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Abstract

Background—Hepatosteatosis is a common pathological feature of impaired hepatic

metabolism following chronic alcohol consumption. Although often benign and reversible, it is

widely believed that steatosis is a risk factor for development of advanced liver pathologies,

including steatohepatitis and fibrosis. The hepatocyte alterations accompanying the initiation of

steatosis are not yet clearly defined.

Methods—Induction of hepatosteatosis by chronic ethanol consumption was investigated using

the Lieber-DeCarli (LD) high fat diet model. Effects were assessed by immunohistochemistry and

blood and tissue enzymatic assays. Cell culture models were employed for mechanistic studies.

Results—Pair feeding mice ethanol (LD-Et) or isocaloric control (LD-Co) diets for 6 weeks

progressively increased hepatocyte triglyceride accumulation in morphological, biochemical, and

zonally distinct cytoplasmic lipid droplets (CLD). The LD-Et diet induced zone 2-specific

triglyceride accumulation in large CLD coated with perilipin, adipophilin (ADPH), and TIP47. In
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LD-Co- fed mice, CLD were significantly smaller than those in LD-Et-fed mice and lacked

perilipin. A direct role of perilipin in formation of large CLD was further suggested by cell culture

studies showing that perilipin-coated CLD were significantly larger than those coated with ADPH

or TIP47. LD-Co- and LD-Et-fed animals also differed in hepatic metabolic stress responses. In

LD-Et but not LD-Co-fed mice, inductions were observed in the following: microsomal ethanol-

oxidizing system [cytochrome P-4502E1 (CYP2E1)], hypoxia response pathway (hypoxia-

inducible factor 1 alpha, HIF1α), endoplasmic reticulum stress pathway (calreticulin), and

synthesis of lipid peroxidation products [4-hydroxynonenal (4-HNE)]. CYP2E1 and HIF1 α

immunostaining localized to zone 3 and did not correlate with accumulation of large CLD. In

contrast, calreticulin and 4-HNE immunostaining closely correlated with large CLD accumulation.

Importantly, 4- HNE staining significantly colocalized with ADPH and perilipin on the CLD

surface.

Conclusions—These data suggest that ethanol contributes to macrosteatosis by both altering

CLD protein composition and inducing lipid peroxide adduction of CLD-associated proteins.
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STEATOSIS, OR FATTY liver, is a common pathological feature of impaired hepatic

metabolism resulting from chronic alcohol consumption, diet, toxin exposure, or metabolic

disorders such as obesity and diabetes. Although often benign and reversible, it is widely

believed that steatosis contributes to more advanced liver pathologies, including

steatohepatitis and fibrosis. However, the precise role of steatosis in development of these

pathologies remains poorly understood (Rubin and Farber, 1999).

Histologically, steatosis is characterized by the accumulation of lipid droplets, composed

chiefly of triacylglycerol (TAG), in the cytoplasm of hepatocytes (Cairns and Peters, 1983;

Day and Yeaman, 1994). The size and lobular distribution of these cytoplasmic lipid

droplets (CLD) are variable, reflecting the etiology, severity, and duration of steatosis. Large

(macrovesicular) CLD are prominent in livers of individuals with chronic metabolic

disorders or ethanol exposure, whereas numerous smaller (microvesicular) CLD have been

associated with conditions of acute steatosis such as in Reye’s syndrome, in addition to

being present in the early stages of some chronic disorders (Day and Yeaman, 1994).

Although they have been hypothesized to reflect different stages of steatotic progression and

represent different pathogenic risks (Day and Yeaman, 1994), it is unclear whether

macrovesicular and microvesicular CLD are pathophysiologically distinct entities because

information about their molecular compositions and biologic properties is limited, and the

mechanisms regulating their formation and accumulation are incompletely understood.

Steatosis associated with alcoholic, and many forms of nonalcoholic liver disease, is

described as initiating in centrilobular areas (zone 3), with advancement to intermediate

(zone 2) and periportal (zone 1) areas occurring with disease progression (Brunt, 2007;

Lefkowitch, 2005). However, in certain malnutrition disorders, infections, and toxic insults,

steatosis is described as originating in zone 1 (James and Day, 1998). At present, details

about mechanisms underlying zone-dependent initiation and progression of steatosis are
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limited (Stewart et al., 2001). Activation of cell stress pathways, which can include the

microsomal ethanol-oxidizing system (Cyp2E1), hypoxia, endoplasmic reticulum stress,

mitochondrial dysfunction, or lipid peroxidation, appears to be a common feature of

steatosis in most disorders (French, 1989). However, the individual, or collective,

contributions of these processes to zone-specific promotion and progression of steatosis

have not been fully established, and detailed knowledge of their specific effects on the

cellular processes controlling CLD accumulation is still incomplete.

Members of the perilipin (PAT) family of CLD-associated proteins, including perilipin,

adipophilin (ADPH), TIP47, and S3–12, regulate TAG accumulation in eukaryotic cells,

either through promotion of processes that enhance TAG synthesis and packaging in CLD

(Gao and Serrero, 1999; Larigauderie et al., 2006; Robenek et al., 2006) or by controlling

TAG lipolysis (Listenberger et al., 2007; Londos et al., 2005; Sztalryd et al., 2006; Wolins et

al., 2006). Several lines of evidence suggest that perilipin family members may be important

in the initiation and progression of steatosis. ADPH has been shown to be one of the major

CLD-associated proteins in mouse livers (Wu et al., 2000), and its expression is required for

induction of steatosis in mice fed high fat diets (Chang et al., 2006; Imai et al., 2007).

ADPH immunofluorescence has also been shown to correlate with steatosis induced by

alcohol consumption in rats (Mak et al., 2008), and ADPH, perilipin, and TIP47 have been

detected on CLD in liver biopsies from patients with alcoholic and nonalcoholic liver

disease by immunofluorescence (Straub et al., 2008). Evidence of functional linkage

between hypoxia and ADPH transcript expression in HepG2 cells (Saarikoski et al., 2002)

further suggest that genes of PAT family members may be direct targets of physiological

mediators of steatosis.

The possibility that PAT proteins differentially affect steatotic progression, and CLD growth

is suggested by observations that PAT protein family members appear to differentially coat

distinct populations of CLD in human liver biopsies (Straub et al., 2008) and by evidence

from differentiating 3T3-L1 adipocytes indicating that CLD become sequentially coated by

TIP47, ADPH, and perilipin as they undergo enlargement (Wolins et al., 2006). Importantly,

alterations in CLD protein composition (including PAT family members) in response to

lipolytic stimulation demonstrate that CLD are dynamic structures responsive to

physiological stimuli (Brasaemle, 2007; Clifford et al., 2000; Gross et al., 2006).

In this study, we used the well-established Lieber-DeCarli ethanol feeding model (Lieber

and DeCarli, 1970) in mice to test the hypotheses that dietary ethanol induction of steatosis

involves distinct alterations in CLD properties, including their protein composition, and is

mediated by specific metabolic stress processes. We also investigated the relative abilities of

perilipin, ADPH, and TIP47 to promote CLD accumulation in response to fat and ethanol in

cell culture models in which these proteins were stably expressed. Our results demonstrate

that feeding mice the Lieber-DeCarli ethanol diet (LD-Et) only modestly increased hepatic

triglycerides over that of calorically matched Lieber-DeCarli control (LD-Co) diet-fed

animals after 6 weeks. However, CLD in livers of LD-Et-fed mice differed markedly from

those in LD-Co-fed mice in their larger size, their predominant zone 2 distribution, the

presence of perilipin on their surface, and their association with ER stress and lipid peroxide

adduction in hepatocytes. Our cell culture studies provide evidence that the presence of
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perilipin on CLD is sufficient to induce formation of large CLD. Together our data indicate

that ethanol ingestion induces specific alterations in CLD protein properties that contribute

to large CLD formation during hepatosteatosis.

MATERIALS AND METHODS

Materials

Chemicals used were purchased from Sigma Chemical Company (St. Louis, MO). Guinea

pig antibodies to ADPH and perilipin (Fitzgerald Inc, Concord, MA), chicken anti-

calreticulin (Affinity Bio- Reagents, Golden, CO), rabbit anti-HIF1alpha (Novus

Biologicals, Littleton, CO), rabbit anti-CYP3A (Santa Cruz Biotechnology, Santa Cruz,

CA), and rabbit anti-CYP2E1 (Chemicon / Millipore, Billerica, MA) were obtained

commercially. Rabbit antibodies to ADPH, TIP47, and 4-hydroxynonenal (4-HNE) were

generated as previously described (Roede et al., 2008; Russell et al., 2007). Mice were

purchased from Charles River Laboratories (Wilmington, MA).

Animals and Diets

All procedures involving animals were approved by the Institutional Animal Care and Use

Committee of the University of Colorado and were performed in accordance with published

National Institutes of Health Guidelines. Beginning at 8 weeks of age, male C57BL/6 mice

(8 per group) were fed a Lieber-DeCarli diet (Bio- Serv, Frenchtown, NJ) for 6 weeks. The

diet consisted of 45% fat-derived calories and 16% protein-derived calories. The balance

consisted of varying concentrations of carbohydrate-derived and ethanol-derived calories

(Lieber-DeCarli ethanol diet—LD-Et). LD-Et animals began the study on a diet containing

2% ethanol (v/v). The amount of ethanol was increased each week by 1% until it reached

5% ethanol (v/v). The animals were maintained on the 5% (v/v) ethanol-containing diet for

the remainder of the study (Roede et al., 2009). Based on food consumption rates of mice

during the last week of the study, the average amount of ethanol consumed was 23.4 ± 0.96

gm/Kg/d (mean ± SEM, 6 mice). Previous studies have shown that mice consuming similar

amounts of ethanol have blood alcohol concentrations between 80 and 125 mM (Perides et

al., 2005). Each LD-Et-fed animal was pair-fed with an animal that received an isocaloric

diet containing similar amounts of fat-derived (45%) and protein-derived (16%) calories as

the LD-Et diet, but in which ethanol-derived calories were replaced by carbohydrate-derived

calories (Lieber-DeCarli control diet; LD-Co) (Roede et al., 2009). Food consumption was

measured and recorded daily, and body weights were measured at weekly cage changes.

Upon completion of the feeding regimen, the animals were anesthetized by an

intraperitoneal injection of sodium pentobarbital and euthanized by exsanguination. Blood

samples were collected from the inferior vena cava for determination of plasma alanine

amino-transferase activity (ALT) using an assay kit from Diagnostic Chemicals Limited

(Oxford, CT). Livers were removed and weighed; a portion of each was homogenized, and

subcellular fractions were prepared as described elsewhere (Carbone et al., 2004). The

remaining portion of liver was immediately fixed in 10% neutral buffered formalin and

processed into paraffin blocks for histological analysis.
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Biochemical Analysis

Liver triglycerides were measured from 2:1 chloroform:methanol extracts of liver

homogenates using a kit from Diagnostic Chemicals Limited. Cytochrome P4502E1

(CYP2E1) activity was assessed by measuring the rate of oxidation of p-nitrophenol to p-

nitrocatechol as previously described (Bai and Cederbaum, 2006). Protein concentrations

were measured using either a BCA Protein Assay from Pierce (Rockford, IL) or a Bio-Rad

Protein Assay (Hercules, CA).

Histology and Immunohistochemistry

After the livers were excised from the study animals, a portion was fixed in 10% neutral

buffered formalin, processed, paraffin imbedded, and sections were cut and mounted on

slides by Colorado Histoprep (Ft. Collins, CO) or IHCtech (Aurora, CO). One set of slides

was stained with hematoxylin and eosin (H&E) for histological examination of pathology,

and the remainder of the slides were deparaffinized and processed for immunohistochemical

analysis. The sections were immunostained with the specific primary antibodies described in

the text, followed by the appropriate secondary antibody labeled with either Alexa 488 or

Alexa 594 (Molecular Probes, Eugene, OR), and nuclei were stained with DAPI (Sigma

Chemical Company) as previously described (Russell et al., 2007).

Cell Culture

Construction and culturing of HEK293 cells stably transfected with either ADPH/vsv,

Perilipin, or TIP47/vsv, or doubly transfected with ADPH/vsv and Perilipin have been

described (Orlicky et al., 2008). Clones from these cell lines were cultured in DMEM

medium supplemented with 6% fetal calf serum (control media) or control media

supplemented with 100 μM oleic acid bound to bovine serum albumin (FA media), 87 mM

ethanol (EtOH media), or 100 μM oleic acid plus 87 mMethanol (FA + EtOH media) for 3

days, with media being exchanged for fresh media after 2 days. Penicillin and streptomycin

were not added to the culture medium. Although stably transfected cell lines were isolated in

the presence of the plasmid selection antibiotic Geneticin (G418; GIBCO, Invitrogen

Corporation, Grand Island, NY), all experiments were conducted in culture media without it.

Only data from twice cloned cell lines are presented. Cultured cells were grown on glass

coverslips in culture dishes for at least 2 days in control media prior to incubation in test

media. Following treatment, media was removed, and the cells were fixed, permeabilized,

washed, and immunohistochemically stained as previously described (Orlicky et al., 2008).

Image Analysis and CLD Quantitation

Images of H&E-stained liver sections were captured on an Olympus BX51 microscope

equipped with a 4 megapixel Macrofire© digital camera (Optronics, Goleta, CA) using the

PictureFrame© Application 2.3 (Optronics). Immunofluorescent images were captured at

room temperature on a Nikon Diaphot fluorescence microscope equipped with a Cooke

SensiCam CCD camera (Tonawand, NY) using Slidebook software (Intelligent Imaging

Innovations Inc., Denver, CO) as previously described (Russell et al., 2007). Fluorescence

images were digitally deconvolved using the No Neighbors algorithm (Slidebook) and
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converted to TIFF files. All images were processed by Photoshop (Adobe Systems Inc.,

Mountain View, CA).

Data Analysis

CLD size distribution was determined using the histogram function of Microsoft Excel.

Statistical differences were determined using a paired T-test assuming unequal variances.

RESULTS

Effects of LD-Et and LD-Co Diets on Body Weight and Hepatic Properties

Two groups of male C57BL/6 mice were pair-fed nutritionally balanced isocaloric liquid

diets, in which 45% of the calories were derived from fat and 16% were derived from

protein, for 6 weeks. In the LD-Co group, carbohydrates supplied the remainder of the

calories (39%). In the LD-Et group, carbohydrate-derived calories were progressively

replaced with ethanol-derived calories as described in Materials and Methods. Calorie

consumption of the LD-Et and LD-Co groups during the last week of the study, 38.6 ± 0.50

Kcal/wk and 37.8 ± 0.52 Kcal/wk, respectively, were not significantly different. There was

100% survival of mice on either diet, and all animals were active and appeared to be

healthy. The body weights of animals on the LD-Co diet increased approximately 20%

between weeks 3 and 6 (Fig. 1A). Consistent with the notion that chronic ethanol

consumption promotes energy wastage (Pirola and Lieber, 1976), we found that body

weights of animals on the isocaloric LD-Et diet did not change significantly over the course

of the study. Furthermore, the liver to body weight ratio was the same for the LD-Co and

LD-Et groups and did not vary over the course of the study (data not shown), suggesting that

the failure of mice on the LD-Et diet to grow was not related to impaired hepatic function in

the LD-Et group. To further assess hepatic function, we quantified serum ALT levels in each

group. Figure 1B shows serum ALT levels did not change significantly between during the

first 3 weeks of diet exposure in either group. At week 6, there was a modest (58%) increase

in serum ALT levels in the LD-Et group that was not detected in the LD-Co group (Fig. 1B).

However, the relatively small magnitude of this increase suggests that ethanol exposure was

not greatly affecting liver function at this time. Both diets significantly increased hepatic

triglycerides over the 6-week feeding period, but at week 6 hepatic triglycerides in the LD-

Et group were only modestly (30%) elevated over those in the LD-Co group (Fig. 1C). Thus,

over the short-term, exposure to a high fat diet containing ethanol did not appear to

markedly affect the rate of hepatic TAG accumulation relative to that of the high fat diet

alone and had only a small affect on total TAG accumulation at week 6. To verify that

dietary ethanol levels affected hepatic properties, we quantified tissue levels of CYP2E1,

which is induced in response to ethanol metabolism (Lieber, 1999). Figure 1D shows that

the average hepatic CYP2E1 activity in LD-Et group was more than twice that of LD-Co

group at 6 weeks. We did not detect differences in hepatic CYP2E1 activity between the

LD-Et or LD-Co groups at 1 or 3 weeks, suggesting that between 3 and 6 weeks of dietary

ethanol exposure are required to increase hepatic CYP2E1 activity in this model. Because

TAG accumulation can vary significantly among hepatic zones (Brunt, 2007; Lefkowitch,

2005), we evaluated livers from each group histologically to determine whether the LD-Et

and LD-Co diets produced differences in the zonal distribution of TAG.
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The LD-Et Diet Induces Formation of Large CLD

Surprisingly, overt steatosis, as visualized by the presence of CLD equal to or larger than the

hepatocyte nucleus (approximately 10 to 14 microns) in H&E-stained liver sections, was

consistently observed only in livers of the LD-Et diet at the 6-week time point (Fig. 2 and

Supplemental Fig. S1). In these mice, CLD were detected primarily in zone 2, although a

few CLD were sporadically observed in some sections in zones 1 and 3. A few large CLD

were observed sporadically in liver sections from mice on the LD-Et diet for 3 weeks (Fig.

2) but not prior to this time.

Using the Brunt system for classification of hepatosteatotic pathology (Kleiner et al., 2005),

we gauged the degree of steatosis and liver injury in the LD-Co and LD-Et groups. We did

not detect signs of fibrosis, inflammation (including lobular inflammation,

microgranulomas, large lipogranulomas, and portal inflammation), liver cell injury

(including ballooning, acidophil bodies, pigmented macrophages, and megamitochondria),

or any other findings such as Mallory’s hyaline or glycogenated nuclei in hepatocytes of

mice on either diet at any time point. By H&E staining, fewer than 5% of hepatocytes from

LD-Co livers exhibited evidence of steatosis at any time during the study. In the LD-Et

group, the degree of steatosis progressively increased from <5% of hepatocytes at week 1 to

10 to 20% by week 3 and was >50% by week 6. At each stage of this progression, steatotic

responses occurred primarily in zone-2 hepatocytes. Accordingly from the histological

standpoint, the degree of steatosis in mice on the LD-Co diet appeared to be minimal over

the entire study period, whereas steatosis in mice on LD-Et diet progressed from mild to

moderate over the 6-week period of study. Because livers of mice on the LD-Co or the LD-

Et diets both exhibited comparably elevated TAG levels by week 6, we next investigated

whether differences in CLD properties potentially accounted for differences in the degree of

histologically detectable hepatosteatosis.

Adipophilin Immunofluorescence Reveals Distinct Patterns of Steatosis in Mice Fed LD-Co
and LD-Et Diets

Rodent hepatic CLD are normally coated with the perilipin family member ADPH (Chang et

al., 2006; Mak et al., 2008). Following immunostaining with antibodies to ADPH and

visualization by confocal immunofluorescence microscopy, we detected significant numbers

of CLD in livers of LD-Co- and LD-Et-fed mice. At lower magnification (200×; Fig. 3),

numerous ADPH-positive CLD were detected in liver sections of both LD-Co- and LD-Et-

fed mice as early as 1 week after starting them on these diets. ADPH-positive CLD were

enriched in zone 3 at 1 week and became more prominent in zone 2 by week 3 in both

groups. The zonal distribution of ADPH-positive CLD did not change significantly between

weeks 3 and 6 in livers of mice on the LD-Co diet, whereas in agreement with H&E staining

results (Fig. 2), there was enrichment of larger ADPH-positive CLD in zone 2 after 6 weeks

on the LD-Et diet. ADPH immunostaining appeared weaker and more variable in zones 1

and 3 in LD-Et mice after 6 weeks suggesting that ethanol exposure may induce temporally

dependent zonal redistribution of TAG accumulation. At 600× magnification, ADPH-

positive CLD were predominantly detected in hepatocytes and stellate cells in both groups

of animals (Supplemental Fig. S2), but they were not present in Kupffer or endothelial cells.

Stellate cells containing ADPH-positive CLD did not immunostain with antibodies to
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smooth muscle actin (Supplemental Fig. S3), suggesting that they were not activated

(Friedman, 1993).

The number of ADPH-positive CLD increased in hepatocytes of LD-Co mice over the 6-

week course of study but we did not detect a significant change in their size (Supplemental

Fig. S2). Quantitation of CLD size in livers of these mice at week 6 (Black Bars, Fig. 4A)

revealed a unimodal distribution, with an average diameter of 1.86 ± 0.9 μm (3 sections per

mouse; 100 to 200 CLD per section; n = 3 mice). In contrast, in addition to increased

numbers of CLD, we found significant time- and zone-dependent increases in the size of

ADPH-positive CLD in hepatocytes of mice on the LD-Et diet (Fig. 3 and Supplemental

Fig. S2). After 1 week on this diet, CLD size and number did not differ from those of mice

fed the LD-Co diet for 1 week. After 3 weeks on this diet, the number of larger diameter

ADPH-positive CLD in zone 2 increased resulting in an overall increase in the average CLD

diameter to 3.0 ± 1.5 μm (n = 3 mice), which was significantly (p < 0.0001) larger than that

of CLD in LD-Co-fed mice. As shown in Fig. 4B, the size distribution of CLD at this time

point was still unimodal. After 6 weeks on the LD-Et diet, numerous large ADPH-positive

CLD, some with diameters as large as 15 μm, were visible in most zone 2 hepatocytes

(Supplemental Fig. S2). Size quantitation shows that CLD in these hepatocytes had a

bimodal size distribution with peaks around 2 and 4 μm. The average CLD diameter in zone

2 of LD-Et-fed animals at 6 weeks, 4.1 ± 2.2 μm (3 sections per mouse; 100 to 200 CLD per

section; n = 3 mice), was significantly (p < 0.001) larger than that determined for CLD in

animals on the LD-Co diet for 6 weeks or for that found in mice on the LD-Et diet for 3

weeks.

Perilipin-Coated CLD Are Selectively Induced by the LD-Et Diet

A recent survey of human liver biopsy samples identified perilipin on CLD in patients with

various liver disorders, including alcoholic steatosis (Straub et al., 2008). To determine

whether differences in CLD PAT protein composition contributed to the different patterns of

steatosis found in LD-Et and LD-Co mice, we immunostained sections of their livers with

antibodies to perilipin and/or ADPH and TIP47. Perilipin-positive CLD were detected in

liver sections from mice on the LD-Et diet predominately at 6 weeks (Fig. 5). The zonal

distribution pattern of these CLD was similar to that of ADPH-positive CLD, suggesting

that formation of perilipin-coated CLD is directly related to the affects of the LD-Et diet on

CLD morphology. Perilipin-positive CLD were also detected in some hepatocytes of LD-Et-

fed animals at earlier time points; however, perilipin immunostaining intensity was

significantly less than that found at week 6 (Supplemental Fig. S5).

To determine whether perilipin-coated CLD correspond to a distinct population of steatotic

vesicles in LD-Et hepatocytes, as previously suggested by Straub et al. (2008), we costained

liver sections from mice on the LD-Et diet for 6 weeks with antibodies to ADPH and

perilipin. Figure 6 (top) shows that the majority of CLD, regardless of size, express both

ADPH and perilipin on their surface. Moreover, significant overlap existed in perilipin and

ADPH immunostaining, suggesting that perilipin and ADPH are closely associated on the

CLD surface.
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TIP47 was also detected on CLD in hepatocytes and stellate cells of mice fed either the LD-

Co or the LD-Et diet (Fig. 6, bottom). The relative numbers of TIP47-positive CLD in these

animals, and their zonal distributions, were comparable to those found for ADPH-positive

CLD at the 1-, 3-, or 6-week intervals (Supplemental Data, Fig. S4). The majority of large

and small CLD in livers from mice on the LD-Co and LD-Et diets are coated by both ADPH

and TIP47. Again, areas of apparent colocalization were visible on many of these CLD;

however, there were also areas where ADPH and TIP47 appear to localize to distinct regions

on the CLD surface.

ADPH, Perilipin, and TIP47 Differentially Affect CLD Accumulation and Morphology

The observations that the presence of perilipin on CLD correlated with the appearance of

large CLD in LD-Et hepatocytes suggested that perilipin may have contributed to their

formation. To directly test this possibility, we generated stable isogenic cell lines either that

independently express ADPH (ADPH-cells), perilipin (Peri-cells), TIP47 (TIP-cells) or that

coexpressed ADPH and perilipin (ADPH/Peri-cells). To reduce potential complicating

effects of endogenously expressed PAT proteins on CLD properties, we chose HEK293

(293) cells as the parental cell line for these experiments. HEK293 cells express TIP47

endogenously but lack both ADPH and perilipin (Orlicky et al., 2008). Cultures of each of

the 4 cell lines were incubated for 3 days in control media or in control media supplemented

with either 100 μM oleic acid (FA media), 87 mM ethanol (EtOH media), or 100 μM oleic

acid plus 87 mM ethanol (FA + EtOH media) to simulate LD-Co and LD-Et diets. For ease

of detection, ADPH and TIP47 were engineered to contain a C-terminal VSV epitope tag,

which we previously demonstrated does not affect their functions (Orlicky et al., 2008). A

concentration of 87 mM ethanol (0.5% v/v) was chosen because previous studies by others

have shown a maximal effect of ethanol at 100–200 mM (Reddy and Shukla, 1996). CLD in

cell lines expressing an individual PAT protein were identified by costaining with anti-VSV

or anti-perilipin antibodies, and Nile Red to verify the presence of a neutral lipid core in the

stained structures. In cells expressing both ADPH and perilipin, CLD were

coimmunostained for VSV and perilipin antibodies. Figure 7A shows black and white

images of VSV and/or perilipin staining. The corresponding color images are shown in

Supplemental Fig. S6.

Cell lines expressing ADPH, perilipin, or TIP47 differed in their ability to promote CLD

accumulation; CLD coated by these proteins differed in their morphologies and localization.

Numerous distinct CLD, distributed around the nuclear periphery, were detected in ADPH-

cells following incubation in FA- or FA + EtOH media. Significant numbers of small

perinuclear CLD were also detected in ADPH-cells incubated in EtOH media (Fig. 7A, row

1); however, we did not detect CLD in ADPH-cells incubated in control media.

In contrast to ADPH-cells, CLD were detected in Peri-cells incubated in control media as

well as in those incubated in FA-, EtOH-, or FA + EtOH media (Fig. 7A, row 2), suggesting

that perilipin more effectively promotes CLD accumulation than ADPH. CLD in Peri-cells

also differed from those in ADPH-cells in their cellular localization pattern, forming single

clusters that localized to one pole of the nucleus rather than distinct entities distributed

around the nucleus. The size and number of perilipin-coated CLD were not affected by the
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presence of FA and/or ethanol in the culture media (data not shown). However, CLD in Peri-

cells appeared to be larger than those found in cell lines expressing either ADPH or TIP47

incubated in FA media.

CLD were detected in TIP-cells incubated in FA- or FA + EtOH media, forming multiple

clusters of distinct droplets (Fig. 7A, row 3) that appeared to be similar in size to those found

in ADPH-cells. TIP47-coated droplets were frequently observed near the cell periphery and

appeared to be more widely distributed than CLD coated by ADPH or perilipin.

Interestingly, we did not detect CLD in TIP-cells incubated in control- or EtOH media (Fig.

7A, row 3), suggesting that TIP47 is less efficient in promoting CLD accumulation than

either ADPH or perilipin.

In ADPH/Peri-cells, similar numbers of CLD were detected following incubation in

control-, FA-, EtOH-, or FA + EtOH media (Fig. 7A, row 4). Like CLD in Peri-cells, CLD

in ADPH/Peri-cells tended to form as single clusters located at one pole of the nucleus. In

general, CLD size in ADPH/Peri-cells appeared to be comparable to that of CLD in Peri-

cells under all culture conditions and markedly larger than CLD in ADPH- or TIP-cells.

To define the specific effects of individual PAT proteins on CLD size, we compared the

average CLD diameters in ADPH-, Peri-, TIP-, and ADPH/Peri-cells incubated in FA media

(Fig. 7B,C). The average diameter of CLD in Peri-cells (3.9 μm) was significantly (p <

0.001) larger than that of CLD in ADPH- (0.51 μm) or TIP-cells (0.59 μm). Interestingly, we

found that CLD in ADPH/Peri-cells (average diameter = 2.9 μm) were smaller than those

found in Peri-cells incubated in this media, suggesting that the presence of ADPH along

with perilipin on CLD may act to restrict their ultimate size. CLD diameters in Peri- or

ADPH/Peri-cells incubated in FA + EtOH media were not significantly different from those

found when these cells were incubated in FA media (data not shown). Collectively, these

results demonstrate that the PAT protein composition of CLD can influence their size and

that perilipin is capable of promoting formation of larger CLD than either ADPH or TIP47

independent of the presence of ethanol.

Large CLD Spatially Correlate With Markers of ER Stress and Lipid Peroxidation

Metabolic stressors such as hypoxia, lipid peroxidation, and induction of cytochrome P450

activities have been implicated in the steatotic effects of alcoholic and nonalcoholic fatty

liver disease (Browning and Horton, 2004; Das and Vasudevan, 2007; Lieber, 2004). To

determine whether any of these processes potentially contributed to zonal and morphological

differences in steatotic progression observed in mice on LD-Et or LD-Co diets, we stained

sections of their livers obtained at 1, 3, or 6 weeks for: HIF1α, a marker of hypoxia (Li et

al., 2006); calreticulin, a marker of endoplasmic reticulum stress (Heal and McGivan, 1998;

Kim et al., 2005; Song et al., 2009); CYP2E1, a measure of microsomal ethanol-oxidizing

system activity (Lieber and DeCarli, 1970); and 4-HNE, a marker of lipid peroxide

adduction (Esterbauer and Cheeseman, 1990; Lieber, 2004). In agreement with the known

effects of ethanol metabolism on metabolic stress pathways, significant immunostaining for

each of these markers was detected only in livers of LD-Et-fed mice (Fig. 8). Moreover, we

found that for each marker, the number of positive cells and the staining intensity within

each cell increased with the length of exposure to the LD-Et diet (Supplemental Figs. S7–
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S10). The staining patterns of HIF1α and CYP2E1 at 6 weeks differed from those of

calreticulin and 4- HNE. HIF1α and CYP2E1 immunostaining predominately localized to

cells in zone 3 (Fig. 8). CYP2E1 immunostaining was also detected in some zone 2

hepatocytes but it did not strictly correlate with the presence of large CLD.

Significant calreticulin and 4-HNE immunostaining was detected in hepatocytes from all

zones (Fig. 9). Calreticulin immunostaining was detected in regions surrounding ADPH-

CLD, but it did not appear to be directly associated with their surfaces. Similar results were

obtained when tissue was immunostained for Grp78, another marker of ER stress (data not

shown). In contrast, 4-HNE immunostaining appeared to localize to the surfaces of both

large and small CLD (Fig. 9). Using masking functions (Slidebook® software, Methods) to

define the extent of this overlap, we found that 95 ± 2% of the 4-HNE immunostaining

overlapped with that of ADPH. Similar degrees of staining overlap were observed between

4- HNE and perilipin (90 ± 5%), suggesting that either the PAT proteins or a closely

associated molecule found on the surface of the CLD may be targets of ethanol-induced

lipid peroxide adduction.

DISCUSSION

Steatosis has long been known to be a primary pathological consequence of chronic ethanol

consumption in humans and laboratory animals (French, 1989). Evidence obtained over the

past decade has demonstrated that the mechanisms by which ethanol produces steatosis are

likely to be multifactorial, involving effects on hepatic lipid metabolism, hypoxia, oxidative

stress, and lipid peroxidation (French, 1989; Lieber, 2004; Sozio and Crabb, 2008). A key

histopathological characteristic of steatosis induced by ethanol consumption is the presence

of large CLD in hepatocytes (Day and Yeaman, 1994; Rubin and Farber, 1999). Although

the physiological significance of these structures has yet to be formally established, their

relatively low surface to volume ratio increases the efficiency of fatty acid storage as neutral

lipids and reduces TAG lipolysis rates relative to that of smaller CLD. The effects of these

actions would be to enhance storage and suppress mobilization of intracellular fatty acids,

which may provide initial protection against the cytotoxic and/or bioactive effects of fatty

acids and their metabolites (Listenberger et al., 2003; Postic and Girard, 2008b; Yamaguchi

et al., 2007).

Formation of large CLD is assumed to result from increased hepatocyte triglyceride

accumulation as a result of effects of ethanol on lipid metabolism (Sozio and Crabb, 2008).

However, it has not been demonstrated that increased triglyceride accumulation per se is

responsible for large CLD formation. Our study shows that formation of large CLD is

unlikely to be as a result of simple increases in hepatic triglyceride accumulation, because

they represented a large percentage of CLD LD-Et hepatocytes at week 6 and were not

found in LD-Co hepatocytes at this time, despite a relatively small difference in the hepatic

triglyceride content of these groups. Moreover, large CLD were also detected at week 3 in

LD-Et hepatocytes, at which time there was no difference in hepatic triglyceride content.

Evidence presented here documents differences in the protein compositions of CLD in LD-

Et and LD-Co livers suggesting that the mechanism by which ethanol metabolism promotes

formation of large CLD involves, in part, modification of their associated protein properties.
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Although not recognized previously as a contributor to hepatic steatosis, general support for

this mechanism comes from genetic screening studies of cultured drosophila cells showing

that alterations in CLD protein composition influence CLD size and cellular organization

(Guo et al., 2008) and from observations that the CLD PAT protein composition varies with

CLD size in differentiating 3T3-L1 cells (Brasaemle et al., 1997; Wolins et al., 2005).

However, it was unclear from these studies to what extent alterations in CLD properties

reflect specific effects of CLD proteins or alterations in cellular processes affecting

synthesis and/or packaging of neutral lipids into CLD. Our cell culture experiments,

incorporating head-to-head comparisons of the effects of ADPH, perilipin, and TIP47 on

CLD accumulation, size, and cellular distribution under identical conditions, directly

demonstrate that the PAT protein composition of CLD can be an independent determinant of

their size and accumulation. These studies specifically show that among perilipin, ADPH,

and TIP47, only perilipin expression promotes large CLD formation. Because the size of

perilipin-coated CLD was not affected by the fatty acid concentration of the culture media

and/or exposure to ethanol, the effects of perilipin on CLD size appear to be distinct from

metabolic processes that influence TAG synthesis. Thus, within the context of a cell culture

model, perilipin expression appears to be sufficient to induce formation of large CLD. This

finding coupled with our data on mice fed the LD-Et diet and results from human hepatic

biopsies (Straub et al., 2008) implicate perilipin as a possible physiological determinant of

the formation of large CLD during hepatosteatosis.

Additional studies are needed to formally define the specific physiological effects of

perilipin on large lipid vesicles formation. However, observations that perilipin is a more

effective inhibitor of lipolysis than ADPH in preadipocyte cultures (Brasaemle et al., 2000)

as well in mouse adipose tissue (Martinez-Botas et al., 2000; Tansey et al., 2001) suggest the

hypothesis that perilipin promotes large CLD formation through effects on TAG lipolysis.

Alternatively, observations that perilipin-coated CLD cluster (Marcinkiewicz et al., 2006)

raise the possibility that fusion of clustered perilipin-coated CLD may contributed to

formation of large lipid vesicles. Consistent with this latter possibility, our cell culture data

show that perilipin-coated CLD form large clusters at one pole of the nucleus, whereas

ADPH- or TIP47-coated CLD have a more wide spread distribution.

It is uncertain at present what accounts for the selective expression of perilipin in

hepatocytes of LD-Et mice. Perilipin’s expression in adipocytes is known to be induced

during lipogenic differentiation, and perilipin has been detected in human macrophages and

hepatic tissue under pathophysiological conditions that increase lipid storage (Forcheron et

al., 2005; Fujii et al., 2009; Straub et al., 2008). Hepatic perilipin expression however does

not appear to be generally related to processes associated with increased lipid storage,

because hepatic TAG accumulation is elevated in mice fed either the LD-Co or the LD-Et

diets, whereas perilipin was detected only in hepatocytes of mice on the LD-Et diet.

Although few details are known about tissue-specific regulation of perilipin expression, its

expression is known to be stimulated by PPARγ in differentiating adipocytes (Arimura et

al., 2004). Feeding mice an ethanol-containing high fat Lieber-DeCarli diet that is similar in

composition to the LD-Et used in our study has recently been shown to significantly

enhance hepatic PPARγ expression over that found in livers of mice on the high fat control
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diet (Peng et al., 2009). Because the importance of PPARγ expression in the development of

fatty livers has been demonstrated (Browning and Horton, 2004), ethanol-dependent

regulation of perilipin expression by this mechanism is an attractive possibility for inducing

large lipid vesicle formation.

Evidence of lipid peroxidation has been detected in human hepatic tissue from patients with

alcoholic and nonalcoholic liver disease (Kojima et al., 2005), and it has been proposed that

elevated hepatic lipids contribute to lipid peroxidation damage in both disorders (Browning

and Horton, 2004; Lieber, 2004). Reactive aldehydes, such as 4-HNE, are byproducts of

lipid peroxidation reactions between reactive oxygen molecules, which are generated by

oxidative stress responses, and unsaturated fatty acids (Browning and Horton, 2004; Stewart

et al., 2001). Protein adducts resulting from these reactive aldehydes binding to proteins

have been immunohistochemically localized to hepatocytes that have accumulated lipid

following an ethanol diet (Niemela et al., 2002, Sampey et al., 2003). Data presented here

demonstrate for the first time that CLD are intracellular targets of 4-HNE adduction, and

importantly that either CLD-associated PAT proteins or molecules closely associated with

the PAT proteins on the surface of the CLD, appear to be adducted. The finding that 4-HNE

labeling of CLD occurred only in mice fed the LD-Et diet, and appeared to be progressive,

correlating with time of exposure to ethanol, suggests that CLD surface molecules may be

direct targets of lipid peroxidation reactions induced by hepatic ethanol metabolism.

Because we did not detect evidence of 4-HNE adduction in fatty livers of mice fed the LD-

Co diet, lipid accumulation per se does not appear to contribute to peroxidative adduction of

CLD-associated proteins.

Ethanol metabolism is known to activate oxidative stress, mitochondrial, and microsomal

pathways that generate reactive oxygen species capable of generating lipid peroxidation

adduction products (Lieber, 2004; Tuma and Casey, 2003). Our finding that 4-HNE-labeled

CLD in LD-Et-fed mice temporally correlates with evidence of hypoxia, ER stress, and

CYP2E1 induction in LD-Et-fed mice is consistent with the potential involvement of these

pathways in 4-HNE adduction of CLD. However, the observations that zonal localization of

4-HNE-adducted CLD did not strictly correlate with immunohistochemical evidence of

hypoxia or CYP2E1 activity, suggest that these pathways may not be general mediators of

CLD adduction reactions.

Although additional studies are required to determine the identities of 4-HNE-adducted CLD

proteins and definitively identify how adduction affects CLD properties, our observations

that 4-HNE labeling extensively overlaps with that of ADPH, perilipin, and TIP47 suggest

that PAT proteins may be 4-HNE adduction targets. The detection of colocalization between

4-HNE and PAT proteins on both small and large CLD demonstrates that 4-HNE adduction

of CLD proteins does not specifically occur subsequent to large CLD formation and is

consistent with the possibility that 4-HNE adduction contributes to CLD enlargement. Given

the importance of PAT proteins in regulating lipolysis of the TAG core of CLD (Ducharme

and Bickel, 2008), modifying their functions by 4-HNE adduction is potentially a novel

mechanism for promoting the formation of larger CLD.
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In summary, our study implicates alterations in the CLD surface protein composition in the

formation of large vesicles found in steatotic hepatocytes. Numerous studies have focused

on the contributions of metabolic alterations affecting hepatic fatty acid metabolism and

lipogenic pathways as regulators of the initiation and progression of steatosis (Browning and

Horton, 2004; Lieber, 2004; Postic and Girard, 2008a), whereas the contributions of proteins

that coat the surface of TAG storage vesicles to this process have received comparatively

little attention. Both correlative and direct evidence from our study identify perilipin as a

potential determinant of large CLD formation in hepatic tissue. Although perilipin has been

reported to be associated with large lipid vesicles in human biopsies (Fujii et al., 2009;

Straub et al., 2008), until now the possible functional importance of this observation was not

addressed. Coupled with observations that ADPH is required for formation of steatotic

vesicles in diet-induced fatty liver in mice (Chang et al., 2006; Imai et al., 2007), evidence

that perilipin contributes to large CLD formation argues that members of the perilipin family

of lipid droplet– binding proteins are important physiological regulators of both the

initiation and progression of hepatosteatosis.

Observations in our study linking 4-HNE adduction of CLD-associated proteins to the

appearance of the large CLD in livers of ethanol-exposed mice also implicate post-

translational lipid peroxidation processes in the initial formation of these vesicles. Oxidative

stress and lipid peroxidation reactions have been implicated as second-hit mechanisms in the

transition from hepatosteatosis to steatohepatitis and fibrosis in both alcoholic and

nonalcoholic liver disorders (Browning and Horton, 2004; Lieber, 2004). Lipid peroxidation

enhancement of ApoB proteolysis has also been proposed to increase hepatic TAG

accumulation by interfering with VLDL secretion (Pan et al., 2004). Data from our study

demonstrating that CLD are targets of lipid peroxide adduction and that lipid peroxide

adduction of CLD occurs in association with the initial formation of these large lipid

vesicles suggest that direct modification of CLD may be an additional mechanism by which

stress responses influence hepatic TAG accumulation.
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Fig. 1.
Characteristics of animals fed LD-Co or LD-Et diets for 6 weeks. Male C57/Bl6 mice were

pair-fed nutritionally balanced isocaloric control (LD-Co) or ethanol supplemented (LD-Et)

diets for 1 to 6 weeks (Materials and Methods). Groups of animals were harvested at weeks

1, 3, and 6. Body weights (A); serum alanine amino-transferase activity (B); triglyceride

levels (C); and cytochrome P-4502E1 activity (D) were determined at the indicated times.

The results are mean ± SEM, n = 8 for each point. Statistical significance (p < 0.05) is

indicated by ‡.
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Fig. 2.
Hematoxylin and eosin staining shows large cytoplasmic lipid droplets (CLD) in LD-Et

livers. Representative images from H&E-stained liver sections of LD-Co and LD-Et mice at

the indicated times are shown. Large CLD are detected only in zone 2 of the LD-Et group at

6 weeks (arrows). The asterisk (*) marks the portal triad, and the X marks the central vein in

each image. The color image of this figure was made into a grayscale image in Adobe

Photoshop; the original color version of this figure is presented as supplemental Fig. S1. The

scale bar in the lower left hand corner is 50 μm.
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Fig. 3.
Adipophilin (ADPH) immunohistochemistry detects cytoplasmic lipid droplets in livers of

mice fed LD-Co and LD-Et diets. Representative 200× magnification images of ADPH-

immunostained (red) liver sections of LD-Co or LD-Et mice at the indicated times are

shown. The asterisk (*) marks the portal triad, and the X marks the central vein. Sections

were costained with Alexa 488-conjugated wheat germ agglutinin to identify sinusoids

(green) and with DAPI to identify nuclei (blue). The scale bar is 50 μm.
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Fig. 4.
Size distribution of cytoplasmic lipid droplets in hepatocytes of mice fed LD-Co or LD-Et

diets. (A) cytoplasmic lipid droplets (CLD) size distributions in hepatocytes of mice fed LD-

Co (Black bars) or LD-Et (white bars) diets for 6 weeks. (B) CLD size distributions in mice

fed the LD-Et diet for 3 (black bars) or 6 (white bars) weeks. The results are shown as the

percentage of CLD with the indicated diameters (μm) in 20 to 30 hepatocytes from

randomly chosen fields from 3 to 4 mice. The average CLD size in hepatocytes of mice on

the LD-Et diet for 6 weeks was significantly larger than that of CLD in hepatocytes on the

LD-Et diet for 3 weeks or the LD-Co diet for 6 weeks (p < 0.001).
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Fig. 5.
Perilipin-positive cytoplasmic lipid droplets (CLD) are induced in hepatocytes of mice fed

the LD-Et diet. Representative 200× magnification images of perilipin-immunostained (red)

liver sections from LD-Co or LD-Et mice at 6 weeks are shown. The asterisk (*) indicates

the portal triad, and the X indicates the central vein. Sections were costained with Alexa

488- conjugated wheat germ agglutinin to identify sinusoids (green) and with DAPI to

identify nuclei (blue). Perilipin-positive CLD were detected only in livers of mice fed the

LD-Et diet. The scale bar is 50 μm.
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Fig. 6.
Adipophilin (ADPH), Perilipin, and TIP47 localize to similar populations of cytoplasmic

lipid droplets (CLD) in hepatocytes of mice fed the LD-Et diet for 6 weeks. Representative

600× magnification images of zone 2 regions of livers from LD-Et mice at 6 weeks

immunostained for ADPH (green) and perilipin (red) (upper panels), or ADPH (red) and

TIP47 (green) (lower panels), are shown. The individual immunostaining patterns of ADPH

and perilipin or ADPH and TIP47 are shown in monochromatic images. The merged images

show significant overlap in the ADPH and perilipin immunofluorescence and in the ADPH

and TIP47 immunofluorescence on the CLD surface, as indicated by the yellow regions in

the merged images. Insets in the upper panels show higher magnifications of selected CLD

stained with ADPH and perilipin to allow appreciation for the close proximity and overlap

of staining. The scale bar is 25 μm.
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Fig. 7.
Adipophilin (ADPH), perilipin, and TIP47 produce distinct effects on cytoplasmic lipid

droplets (CLD) accumulation and size in cultured cells exposed to oleic acid, ethanol, or

oleic acid plus ethanol. (A) CLD in 293 cells stably expressing ADPH-vsv (ADPH);

perilipin (Peri); TIP47-vsv (TIP47); or ADPH-vsv plus perilipin (ADPH + Peri) following

incubation in control media without supplementation (control) or with supplementation with

100 μM oleic acid (FA), 87 mM ethanol (EtOH), or 100 μM oleic acid plus 87 mM ethanol

(FA + EtOH) for 3 s. CLD were visualized in ADPH, Peri, and TIP47 cells by staining with

Nile Red (red) and antibodies to VSV (green) or perilipin (green). A grayscale image is

shown here, the Nile Red is not shown, and the green plus blue image was made into a

grayscale image in Adobe Photoshop. The full color version of this image is presented as

Supplemental Fig. S6. CLD in ADPH + Peri-cells were visualized by immunostaining with

antibodies to VSV (green) and perilipin (red). Nuclei were stained with DAPI (blue). The

scale bar is 25 μm. (B) CLD size distribution in cells expressing ADPH-vsv (white bars) or

TIP47 (black bars) grown in FA-containing medium. (C) CLD size distribution in cells

expressing perilipin (white bars) or ADPH-vsv plus perilipin (black bars) grown in FA-

containing medium. The results in B and C (next page) show the percentage of CLD with

the indicated diameters (μm) in cultures of 30 to 50 cells from randomly chosen fields. CLD

coated with perilipin were significantly (P < 0.001) larger than those coated with ADPH or

TIP47. The size of CLD coated with APDH was not statistically different from that of CLD

coated with TIP47 (p = 0.8).
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Fig. 8.
Localizations of hypoxia (HIF1α) and endoplasmic reticulum stress (calreticulin) responses

and of cytochrome P-4502E1 (CYP2E1) and 4-hydroxynonenal (4-HNE) in liver sections of

mice fed the LD-Co and LD-Et diet for 6 weeks. Representative 200× magnification

monochromatic images of liver sections from LD-Co or LD-Et mice at 6 weeks that were

immunostained for HIF1α, calreticulin, CYP2E1, or 4-HNEare shown. HIF1α is found only

in livers of mice fed the LD-Et diet and primarily localizes to zone 3. Calreticulin is detected

in livers of all animals and is upregulated in all zones by the LD-Et diet. CYP2E1 and 4-

HNE immunostaining is detected only in livers of mice fed the LD-Et diet. The asterisk (*)

marks the portal triad, and the X marks the central vein. The scale bar is 50 μm.
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Fig. 9.
Spatial relationships between large adipophilin (ADPH)-coated cytoplasmic lipid droplets

(CLD) and calreticulin, cytochrome P-4502E1 (CYP2E1), or 4-hydroxynonenal (4-HNE)

immunostaining. The images show the cellular distributions of ADPH-coated CLD in

relationship to calreticulin (upper panels), CYP2E1 (middle panels), and 4-HNE (lower

panels) staining in the zone 2–3 region of a liver section from an animal fed the LD-Et diet

for 6 weeks. Monochromatic images in the upper panels show that both ADPH-coated CLD

and calreticulin are extensively distributed in hepatic tissue. The merged image in the upper

panel shows that calreticulin (green) and ADPH-coated CLD (red) are found in the same

cells but calreticulin does not localize to CLD. Monochromatic images in the middle panels

show distinct cellular patterns of ADPH-coated CLD and CYP2E1 staining and that some

cells containing large CLD (white arrows) fail to stain for CYP2E1. The merged image

demonstrates the absence of CYP2E1 (red) in some cells that contain large ADPH-coated

CLD (green). Note that in cells containing both CYP2E1 and ADPH-coated CLD that

CYP2E1 does not localize to CLD. Monochromatic images in the lower panel show that 4-

HNE immunostaining appears to localize to ADPH-coated CLD. This is further

demonstrated in the merged image, which shows overlapping (yellow) staining of ADPH

(green) and 4-HNE (red) on individual CLD. In each of the merged images, nuclei were

stained with DAPI (blue). The scale bar is 25 μm.
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