved systemic insulin sensitivity in vivo.
The male C57BL/6 mice under the Western diet were treated with control or HB-EGF ASOs 

for four weeks at the dose of 40- and 20mg/kg/week by a 2-week interval (N=5 per group). 

At four week point After 5 and 3-hour fasting, the glucose and insulin tolerance tests were 

performed. (C) Body weight change profile during Western diet and ASO administration. 

(D-E) The circulatory levels of triglyceride and total cholesterol were quantified at four-
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week point by bleeding 50ul of the blood samples via the retro-orbital route. * p<0.05, ** 

p<0.01, and *** p<0.001.
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