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Abstract

Autophagy deregulation during obesity contributes to the pathogenesis of diverse metabolic 

disorders. However, without understanding the molecular mechanism of obesity interference in 

autophagy, development of therapeutic strategies for correcting such defects in obese individuals 

is challenging. Here we show that chronic increase of cytosolic calcium concentration in 

hepatocytes upon obesity and lipotoxicity attenuates autophagic flux by preventing the fusion 

between autophagosomes and lysosomes. As a pharmacological approach to restore cytosolic 

calcium homeostasis in vivo, we administered the clinically approved calcium channel blocker 

verapamil to obese mice. Such treatment successfully increases autophagosome-lysosome fusion 

in liver, preventing accumulation of protein inclusions and lipid droplets and suppressing 

inflammation and insulin resistance. As calcium channel blockers have been safely used in clinics 

for the treatment of hypertension for more than thirty years, our results suggest they may be a safe 

therapeutic option for restoring autophagic flux and treating metabolic pathologies in obese 

patients.
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Introduction

Macroautophagy (hereafter referred to as autophagy) is a highly conserved bulk degradation 

system that is responsible for degrading long-lived cytoplasmic proteins, protein aggregates, 

lipid droplets and damaged or excess organelles. An isolation membrane or phagophore 

expands and encloses a portion of cytosol to form a double membrane vesicular structure 

called autophagosome. An autophagosome then fuses with a lysosome to degrade its 

sequestered contents by lysosomal enzymes1, 2. Autophagy has been shown to be important 

for regulating physiological functions such as protein turnover, lipid droplet digestion and 

organelle quality control3, 4. Defects in autophagy are found in various pathological 

conditions including cancer, obesity, steatosis, insulin resistance and neurodegenerative 

diseases5, 6, 7.

Lipotoxicity occurs when excessive free fatty acids become accumulated in non-adipose 

tissues or cells such as hepatocytes and pancreatic cells, contributing to pathogenesis of 

obesity, diabetes and their related metabolic disorders8, 9, 10. Saturated fatty acids (SFA) are 

known to cause more lipotoxic effects that can lead to steatosis and cell apoptosis than 

unsaturated fatty acids (UFA)11, 12. SFA can cause endoplasmic reticulum (ER) stress and 

JNK activation as well by increasing ER membrane rigidity12, 13. The reduction in ER 

membrane fluidity results in inhibition of Sarco-ER calcium pump (SERCA), which 

subsequently elevates cytosolic calcium level. Thapsigargin (Tg), a pharmacological agent 

known to inhibit SERCA, can provoke autophagosome accumulation by specifically 

inhibiting autophagy at the autophagosome-lysosome fusion step14, 15. Obesity and SFA 

also induces autophagosome accumulation; however, it has been elusive whether this is due 

to increased autophagosome formation or decreased autophagosome 

degradation16, 17, 18, 19, 20, 21, 22.

p62, also known as sequestosome-1, is a scaffold protein that plays multiple roles in 

signaling pathways23. In autophagy, p62 is important for targeting ubiquitinated proteins to 

be transported to the autophagic machinery for their clearance in lysosomes23. However, 

association of ubiquitinated proteins with p62 is not sufficient for autophagic removal, and 

for this reason, p62-associated ubiquitinated protein aggregates are often identified in 

diseased tissues of liver dysfunction, neurodegeneration and cancer24. Because genetic 

deletion of p62 actually alleviates the detrimental consequences of autophagy defects in 

many pathological contexts25, 26, 27, accumulation of p62 has been considered harmful 

rather than beneficial for cells. Notably, obesity induces excessive accumulation of p62 and 

ubiquitinated proteins inside liver, which is an early marker of non-alcoholic steatohepatitis 

(NASH) pathologies24, 28, 29.

These findings collectively indicate that obesity causes defective autophagy20, 22, 29. To 

examine how lipotoxicity, thus obesity, affects autophagy, we developed an in vitro system 

where cultured human hepatoma (HepG2) cells exhibit prominent accumulation of p62 and 

ubiquitinated proteins in insoluble inclusion bodies upon SFA treatment. As protein 

inclusion formation was revealed to be a consequence of arrested autophagic flux, we were 

interested in finding appropriate pharmacological methods that could reverse the effect of 

SFA on autophagy and protein homeostasis. We found in this study that calcium channel 
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blockers, which can decrease cytosolic calcium level in SFA-treated cells, can restore the 

autophagic flux and prevent metabolic pathologies associated with autophagy defects. Our 

results also show that a chronic increase in cytosolic calcium concentration and subsequent 

inhibition of autophagosome-lysosome fusion are the causes of autophagy arrest during SFA 

treatment and obesity. Therefore, our study provides an explanation on how obesity-

associated lipotoxicity interferes with autophagy overall and suggests a new therapeutic 

strategy for the obesity-associated autophagy defects.

Results

SFA induces p62- and ubiquitin-positive inclusions

During obesity and NASH, excessive fat accumulation inside hepatocytes can provoke 

formation of protein inclusions consisting of p62 and ubiquitinated proteins24, 28. Since the 

process of inclusion body formation was yet to be explored, we devised an in vitro system 

that made it possible to examine the effect of lipids on protein aggregation. We found that, 

in response to palmitic acid (PA, 500 μM), which is a long-chain saturated fatty acid (SFA) 

that becomes highly elevated in sera of obese individuals, human HepG2 hepatoma cells 

formed a considerable amount of insoluble cytoplasmic inclusions consisting of 

ubiquitinated proteins and p62 (Fig. 1a–c). PA-induced accumulation of protein inclusions 

had a proportional correlation with both dose (Supplementary Fig. 1) and time 

(Supplementary Fig. 2a); correspondingly, when treated for a longer period (48 hr), even a 

very low dose of PA (50 μM) was able to induce substantial protein inclusions 

(Supplementary Fig. 1b). Although prolonged treatment of high-dose PA (24 and 48 hr, 500 

μM) provoked apoptosis, there was no significant cell death at 9 hr of PA treatment 

(Supplementary Fig. 3), a time point at which we observed the greatest amount of prominent 

protein inclusions (Fig. 1a–c and Supplementary Fig. 2a). The inclusions were frequently 

associated with condensed fibers of keratin (Supplementary Fig. 4a) or tubulin 

(Supplementary Fig. 4b) as observed previously for various protein aggregates28, 30. It is 

interesting to note that the protein aggregates were located away from the endoplasmic 

reticulum (ER) structure (Supplementary Fig. 4c) in which many unfolded proteins typically 

accumulate during lipotoxicity and obesity13. Although another SFA stearic acid (SA) was 

also able to induce accumulation of p62 (Supplementary Fig. 2b), unsaturated fatty acids 

(UFA) such as oleic acid (OA) and docosahexaenoic acid (DHA) failed to induce such 

accumulation (Supplementary Fig. 2c, d) and actually suppressed the effect of SFA 

(Supplementary Fig. 2e, f).

SFA induces accumulation of autophagosomes

Because defective autophagy can explain excessive accumulation of p62 and ubiquitinated 

proteins31, we examined the level of autophagosomes in cells with an autophagosome 

marker LC332. During autophagosome formation, LC3 precursor (LC3-I) is proteolytically 

cleaved and lipidated for incorporation into an autophagosomal membrane as LC3-II. SFA, 

but not UFA, induced prominent accumulation of autophagosomes as manifested by 

increased LC3-II levels (Supplementary Fig. 2a–f). The patterns of LC3-II expression 

directly correlated with the patterns of p62 levels (Supplementary Fig. 2a–f), and LC3-
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positive autophagosomes were frequently co-localized with p62 inclusions in SFA-treated 

cells (Fig. 1d).

SFA inhibits fusion between autophagosomes and lysosomes

To determine whether SFA induces autophagosome accumulation through increased 

formation or decreased degradation of autophagosomes, we examined autophagy flux in 

SFA-treated cells through three independent assays32. For all assays, cells treated with an 

autophagy inducer rapamycin were used as a positive control. In the first assay, we 

incubated cells with bafilomycin, which halts autophagosome degradation by disrupting 

lysosomal pH homeostasis, and examined the amount of newly formed autophagosomes 

through LC3-II immunoblotting. As expected, control cells (both untreated and rapamycin-

treated cells) showed significantly increased LC3-II levels after bafilomycin application 

(Supplementary Fig. 2g, h). In contrast, PA-treated cells did not exhibit any increase in LC3-

II level following bafilomycin addition (Supplementary Fig. 2g, h), suggesting that 

decreased degradation, rather than increased formation, is the cause of PA-induced 

autophagosome accumulation. The second assay involved staining PA-treated cells with 

anti-LC3-II and anti-LAMP1 antibodies to visualize autophagosomes and lysosomes 

respectively. Although there was a considerable level of association between 

autophagosomes and lysosomes in control cells, such association was hardly observed in 

PA-treated cells (Fig. 1e, f). We lastly utilized an autophagy flux indicator mCherry-GFP-

LC3 in the third assay. mCherry-GFP-LC3 initially fluoresces both red and green as it labels 

autophagosomes. Upon fusion with lysosomes that exposes mCherry-GFP fluorophore to 

acidic environment, GFP is denatured and loses its green color while mCherry maintains its 

red fluorescence. Thus, all autolysosomes fluoresce only red once the fusion is complete. 

Although control cells exhibited both autophagosomes and autolysosomes, autolysosomes 

were very scarce in PA-treated cells (Fig. 1g, h). These results collectively indicate that SFA 

inhibits autophagic flux mainly by blocking the fusion between autophagosomes and 

lysosomes.

Stress pathways do not mediate autophagy arrest upon SFA

We then tried to determine how SFA can cause a defect in autophagic flux and induce 

protein inclusion. Several potential physiological consequences of SFA treatment include 

ceramide accumulation33, oxidative stress34, ER stress35, JNK signaling activation12. 

However, these are signals known to stimulate, rather than inhibit, the autophagic flux in 

various systems36, 37, 38, suggesting that these stress pathways may be irrelevant to the effect 

of SFA on autophagy. In order to test this, we inhibited ceramide biosynthesis by L-

cycloserine and fumonisin B1 (Supplementary Fig. 5a), suppressed oxidative stress by 

butylated hydroxyanisole (BHA) and N-acetylcysteine (NAC) (Supplementary Fig. 5b), 

reduced ER stress by a chemical chaperone tauroursodeoxycholic acid (TUDCA, 

Supplementary Fig. 5c) and inhibited JNK by SP600125 (Supplementary Fig. 5d). We also 

inhibited three ER stress sensor molecules, pancreatic ER kinase (PERK, Supplementary 

Fig. 5e), inositol requiring enzyme 1 alpha (IRE1α, Supplementary Fig. 5f) and activating 

transcription factor 6 (ATF6, Supplementary Fig. 5g) through lentiviruses expressing 

shRNA or dominant-negative mutants targeting these molecules. As expected, none of these 

interventions significantly suppressed the accumulation of p62 and autophagosomes by SFA 
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(Supplementary Fig. 5), suggesting that these signals do not mediate SFA-induced 

autophagy arrest.

SFA induces protein inclusions by inhibiting SERCA

We became aware of several recent reports that thapsigargin (Tg), an inhibitor of SERCA 

and inducer of ER stress, could inhibit fusion between autophagosomes and lysosomes14, 15. 

Because SFA is also known to inhibit SERCA by decreasing ER membrane fluidity13, we 

postulated that SERCA inhibition may provide a common basis for the autophagic arrest 

induced by Tg and SFA. Confirming the aforementioned reports14, 15, Tg, as well as other 

SERCA inhibitors such as 2,5-t-butylhydroquinone (TBHQ) and cyclopiazonic acid (CPA), 

inhibited the association between autophagosomes and lysosomes (Supplementary Fig. 6a), 

arrested autophagic flux (Supplementary Fig. 6b, c) and induced accumulation of p62 and 

LC3-II (Supplementary Fig. 6d–f), in the same way as SFA (Fig. 1 and Supplementary Fig. 

2). However, tunicamycin (Tm), an ER stress inducer unrelated to SERCA, did not interfere 

with autophagic flux (Supplementary Fig. 6b, c) and actually decreased p62 levels 

(Supplementary Fig. 6d, e, g), supporting the idea that SERCA inhibition, rather than ER 

stress induction, is the cause of SFA- and Tg-induced autophagy arrest and protein inclusion 

formation. shRNA-mediated silencing of SERCA2 also provoked p62 accumulation 

(Supplementary Fig. 6h), while overexpression of SERCA2, which can overcome the 

obesity-mediated SERCA inhibition39, 40, was able to prevent SFA-induced formation of 

p62/ubiquitinated protein aggregates (Supplementary Fig. 6i, j). These data all strongly 

indicate that SFA-dependent inhibition of SERCA is the cause of autophagy inhibition and 

the resulting protein inclusion formation.

SFA does not alter lysosomal calcium or proton levels

Because both endogenous and overexpressed SERCA proteins were absent from lysosomal 

or autophagosomal membranes (Supplementary Fig. 7a, b), it is not likely that SERCA 

controls luminal calcium homeostasis in either organelle. Luminal calcium or proton levels 

of lysosomes, which are important for the autophagosome-lysosome fusion process41, were 

indeed unaffected by SERCA inhibition after SFA or Tg treatment (Supplementary Fig. 7c, 

d).

SFA arrests autophagy through elevating cytosolic calcium

SFA-mediated elevation in cytosolic calcium level due to prolonged SERCA inhibition (Fig. 

2a–d)13 may be the cause of the SFA-induced autophagy defect. This increase in calcium 

level was substantially averted by application of verapamil and nicardipine, two structurally 

unrelated calcium channel blockers that prevent leakage of extracellular calcium into 

cytoplasm (Fig. 2a–d). To our surprise, application of verapamil and nicardipine strongly 

reduced SFA-induced accumulation of p62 and ubiquitinated proteins in the insoluble 

compartments of cells (Fig. 2e–h). Immunofluorescence microscopy confirmed that the 

calcium channel blockers very effectively prevented SFA-induced formation of p62 and 

ubiquitinated protein inclusions (Fig. 2i, j). The calcium channel blockers also restored the 

association between autophagosomes and lysosomes in SFA-treated cells (Fig. 2k, l). Taken 

together, these results indicate that chronic elevation of cytosolic calcium level, which can 
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be averted by calcium channel blockers, is primarily responsible for SFA-induced autophagy 

arrest and protein inclusion formation.

Calcium channels are expressed in liver cells

Many voltage-dependent calcium channels, the targets of verapamil and nicardipine, are 

expressed in both HepG2 cells and mouse liver (Supplementary Fig. 8a–e)42. shRNA-

mediated silencing of α1D/Cav1.3, the most highly expressed calcium channel isoform in 

HepG2 cells (Supplementary Fig. 8d)42, significantly decreased p62 protein inclusion in 

SFA-treated cells (Supplementary Fig. 8e, f), although the decrease in ubiquitinated protein 

inclusion was not as apparent. The incompleteness in restoration suggests that α1C/Cav1.2 or 

other unknown calcium channels may have contributed to the hepatocyte calcium influx 

during SFA treatment.

Prolonged IP3R activation induces protein inclusions

Glucagon, phenylephrine and vasopressin, which can elevate cytosolic calcium level in 

hepatocytes through activation of inositol trisphosphate receptor (IP3R)43, were able to 

induce protein inclusions (Supplementary Fig. 9a) although the extent of this induction was 

substantially less than those due to high-dose SFA (500 μM). In contrast, ryanodine receptor 

agonists, which can elevate cytosolic calcium concentration in muscles and neurons, had 

minimal effects on protein inclusions (Supplementary Fig. 9b) most likely because 

ryanodine receptors are not expressed in liver cells44, 45, or even if expressed, they play a 

relatively minor role46.

Verapamil suppresses hepatosteatosis

Because of the dramatic effect calcium channel blockers had in restoring autophagy flux in 

vitro (Fig. 2), we proceeded to use a mouse model of obesity to determine if they could be a 

viable therapeutic option for obesity-associated autophagy defects and associated 

pathologies. 10 days of verapamil administration slightly reduced body weight of high fat 

diet (HFD)-kept obese mice (Fig. 3a) without any substantial change in food consumption 

rates (Fig. 3b). Although livers from control mice under HFD displayed pink color due to fat 

accumulation (hepatosteatosis), the color of livers from verapamil-administered mice was a 

normal red (Fig. 3c). The liver mass was also significantly reduced by verapamil 

administration (Fig. 3d), while the weight of epididymal white adipose tissue (eWAT) 

remained the same (Fig. 3e). Although verapamil exerted minimal effects on the expression 

of adipokines and adipocytokines in eWAT (Fig. 3f–h), hematoxylin & eosin (H&E) 

staining and Oil Red O (ORO) staining confirmed that verapamil reduced HFD-induced 

accumulation of hepatic lipid droplets (Fig. 3i, j).

Verapamil reduces obesity-induced cytosolic calcium in liver

We confirmed that verapamil modulated calcium homeostasis in mouse hepatocytes; HFD-

induced autophosphorylation of calcium/calmodulin-dependent protein kinase II 

(CaMKII)47, 48, which is indicative of an elevated level of cytosolic calcium in 

hepatocytes49, was strongly suppressed by verapamil administration (Fig. 3k, l). PA-induced 
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elevation of cytosolic calcium level in primary mouse hepatocytes was also suppressed by 

verapamil (Fig. 3m).

Verapamil restores autophagic flux in liver of obese mice

We examined the level of protein inclusion formation in obese mouse liver. As formerly 

reported29, 50, obesity induced prominent accumulation of p62 and ubiquitinated proteins in 

insoluble fractions of liver lysates (Fig. 4a–d). The protein inclusions, however, almost 

completely disappeared after administration of verapamil (Fig. 4a–d), demonstrating that 

verapamil is capable of resolving HFD-induced accumulation of both lipid droplets and 

protein inclusions. Immunohistochemistry of p62 in mouse liver also confirmed that 

verapamil administration is sufficient to eliminate p62-containing protein inclusions induced 

by obesity (Fig. 4e, f). As observed in SFA-treated HepG2 cells, HFD induced accumulation 

of LC3-II (Fig. 5a, b), most likely as a result of fusion defects between autophagosomes and 

lysosomes. Indeed, obesity substantially decreased the association between autophagosomes 

and lysosomes in mouse liver (Fig. 5c, d) in consistence with previous reports6, 22. 

Verapamil administration allowed autophagosomes and lysosomes to re-associate (Fig. 5c, 

d) and subsequently suppressed accumulation of LC3-II in obese mouse liver (Fig. 5a, b). 

Thus, as observed in cultured cells, calcium channel blockers can restore the fusion between 

autophagosomes and lysosomes and subsequent autophagic removal of protein inclusions 

and lipid droplets in vivo.

Verapamil suppresses ER stress in liver of obese mice

Because autophagy is important for suppressing ER stress29, we examined whether 

verapamil-mediated resumption of autophagy could suppress ER stress in liver of obese 

mice. Phosphorylation of eukaryotic translation initiation factor 2-alpha (eIF2α) and 

induction of binding immunoglobulin protein (BiP) expression, which are ER stress 

signaling markers elevated in mouse liver upon HFD-induced obesity51, were both strongly 

suppressed by verapamil administration (Supplementary Fig. 10a–c).

Verapamil suppresses steatohepatitis

Liver inflammation, characterized by increased macrophage infiltration into the liver, is a 

hallmark of NASH pathologies in addition to accumulation of lipid droplets and protein 

inclusions52. Because liver inflammation can be provoked by either HFD-induced obesity53 

or genetic inhibition of autophagy26, 54, we were interested in the effect that calcium channel 

blockers may have on resolving obesity-associated liver inflammation. Verapamil 

administration was found to reduce liver inflammation in livers from HFD-kept obese mice, 

as manifested by decreased macrophage number that is comparable to LFD-kept lean mice 

(Fig. 6a, b). These results add more evidence that calcium channel blockers can have a 

potential as therapeutics for NASH pathologies.

Verapamil suppresses obesity-induced insulin resistance

In addition to being responsible for accumulation of lipid droplets and protein 

inclusions6, 26, 31, autophagy defects and NASH can both promote the development of 

insulin resistance29, 52, the infamous precursor of type 2 diabetes. Thus we questioned if 
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calcium channel blockers could be used for correcting insulin resistance in HFD-kept obese 

mice. HFD-induced obesity provoked glucose intolerance (Fig. 6c, d) and insulin resistance 

(Fig. 6e, f) in mice as formerly reported55. Intriguingly, verapamil administration strongly 

suppressed both metabolic pathologies; glucose intolerance (Fig. 6c, d) and insulin 

resistance (Fig. 6e, f) were restored back to the normal level by verapamil administration. 

Serum insulin level (Fig. 6g) and pancreatic islet size (Fig. 6h, i) were significantly 

decreased by verapamil administration, indicating that obesity-associated 

hyperinsulinemia56 was also suppressed. These results suggest that calcium channel 

blockers can be effective for correction of insulin resistance and blood glucose homeostasis 

defects during obesity.

Verapamil improves cardiac functionality in obese mice

Finally, we tested the effect of verapamil on blood pressure and cardiac functionality, which 

are partially controlled by voltage-dependent calcium channels. Verapamil administration 

induced only a slight decrease in blood pressure of HFD-kept obese mice, which was not 

enough to reach the level of statistical significance (Fig. 7a). We also did not observe 

substantial changes in heart size; left ventricular (LV) wall mass (Fig. 7b) and diastolic LV 

volume (Fig. 7c) remained similar between verapamil-treated and untreated groups. 

Intriguingly, there was a significant reduction in systolic LV volume (Fig. 7d) and an 

increase in LV ejection fraction (% EF) (Fig. 7e), suggesting that heart contractility may 

have been improved by verapamil treatment. However, verapamil-induced elevation of LV 

stroke volume (SV) and cardiac output (CO) was not statistically significant (Fig. 7f, g).

Discussion

The autophagy signaling pathway has been extensively studied in the context of 

hypernutrition and obesity in recent years, and there is now a general consensus that 

autophagy deregulation contributes to the pathogenesis of diverse obesity-associated 

metabolic disorders7, 20, 22, 29, 57, 58, 59, 60. However, as the molecular mechanism of obesity 

interference in autophagy has been obscure, we have not yet been able to develop effective 

therapeutic strategies for correcting autophagy defects in obese individuals. Our current 

report suggests that lipotoxicity-induced elevation of cytosolic calcium is primarily 

responsible for the autophagy defects observed during obesity. Chronic increase in cytosolic 

calcium level specifically inhibits the fusion between autophagosomes and lysosomes, 

thereby attenuating the autophagic flux. This attenuation leads to prominent accumulation of 

undegraded autophagy substrates such as ubiquitinated proteins, p62 aggregates and lipid 

droplets, ultimately resulting in excessive fat accumulation, ER stress, liver inflammation 

and insulin resistance. As calcium channel blockers can prevent the cytosolic calcium influx, 

they have high potential as therapeutic candidates for correcting obesity-induced autophagy 

defects and preventing their pathological consequences. Indeed, both non-dihydropyridine 

(verapamil) and dihydropyridine (nicardipine) calcium channel blockers were effective in 

restoring the autophagic flux and suppressing protein inclusion formation during 

lipotoxicity.
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Various calcium channel blockers have been on the pharmaceutical market for around thirty 

years, and there have been many clinical/pre-clinical studies on their effect on metabolism. 

To identify specific papers on this subject, we have utilized a computerized natural language 

processing/text mining tool to screen all the abstracts published in the MEDLINE 

database61. Using this method, we were able to identify 39 papers that describe the causal 

relationship between calcium channel blockers and metabolic homeostasis in humans or 

animals. Among them, 25 papers, including several very recent ones62, 63, indicate that 

calcium channel blockers can improve glucose metabolism and/or liver homeostasis 

(Supplementary Table 1a), which is consistent with our current findings. Many of these 

papers examine animals or humans associated with either obesity or type 2 diabetes, and 

these subjects are likely to have obesity/lipotoxicity-associated autophagy defects which are 

correctable by calcium channel blockers.

In contrast, 14 papers were identified to indicate neutral or even negative effects of calcium 

channel blockers on metabolism (Supplementary Table 1b). Specifically, one large meta-

analysis of long-term clinical trials demonstrates that calcium channel blockers are not 

effective in preventing incidental diabetes in hypertensive patients64. However, we should 

take into account that, even though autophagy is important for prevention of metabolic 

pathologies and diabetes29, autophagic defects, which are correctable by calcium channel 

blockers, may not be the only cause for diabetes. Thus, it is feasible that calcium channel 

blocker-mediated restoration of the autophagic flux could not prevent the occurrence of 

incidental diabetes in certain cases as they may have arisen from causes other than 

autophagy misregulation. Nevertheless, our study does suggest that calcium channel 

blockers have a clinical potential for a subset of patients with NASH and type 2 diabetes 

whose symptoms are indeed associated with lipotoxicity-induced autophagy arrest. It would 

therefore be worthwhile to conduct more rigorous human clinical studies focused on the 

possible usage of calcium channel blockers for NASH and other obesity-associated 

metabolic pathologies.

Methods

Antibodies and reagents

Ubiquitin (sc-8017), LAMP1 (sc-20011), phospho-PERK (sc-32577), PERK (sc-13073), 

phospho-c-Jun (sc-822), c-Jun (sc-376488), SERCA2 (sc-376235, sc-8095), ATF6 

(sc-22799), eIF2α (sc-11386), CaMKII (sc-5306), α1C/Cav1.2 (sc-16229-R), α1D/Cav1.3 

(sc-25687), LC3 (sc-271625) and p62 (sc-28359) antibodies were obtained from Santa Cruz 

Biotechnology, Inc. IRE1α (3294), phospho-CaMKII (12716), phospho-eIF2α (3398), 

PERK (5683), LC3 (2775), p62 (5114) and Calnexin (2679) antibodies were purchased from 

Cell Signaling Technology, Inc. Pan-keratin antibody was obtained from Dr. Omary 

(University of Michigan)65. Actin (JLA20) and tubulin (T5168) antibodies were purchased 

from Developmental Studies Hybridoma Bank (DSHB) and Sigma, respectively. Fatty acid 

free and low endotoxin bovine serum albumin (BSA), palmitic acid (PA), stearic acid (SA), 

oleic acid (OA), docosahexaenoic acid (DHA), tunicamycin (Tm), thapsigargin (Tg), 

butylated hydroxyanisole (BHA), N-acetylcysteine (NAC), chlorocresol, L-cycloserine, 

glucagon, phenylephrine, vasopressin, verapamil and nicardipine were purchased from 
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Sigma. SP600125, bafilomycin and rapamycin were from LC Labs, and fumonisin B1 and 

suramin were from Cayman Chemical.

Cell culture

HepG2 cells (gift from Dr. Saltiel), a human hepatoma cell line, were cultured in Dulbecco’s 

modified Eagle’s medium (DMEM, Invitrogen) containing 10% fetal bovine serum (FBS, 

Sigma), 50 U ml−1 penicillin and 50 mg ml−1 streptomycin. All cultures were maintained in 

a 37°C incubator with 5% CO2. De-lipidated low-endotoxin BSA was loaded with different 

fatty acids and applied to cultured cells12.

Viral procedures

The lentiviral plasmid for sh-SERCA2 (Broad Institute TRC Portal accession code 

TRCN0000038532), sh-PERK (TRCN0000001401 and TRCN0000001399), sh-ATF6 

(TRCN0000017853), sh-α1D (TRCN0000044693 and TRCN0000044695) was purchased 

from Open Biosystems (Huntsville, AL). Lentiviral LAMP1-mRFP, Lentiviral IRE1αDN 

and retroviral mCherry-GFP-LC3 constructs were obtained from Addgene (Cambridge, 

MA). Adenoviruses expressing the 2b isoform of SERCA (Ad-SERCA2b) were gifts from 

Dr. Hotamisligil40. Viruses were generated and amplified in the Vector Core facility at the 

University of Michigan (UM).

Solubility fractionation

Cells were lysed in a lysis buffer66 containing 0.1% Triton X-100. Cell and tissue lysates 

were centrifuged at 15,000 rpm for 15 min at 4 °C to separate pellets from supernatants. 

Pellets were resuspended in a lysis buffer containing 1% Triton X-100 and then subjected to 

centrifugation at 15,000 rpm for 15 min at 4 °C. After centrifugation, pellets were 

resuspended in a lysis buffer containing 2% SDS and boiled in SDS sample buffer. Liver 

tissues were directly lysed in a lysis buffer containing 1% Triton X-100 and centrifuged at 

15,000 rpm for 15 min at 4 °C. Pellets were dissolved in a lysis buffer containing 2% SDS. 

Supernatants (soluble fraction) and resuspended pellets (insoluble fraction) were boiled in 

SDS sample buffer.

Immunoblotting

Unless otherwise noted, cells and tissues were lysed in radioimmunoprecipitation assay 

(RIPA) buffer (50 mM Tris-HCl pH 7.4; 150 mM NaCl; 1% deoxycholate Na; 1% NP-40; 

0.1% SDS and complete protease inhibitor cocktail (Roche)). Lysates were centrifuged at 

15,000 rpm for 15 min at 4 °C. Lipid layer was removed and supernatant was collected. 

Protein concentration was measured through Bio-rad protein assay kit. Lysates were boiled 

in SDS sample buffer for 5 min, separated by SDS-PAGE, transferred to PVDF membranes 

and probed with primary antibodies (1:200 for Santa Cruz antibodies, and 1:1,000 for Cell 

Signaling and DSHB antibodies). After incubation with secondary antibodies conjugated 

with HRP (1:2,000), chemiluminescence was detected using LAS4000 (GE) systems. 

Uncropped images of immunoblots presented in the main paper are provided in 

Supplementary Information (Supplementary Fig. 11).
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Immunocytochemistry and TUNEL analysis

Cells grown on coverslips were fixed with 4% paraformaldehyde and incubated overnight 

with primary antibodies (1:50 for Santa Cruz antibodies, 1:200 for pan-keratin and tubulin 

antibodies, and 1:400 for Cell Signaling antibodies). After washing, cells were incubated 

with Alexa Fluor-conjugated secondary antibodies (Invitrogen, 1:250) for 1.5 hr and 

counterstained with DAPI (Invitrogen). Apoptotic cells were determined by TUNEL 

(terminal dUTP nick-end labeling) with In Situ Cell Death Detection Kit-TMR-Red 

(Roche). Samples were analyzed under an epifluorescence-equipped microscope (Meiji) or a 

laser confocal microscope (Olympus).

RNA analysis

Total RNA was extracted from tissues or cells using Trizol reagent (Invitrogen), and cDNA 

was made using MMLV-RT (Invitrogen) and random hexamers (Invitrogen). Quantitative 

RT-PCR was performed in a Real-Time PCR detection system (Applied Biosystems) with 

iQ™ SYBR Green Supermix (Bio-rad) and relevant primers (Supplementary Table S2). 

Relative mRNA expression was calculated form the comparative threshold cycle (Ct) values 

relative to mouse β-actin or human cyclophilin A. To determine human XBP1 splicing, PCR 

products of spliced (XBP1-s) and unspliced (XBP1-u) XBP1 mRNA were separated by 

electrophoresis on a 2.5% agarose gel and visualized by ethidium bromide staining.

Calcium measurements

For lysosomal calcium measurements, we performed Oregon Green® 488 BAPTA-1 dextran 

(OGBD) labeling41. In this assay, cells with a stable transduction of LAMP1-mRFP 

lentiviruses were loaded with 0.1 mg ml−1 OGBD (Invitrogen) for 30 min. For cytosolic 

calcium measurements, we performed X-Rhod-1 and Fura-2 labeling assays. In these assays, 

cells were loaded with 1 μM X-Rhod-1-AM (Invitrogen) or 1 μM Fura-2-AM (Invitrogen) 

for 30 min. For OGBD and X-Rhod-1 imaging, the cells were examined under a 

temperature- and CO2-controlled laser confocal microscope (Olympus); for ratiometric 

Fura-2 imaging, cells were examined under a temperature- and CO2-controlled fluorescence 

microscope equipped with excitation wavelengths of 340 and 380 nm (Till Polychrome V, 

Till Photonics, Gräfelfing, Germany), a 410-dLcp beamsplitter, a D510/80 wide band 

emission filter (Chroma Technology Corp., Rockingham, VT, USA) and a Quant-EM 

camera (Photometrics, Tucson, AZ, USA).

LysoSensor staining

For LysoSensor labeling, cells with stable transduction of LAMP1-mRFP lentiviruses were 

stained with 1 μM LysoSensor Green DND-189 (LSG, Invitrogen) for 30 min. After 

washing with PBS, live cells were imaged immediately on a temperature- and CO2-

controlled laser confocal microscope (Olympus).

Mice and diets

Mice were maintained in filter-topped cages and were given free access to autoclaved 

regular chow diet (LFD) or HFD (S3282, Bio-Serv) and water at the UM according to the 

NIH and institutional guidelines. The strain, sex and age of mice for each experiment are 
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described in the corresponding figure legend section. All animal studies were ethically 

approved (protocol approval number: PRO00001461) and overseen by the University 

Committee on Use and Care of Animals (UCUCA) at the UM.

Glucose and insulin tolerance tests

For glucose and insulin tolerance tests, mice were starved for 6 hr. Blood was drawn from a 

tail nick at the indicated time points after i.p. injection of glucose (1 g kg−1 body weight) or 

insulin (0.65 U kg−1 body weight). Blood glucose was instantly measured with OneTouch 

Ultra glucose meter (Lifescan, Inc.). Serum insulin levels were measured with an 

ultrasensitive mouse insulin ELISA kit (Crystal Chem.). Mice were tested for insulin 

resistance at 5 days and glucose tolerance at 7 days after initiation of PBS and verapamil 

treatments.

Histology

Tissues were fixed in 10% formalin or embedded in Tissue-Tek OCT compound (Sakura 

Finetek) for paraffin and frozen block preparation, respectively. Paraffin-embedded tissues 

were used for H&E or immunohistochemical staining of p62 (1:50) and F4/80 (1:100). 

Frozen tissue sections were stained with Oil-Red O (ORO) or immunostained with LC3 

(1:400) and LAMP1 (1:50) antibodies. Hematoxylin or DAPI counterstaining was applied to 

visualize nuclei. Samples were analyzed under a light microscope (Meiji) or a laser confocal 

microscope (Olympus).

Primary cell culture

Primary mouse hepatocytes were isolated and cultured from livers of 2-month-old lean mice 

by a two-step collagenase digestion with 100 units/ml collagenase in Hank’s Balanced Salt 

Solution (HBSS) at pH 7.4. After dissection, the liver was placed in DMEM and carefully 

pulled apart to release hepatocytes. Hepatocytes in DMEM were passed through a 100 μm 

cell strainer and then spun at 50 g for 1 min. The pellet was resuspended in DMEM and then 

spun at 50 g for 10 min in a Percoll gradient to remove dead hepatocytes. The viable 

primary hepatocytes were washed with DMEM at 50 g for 10 min and cultured in 10% FBS 

and DMEM.

Echocardiography

Induction of anesthesia was performed in an enclosed container filled with 5% isoflurane. 

After induction, the mice were placed on a warming pad to maintain body temperature. 1 – 

1.5% isoflurane was supplied via a nose cone to maintain a surgical plane of anesthesia. The 

hair was removed from the upper abdominal and thoracic area with depilatory cream. 

Transthoracic echocardiography was performed in the supine or left lateral position. Two-

dimensional and M-mode echocardiographic images were recorded using a Vevo 2100 high 

resolution in vivo micro-imaging system (Visual Sonics). We measured LV ejection fraction 

from the two-dimensional long axis view. In addition we measured systolic and diastolic 

dimensions and wall thickness by M-mode in the parasternal short axis view at the level of 

the papillary muscles. Fractional shortening and ejection fraction were also calculated from 

the M-mode parasternal short axis view.
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Noninvasive blood pressure measurement

Systolic blood pressure was measured using a BP-2000 noninvasive tail-cuff system 

(Visitech, Apex, NC)67.

Quantification and statistics

Immunoblot images were quantified by densitometry, and protein expressions were 

expressed as relative band intensities. Fluorescence images were analyzed using ImageJ 

(NIH) software equipped with Just Another Co-localization Plugin (JACoP). Relative 

calcium levels were quantified from cells by the cytosolic intensity of X-Rhod-1 

fluorescence or by the ratio between Fura-2 intensities at 340 nm and 380 nm. Co-

localization of different proteins was expressed as Pearson’s coefficient. Statistical 

significance of differences between two groups was calculated using a Student’s t test. P 

values equal to or above 0.05 were considered not statistically significant (NS).

Literature search

In addition to the keyword-based literature search, semantic-based text mining was 

conducted utilizing the previously described algorithm61. 171 texts that imply causal 

relationships between “Amlodipine, Aranidipine, Azelnidipine, Barnidipine, Benidipine, 

Cilnidipine, Clevidipine, Isradipine, Efonidipine, Felodipine, Lacidipine, Lercanidipine, 

Manidipine, Nicardipine, Nifedipine, Nilvadipine, Nimodipine, Nisoldipine, Nitrendipine, 

Pranidipine, Verapamil, Gallopamil, Fendiline, Diltiazem, Mibefradil, Bepridil, Flunarizine, 

Fluspirilene, Fendiline” and “Glucose, Fat, Lipid, Free fatty acid, Insulin, Hyperglycemia, 

Diabetes, Hepatosteatosis, Steatohepatitis, Inflammation, Autophagy, Glucose intolerance, 

Insulin resistance” were discovered from the MEDLINE abstract database. These pre-

screened texts were manually examined to identify papers that describe the metabolic effect 

of calcium channel blockers in human and animal systems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We thank Drs. M. Karin (UCSD) and S. Hwang (Univ. of Chicago) for their insightful comments. We also thank 
Drs. M.B. Omary, A. Saltiel, R.A. Miller, L. Rui, J.L. Guan, D. Lombard, S. Pletcher, D. Zhang, L. Yin (UM), G. 
Hotamisligil (Harvard), and Santa Cruz Biotech Inc. for sharing cell lines, reagents and access to lab equipment. 
This work was supported by grants from the American Association for the Study of Liver Diseases/American Liver 
Foundation, American Diabetes Association (1-13-BS-106), Ellison Medical Foundation (AG-NS-0932-12) and 
NIH (P30-AG024824, P30-AG013283, P30-DK034933, P30-DK089503 and P30-CA046592).

References

1. Mizushima N. Autophagy: process and function. Genes & development. 2007; 21:2861–2873. 
[PubMed: 18006683] 

2. Levine B, Klionsky DJ. Development by self-digestion: molecular mechanisms and biological 
functions of autophagy. Developmental cell. 2004; 6:463–477. [PubMed: 15068787] 

3. Yen WL, Klionsky DJ. How to live long and prosper: autophagy, mitochondria, and aging. 
Physiology. 2008; 23:248–262. [PubMed: 18927201] 

Park et al. Page 13

Nat Commun. Author manuscript; available in PMC 2015 March 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4. Ravikumar B, et al. Regulation of mammalian autophagy in physiology and pathophysiology. 
Physiological reviews. 2010; 90:1383–1435. [PubMed: 20959619] 

5. Mizushima N, Levine B, Cuervo AM, Klionsky DJ. Autophagy fights disease through cellular self-
digestion. Nature. 2008; 451:1069–1075. [PubMed: 18305538] 

6. Singh R, et al. Autophagy regulates lipid metabolism. Nature. 2009; 458:1131–1135. [PubMed: 
19339967] 

7. Codogno P, Meijer AJ. Autophagy: a potential link between obesity and insulin resistance. Cell 
Metab. 2010; 11:449–451. [PubMed: 20519116] 

8. Brookheart RT, Michel CI, Schaffer JE. As a matter of fat. Cell metabolism. 2009; 10:9–12. 
[PubMed: 19583949] 

9. Malhi H, Gores GJ. Molecular mechanisms of lipotoxicity in nonalcoholic fatty liver disease. 
Seminars in liver disease. 2008; 28:360–369. [PubMed: 18956292] 

10. Neuschwander-Tetri BA. Hepatic lipotoxicity and the pathogenesis of nonalcoholic steatohepatitis: 
the central role of nontriglyceride fatty acid metabolites. Hepatology. 2010; 52:774–788. 
[PubMed: 20683968] 

11. Listenberger LL, et al. Triglyceride accumulation protects against fatty acid-induced lipotoxicity. 
Proceedings of the National Academy of Sciences of the United States of America. 2003; 
100:3077–3082. [PubMed: 12629214] 

12. Holzer RG, et al. Saturated fatty acids induce c-Src clustering within membrane subdomains, 
leading to JNK activation. Cell. 2011; 147:173–184. [PubMed: 21962514] 

13. Fu S, Watkins SM, Hotamisligil GS. The role of endoplasmic reticulum in hepatic lipid 
homeostasis and stress signaling. Cell Metab. 2012; 15:623–634. [PubMed: 22560215] 

14. Ganley IG, Wong PM, Gammoh N, Jiang X. Distinct autophagosomal-lysosomal fusion 
mechanism revealed by thapsigargin-induced autophagy arrest. Mol Cell. 2011; 42:731–743. 
[PubMed: 21700220] 

15. Williams A, et al. Novel targets for Huntington’s disease in an mTOR-independent autophagy 
pathway. Nat Chem Biol. 2008; 4:295–305. [PubMed: 18391949] 

16. Chen YY, Sun LQ, Wang BA, Zou XM, Mu YM, Lu JM. Palmitate induces autophagy in 
pancreatic beta-cells via endoplasmic reticulum stress and its downstream JNK pathway. 
International journal of molecular medicine. 2013; 32:1401–1406. [PubMed: 24142192] 

17. Niso-Santano M, et al. Direct interaction between STAT3 and EIF2AK2 controls fatty acid-
induced autophagy. Autophagy. 2013; 9:415–417. [PubMed: 23221979] 

18. Tan SH, et al. Induction of autophagy by palmitic acid via protein kinase C-mediated signaling 
pathway independent of mTOR (mammalian target of rapamycin). The Journal of biological 
chemistry. 2012; 287:14364–14376. [PubMed: 22408252] 

19. Martino L, et al. Palmitate activates autophagy in INS-1E beta-cells and in isolated rat and human 
pancreatic islets. PloS one. 2012; 7:e36188. [PubMed: 22563482] 

20. Las G, Serada SB, Wikstrom JD, Twig G, Shirihai OS. Fatty acids suppress autophagic turnover in 
beta-cells. J Biol Chem. 2011; 286:42534–42544. [PubMed: 21859708] 

21. Mei S, et al. Differential roles of unsaturated and saturated fatty acids on autophagy and apoptosis 
in hepatocytes. The Journal of pharmacology and experimental therapeutics. 2011; 339:487–498. 
[PubMed: 21856859] 

22. Koga H, Kaushik S, Cuervo AM. Altered lipid content inhibits autophagic vesicular fusion. 
FASEB J. 2010; 24:3052–3065. [PubMed: 20375270] 

23. Moscat J, Diaz-Meco MT. p62 at the crossroads of autophagy, apoptosis, and cancer. Cell. 2009; 
137:1001–1004. [PubMed: 19524504] 

24. Zatloukal K, et al. p62 Is a common component of cytoplasmic inclusions in protein aggregation 
diseases. Am J Pathol. 2002; 160:255–263. [PubMed: 11786419] 

25. Li N, et al. Loss of acinar cell IKKalpha triggers spontaneous pancreatitis in mice. J Clin Invest. 
2013; 123:2231–2243. [PubMed: 23563314] 

26. Komatsu M, et al. Homeostatic levels of p62 control cytoplasmic inclusion body formation in 
autophagy-deficient mice. Cell. 2007; 131:1149–1163. [PubMed: 18083104] 

Park et al. Page 14

Nat Commun. Author manuscript; available in PMC 2015 March 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



27. Inami Y, et al. Persistent activation of Nrf2 through p62 in hepatocellular carcinoma cells. J Cell 
Biol. 2011; 193:275–284. [PubMed: 21482715] 

28. Stumptner C, Fuchsbichler A, Heid H, Zatloukal K, Denk H. Mallory body--a disease-associated 
type of sequestosome. Hepatology. 2002; 35:1053–1062. [PubMed: 11981755] 

29. Yang L, Li P, Fu S, Calay ES, Hotamisligil GS. Defective hepatic autophagy in obesity promotes 
ER stress and causes insulin resistance. Cell Metab. 2010; 11:467–478. [PubMed: 20519119] 

30. Johnston JA, Ward CL, Kopito RR. Aggresomes: a cellular response to misfolded proteins. J Cell 
Biol. 1998; 143:1883–1898. [PubMed: 9864362] 

31. Komatsu M, et al. Impairment of starvation-induced and constitutive autophagy in Atg7-deficient 
mice. J Cell Biol. 2005; 169:425–434. [PubMed: 15866887] 

32. Klionsky DJ, et al. Guidelines for the use and interpretation of assays for monitoring autophagy. 
Autophagy. 2012; 8:445–544. [PubMed: 22966490] 

33. Bikman BT, Summers SA. Ceramides as modulators of cellular and whole-body metabolism. J 
Clin Invest. 2011; 121:4222–4230. [PubMed: 22045572] 

34. Listenberger LL, Ory DS, Schaffer JE. Palmitate-induced apoptosis can occur through a ceramide-
independent pathway. J Biol Chem. 2001; 276:14890–14895. [PubMed: 11278654] 

35. Wei Y, Wang D, Gentile CL, Pagliassotti MJ. Reduced endoplasmic reticulum luminal calcium 
links saturated fatty acid-mediated endoplasmic reticulum stress and cell death in liver cells. Mol 
Cell Biochem. 2009; 331:31–40. [PubMed: 19444596] 

36. Tang HW, Liao HM, Peng WH, Lin HR, Chen CH, Chen GC. Atg9 interacts with dTRAF2/
TRAF6 to regulate oxidative stress-induced JNK activation and autophagy induction. Dev Cell. 
2013; 27:489–503. [PubMed: 24268699] 

37. Sakaki K, Kaufman RJ. Regulation of ER stress-induced macroautophagy by protein kinase C. 
Autophagy. 2008; 4:841–843. [PubMed: 18670192] 

38. Pattingre S, Bauvy C, Levade T, Levine B, Codogno P. Ceramide-induced autophagy: to junk or to 
protect cells? Autophagy. 2009; 5:558–560. [PubMed: 19337026] 

39. Park SW, Zhou Y, Lee J, Ozcan U. Sarco(endo)plasmic reticulum Ca2+-ATPase 2b is a major 
regulator of endoplasmic reticulum stress and glucose homeostasis in obesity. Proc Natl Acad Sci 
U S A. 2010; 107:19320–19325. [PubMed: 20974941] 

40. Fu S, et al. Aberrant lipid metabolism disrupts calcium homeostasis causing liver endoplasmic 
reticulum stress in obesity. Nature. 2011; 473:528–531. [PubMed: 21532591] 

41. Christensen KA, Myers JT, Swanson JA. pH-dependent regulation of lysosomal calcium in 
macrophages. J Cell Sci. 2002; 115:599–607. [PubMed: 11861766] 

42. Okamoto T, et al. Expression of the alpha1D subunit of the L-type voltage gated calcium channel 
in human liver. Int J Mol Med. 2001; 8:413–416. [PubMed: 11562780] 

43. Rooney TA, Sass EJ, Thomas AP. Characterization of cytosolic calcium oscillations induced by 
phenylephrine and vasopressin in single fura-2-loaded hepatocytes. J Biol Chem. 1989; 
264:17131–17141. [PubMed: 2793847] 

44. Giannini G, Conti A, Mammarella S, Scrobogna M, Sorrentino V. The ryanodine receptor/calcium 
channel genes are widely and differentially expressed in murine brain and peripheral tissues. J Cell 
Biol. 1995; 128:893–904. [PubMed: 7876312] 

45. Hirata K, Pusl T, O’Neill AF, Dranoff JA, Nathanson MH. The type II inositol 1,4,5-trisphosphate 
receptor can trigger Ca2+ waves in rat hepatocytes. Gastroenterology. 2002; 122:1088–1100. 
[PubMed: 11910359] 

46. Pierobon N, Renard-Rooney DC, Gaspers LD, Thomas AP. Ryanodine receptors in liver. J Biol 
Chem. 2006; 281:34086–34095. [PubMed: 16973607] 

47. Ozcan L, et al. Calcium signaling through CaMKII regulates hepatic glucose production in fasting 
and obesity. Cell Metab. 2012; 15:739–751. [PubMed: 22503562] 

48. Ozcan L, Cristina de Souza J, Harari AA, Backs J, Olson EN, Tabas I. Activation of calcium/
calmodulin-dependent protein kinase II in obesity mediates suppression of hepatic insulin 
signaling. Cell Metab. 2013; 18:803–815. [PubMed: 24268736] 

Park et al. Page 15

Nat Commun. Author manuscript; available in PMC 2015 March 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



49. Grueter CE, Colbran RJ, Anderson ME. CaMKII, an emerging molecular driver for calcium 
homeostasis, arrhythmias, and cardiac dysfunction. J Mol Med (Berl). 2007; 85:5–14. [PubMed: 
17119905] 

50. Kucukoglu O, et al. High-fat diet triggers Mallory-Denk body formation via misfolding and 
crosslinking of excess keratin 8. Hepatology. 2014 In press. 10.1002/hep.27068

51. Ozcan U, et al. Endoplasmic reticulum stress links obesity, insulin action, and type 2 diabetes. 
Science. 2004; 306:457–461. [PubMed: 15486293] 

52. Angulo P. Nonalcoholic fatty liver disease. N Engl J Med. 2002; 346:1221–1231. [PubMed: 
11961152] 

53. Park EJ, et al. Dietary and genetic obesity promote liver inflammation and tumorigenesis by 
enhancing IL-6 and TNF expression. Cell. 2010; 140:197–208. [PubMed: 20141834] 

54. Takamura A, et al. Autophagy-deficient mice develop multiple liver tumors. Genes Dev. 2011; 
25:795–800. [PubMed: 21498569] 

55. Lee JH, et al. Maintenance of metabolic homeostasis by Sestrin2 and Sestrin3. Cell Metab. 2012; 
16:311–321. [PubMed: 22958918] 

56. Linnemann AK, Baan M, Davis DB. Pancreatic beta-Cell Proliferation in Obesity. Adv Nutr. 2014; 
5:278–288. [PubMed: 24829474] 

57. Quan W, Lim YM, Lee MS. Role of autophagy in diabetes and endoplasmic reticulum stress of 
pancreatic beta-cells. Exp Mol Med. 2012; 44:81–88. [PubMed: 22257883] 

58. Sciarretta S, Volpe M, Sadoshima J. Is reactivation of autophagy a possible therapeutic solution for 
obesity and metabolic syndrome? Autophagy. 2012; 8:1252–1254. [PubMed: 22575843] 

59. Lavallard VJ, Meijer AJ, Codogno P, Gual P. Autophagy, signaling and obesity. Pharmacol Res. 
2012; 66:513–525. [PubMed: 22982482] 

60. Gukovsky I, Li N, Todoric J, Gukovskaya A, Karin M. Inflammation, autophagy, and obesity: 
common features in the pathogenesis of pancreatitis and pancreatic cancer. Gastroenterology. 
2013; 144:1199–1209. e1194. [PubMed: 23622129] 

61. Kim JJ, Rebholz-Schuhmann D. Improving the extraction of complex regulatory events from 
scientific text by using ontology-based inference. J Biomed Semantics. 2011; 2 (Suppl 5):S3. 
[PubMed: 22166672] 

62. Xu G, Chen J, Jing G, Shalev A. Preventing beta-cell loss and diabetes with calcium channel 
blockers. Diabetes. 2012; 61:848–856. [PubMed: 22442301] 

63. Fukao K, et al. Effects of calcium channel blockers on glucose tolerance, inflammatory state, and 
circulating progenitor cells in non-diabetic patients with essential hypertension: a comparative 
study between azelnidipine and amlodipine on glucose tolerance and endothelial function--a 
crossover trial (AGENT). Cardiovasc Diabetol. 2011; 10:79. [PubMed: 21906391] 

64. Elliott WJ, Meyer PM. Incident diabetes in clinical trials of antihypertensive drugs: a network 
meta-analysis. Lancet. 2007; 369:201–207. [PubMed: 17240286] 

65. Ku NO, Toivola DM, Zhou Q, Tao GZ, Zhong B, Omary MB. Studying simple epithelial keratins 
in cells and tissues. Methods in cell biology. 2004; 78:489–517. [PubMed: 15646629] 

66. Lee JH, et al. Sestrin as a feedback inhibitor of TOR that prevents age-related pathologies. Science. 
2010; 327:1223–1228. [PubMed: 20203043] 

67. Whitesall SE, Hoff JB, Vollmer AP, D’Alecy LG. Comparison of simultaneous measurement of 
mouse systolic arterial blood pressure by radiotelemetry and tail-cuff methods. American journal 
of physiology Heart and circulatory physiology. 2004; 286:H2408–2415. [PubMed: 14962829] 

Park et al. Page 16

Nat Commun. Author manuscript; available in PMC 2015 March 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Saturated fatty acids induce protein inclusions and arrest autophagy
(a–f) HepG2 cells were treated with BSA (Con), 500 μM palmitic acid (PA) or 100 nM 

rapamycin (Rap) for 9 hr and subjected to following analyses. (a, c–f) Cells were stained 

with ubiquitin (Ub), p62, LC3 and LAMP1 antibodies and DAPI (blue). Boxed areas are 

magnified in right-most panels (c, d). Co-localization between LAMP1 and LC3 staining (e) 

was quantified (f) (n = 3). (b) Cells were subjected to serial protein extraction (solubility 

fractionation) with indicated concentration of Triton X-100 (TX100) or sodium dodecyl 

sulfate (SDS) and analyzed by immunoblotting with indicated antibodies. (g, h) HepG2 cells 

stably transduced with mCherry (mCh)-GFP-LC3-expressing retroviruses were treated with 

Con, Rap or PA for 9 hr and examined under a live confocal microscope (g). Yellow dots 

represent autophagosomes while red dots indicate autolysosomes in which GFP signal was 

faded out. Number of autolysosomes was quantified (h) (n = 7). Scale bars, 5 μm. All data 

are shown as mean ± s.e.m. ***P < 0.001 (Student’s t test). Molecular weight markers are 

indicated in kDa.
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Figure 2. Calcium channel blockers suppress saturated fatty acid-induced protein inclusion 
formation
HepG2 cells were treated with BSA (Con or (−)), PA (500 μM), PA + verapamil (Ver, 50 

μM) or PA + nicardipine (Nic, 100 μM) for 9 hr. (a–d) After each treatment, cells were 

loaded with a calcium indicator X-Rhod-1-AM (a, b) or Fura-2-AM (c, d). Calcium levels 

were visualized by laser confocal microscopy (a) or by dual fluorescent microscopy (c, 

340/380 nm ratio image) and quantified (b, d; n = 8 and 30, respectively). (e–h) Cells with 

indicated treatments were subjected to solubility fractionation. 1% Triton X-100-insoluble 

fractions were dissolved in 2% SDS, analyzed by immunoblotting (e, f) and quantified (g, h) 

(n = 3). (i–l) Cells with indicated treatments were subjected to immunostaining with 

indicated antibodies (i, k). DNA was stained with DAPI (blue). Amount of aggregated 

proteins was quantified (j) (n = 10). Co-localization between LAMP1 and LC3 was 

quantified (l) (n = 4). Boxed areas in fluorescence images are magnified in right-most panels 

(i, k). Scale bars, 10 μm (a), 20 μm (c), 5 μm (i, k). All data are shown as mean ± s.e.m. *P 

< 0.05, **P < 0.01, ***P < 0.001 (Student’s t test). Molecular weight markers are indicated 

in kDa.
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Figure 3. Verapamil relieves hepatosteatosis of obese mice
4 month-old C57BL/6 male mice kept on HFD for two months were subjected to daily 

administration of PBS (Con, n = 4) or verapamil (Ver, 25 mg kg−1 body weight, i.p., n = 3) 

for 10 days. LFD-kept mice (n = 5) of same age were used as a negative control. (a) Body 

weight was daily monitored during injection period. (b) Daily food consumption was 

measured during injection period. (c) Livers were harvested from indicated mice and 

photographed. (d, e) Total liver mass (d) and total epididymal white adipose tissue (eWAT) 

mass (e) were measured from indicated mice. (f–h) Relative mRNA expression was 

analyzed from eWAT of indicated mice through quantitative RT-PCR. (i, j) Liver sections 

were analyzed by hematoxylin and eosin (H&E, upper panels) and Oil Red O (ORO, lower 

panels) staining (i). ORO densities were quantified (j). (k, l) Calcium-induced CaMKII 

autophosphorylation in livers was analyzed by immunoblotting (k) and quantified (l). (m) 

Primary hepatocytes from 2 month-old C57BL/6 mice kept on LFD were treated with BSA 

(Con), PA (500 μM), PA + verapamil (Ver, 50 μM) or PA + nicardipine (Nic, 100 μM) for 

12 hr. After each treatment, cells were loaded with a calcium indicator Fura-2-AM. Calcium 

levels were visualized by dual fluorescent microscopy at 340/380 nm, and ratio of 
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fluorescence intensities of Fura-2-AM at 340 nm over 380 nm was quantified (n = 17). Scale 

bars, 1 cm (c), 200 μm (i). All data are shown as mean ± s.e.m. *P < 0.05, **P < 0.01, ***P 

< 0.001 (Student’s t test). Molecular weight markers are indicated in kDa.
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Figure 4. Verapamil suppresses obesity-induced accumulation of protein aggregates
4 month-old C57BL/6 male mice kept on HFD for two months were subjected to daily 

administration of PBS (Con, n = 4) or verapamil (Ver, 25 mg kg−1 body weight, i.p., n = 3) 

for 10 days. LFD-kept mice (n = 5) of same age were used as a negative control. (a–d) 

Livers were subjected to solubility fractionation. 1% Triton X-100 soluble (a) and insoluble 

(b) fractions were analyzed by immunoblotting (a, b) and quantified (c, d). (e, f) Paraffin 

sections of indicated livers were subjected to p62 immunostaining and hematoxylin 

counterstaining (e). p62-positive areas were quantified (f). Scale bar, 200 μm (e). All data 

are shown as mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001 (Student’s t test). 

Molecular weight markers are indicated in kDa.
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Figure 5. Verapamil restores lysosomal degradation of autophagosomes in liver of obese mice
4 month-old C57BL/6 male mice kept on HFD for two months were subjected to daily 

administration of PBS (Con, n = 4) or verapamil (Ver, 25 mg/Kg body weight, i.p., n = 3) 

for 10 days. LFD-kept mice (n = 5) of same age were used as a negative control. (a, b) 

Levels of LC3-II from 1% Triton X-100 insoluble fraction of livers were analyzed by 

immunoblotting (a) and quantified (b). (c, d) Frozen sections of indicated livers were 

subjected to LC3/LAMP1 immunostaining and DAPI counterstaining (c). Co-localization 

between LC3 and LAMP1 was quantified (d). Boxed areas in fluorescence images are 

magnified in right-most panels (c). Scale bars, 5 μm (c). All data are shown as mean ± s.e.m. 

***P < 0.001 (Student’s t test). Molecular weight markers are indicated in kDa.
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Figure 6. Verapamil reduces liver inflammation and improves metabolic homeostasis
4 month-old C57BL/6 male mice kept on HFD for two months were subjected to daily 

administration of PBS (Con, n = 4) or verapamil (Ver, 25 mg kg−1 body weight, i.p., n = 3) 

for 10 days. LFD-kept mice of same age (n = 5) were used as a negative control. (a, b) Liver 

sections were subjected to F4/80 immunostaining, which visualizes macrophage infiltration 

and hematoxylin counterstaining (a). F4/80-positive areas were quantified (b). (c–f) Glucose 

tolerance tests (GTT, c, d) and insulin tolerance tests (ITT, e, f) were conducted using 

indicated mice (c, e). Area-under-the-curve (AUC) was quantified from GTT and ITT data 

(d, f). (g) Serum insulin levels were measured from indicated mice before (Basal) and 10 

min after (Glucose-stimulated) glucose injection (n = 4). (h, i) Pancreas sections were 

analyzed by hematoxylin and eosin (H&E) staining (h). Islet areas were quantified (i) (n = 

4). Scale bar, 200 μm (a), 100 μm (h). All data are shown as mean ± s.e.m. *P < 0.05, **P < 

0.01, ***P < 0.001 (Student’s t test).
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Figure 7. Effects of verapamil on blood pressure and cardiac functionality of obese mice
(a–g) 4 month-old C57BL/6 male mice kept on HFD for two months were subjected to daily 

administration of PBS (Con, n = 4) or verapamil (Ver, 25 mg/Kg body weight, i.p. n = 4) for 

10 days. Systolic blood pressure (a), left ventricular (LV) wall mass (b), diastolic LV 

volume (c), systolic LV volume (d), ejection fraction (e, % EF), stroke volume (f, SV), and 

cardiac output (g, CO) were analyzed by tail-cuff method (a) or echocardiography (b–g). All 

data are shown as mean ± s.e.m. *P < 0.05 (Student’s t test).
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