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In liver steatosis (i.e. fatty liver), hepatocytes accumulate
many large neutral lipid storage organelles known as lipid drop-
lets (LDs). LDs are important in the maintenance of energy
homeostasis, but the signaling mechanisms that stimulate LD
metabolism in hepatocytes are poorly defined. In adipocytes,
catecholamines target the �-adrenergic (�-AR)/cAMP pathway
to activate cytosolic lipases and induce their recruitment to the
LD surface. Therefore, the goal of this study was to determine
whether hepatocytes, like adipocytes, also undergo cAMP-me-
diated lipolysis in response to �-AR stimulation. Using primary
rat hepatocytes and human hepatoma cells, we found that treat-
ment with the �-AR agent isoproterenol caused substantial LD
loss via activation of cytosolic lipases adipose triglyceride lipase
(ATGL) and hormone-sensitive lipase (HSL). �-Adrenergic
stimulation rapidly activated PKA, which led to the phosphory-
lation of ATGL and HSL and their recruitment to the LD sur-
face. To test whether this �-AR-dependent lipolysis pathway
was altered in a model of alcoholic fatty liver, primary hepato-
cytes from rats fed a 6-week EtOH-containing Lieber-DeCarli
diet were treated with cAMP agonists. Compared with controls,
EtOH-exposed hepatocytes showed a drastic inhibition in
�-AR/cAMP-induced LD breakdown and the phosphorylation
of PKA substrates, including HSL. This observation was sup-
ported in VA-13 cells, an EtOH-metabolizing human hepatoma
cell line, which displayed marked defects in both PKA activation
and isoproterenol-induced ATGL translocation to the LD
periphery. In summary, these findings suggest that �-AR stim-
ulation mobilizes cytosolic lipases for LD breakdown in hepato-
cytes, and perturbation of this pathway could be a major conse-
quence of chronic EtOH insult leading to fatty liver.

The liver is an important mediator of fat storage and lipid
homeostasis in the body. Hepatocytes, the most abundant cell
type of the liver, constitutively regulate their lipid content via
import, synthesis, storage, metabolism, and secretion of fatty
acids in response to a variety of physiological conditions
such as nutrient flux or energy expenditure (1). Disruption of
this balance can lead to fatty liver disease, an ailment that is
often observed in the obese and exacerbated by the overcon-
sumption of alcohol (2– 4). Thus, there is a critical clinical
need to understand the mechanisms that govern hepatocel-
lular lipid regulation.

Within hepatocytes, fatty acids are packaged as triglycerides
(TGs)2 or sterol esters and stored within specialized organelles
known as lipid droplets (LDs). Although once thought to be
inert sites of TG storage, LDs are now understood to have wide-
spread metabolic importance and are regulated by a distinct
proteome of constitutively and dynamically associated proteins
(5–9). In the liver, catabolism of LDs is mediated in part by
lipophagy or the autophagic targeting of LDs for lysosomal deg-
radation (10, 11). Indeed, several studies from our lab and oth-
ers have helped define the role of vesicular trafficking mediators
such as Rab GTPases in guiding the interaction of LDs with
autophagic membranes as a requirement for LD catabolism
under nutrient starvation (12–14). In addition, the large
mechanoenzyme dynamin 2 has also been shown to mediate
lipophagy by supporting lysosomal integrity (15, 16) and is
implicated in the scission of Atg9-positive autophagic vesicles
(17). In addition to lipophagy, however, many cell types catab-
olize LDs through the action of cytosolic lipases that interact
and function directly on the LD monolayer (18 –20). This lipo-
lytic machinery is integral to adipocyte function and is regu-
lated largely by �-adrenergic activation of the cAMP/PKA
pathway, leading to phosphorylation of hormone-sensitive
lipase (HSL) and adipose triglyceride lipase (ATGL), as well as
members of the perilipin family of coat proteins that regulate
the access of lipases and other regulatory cofactors to the LD
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(21–24). Although many of these lipolytic proteins are
expressed in hepatocytes and are known to be important for
hepatic fat content (25–29), the mechanisms that regulate
lipolysis in hepatocytes remain poorly defined.

In this study, we tested the hypothesis that hepatocytes, like
adipocytes, also utilize a lipolytic machinery that is activated by
�-adrenergic stimuli to break down and subsequently catabo-
lize LDs. We report that �-adrenergic stimulation of hepato-
cytes using the agonist isoproterenol causes LD loss via the
cAMP/PKA pathway. This process requires the cytosolic
lipases ATGL and HSL, which are phosphorylated and traf-
ficked to LDs within 60 min of stimulation. Importantly, we find
that the activation of this pathway is significantly perturbed in
hepatocytes subjected to either chronic or acute EtOH expo-
sure, leading to steatotic cells.

Results

�-adrenergic/cAMP stimulation causes LD loss in hepatocytes

We first sought to determine whether LD catabolism is
inducible in hepatocytes upon activation of the �-adrenergic
(�-AR)/cAMP pathway by testing the effect of cAMP-elevating
agents isoproterenol and forskolin on Hep3B hepatoma cells
and freshly isolated primary rat hepatocytes. Isoproterenol is
a selective agonist for �-AR receptors, a class of G protein-
coupled receptors (GPCRs) that stimulates cAMP elevation
through G�s-mediated activation of adenylyl cyclase. Forskolin
is a direct and potent activator of adenylyl cyclase and served as
a GPCR-independent positive control for cAMP elevation. To
test the effect of �-AR stimulation on LD catabolism, Hep3B
cells were first loaded with oleic acid (150 �M, 16 h) to induce
the formation of LDs, then washed, and chased in oleic acid-
free, full-serum medium (10% FBS) in the presence or absence
of the isoproterenol (50 �M). As seen in confocal images from
Fig. 1 (A and A�), isoproterenol-treated cells had a marked
reduction in LDs after just 4 h. Quantification revealed a 33%
reduction in total LD area per cell during this time (n � 7 exper-

iments; *, p � 0.05). Interestingly, the effect of isoproterenol on
Hep3B LDs was selective to larger-sized LDs (�2 �m2) relative
to the overall LD population, in which a significant 44% reduc-
tion was observed, whereas there was no significant reduction
in smaller sized LDs (0 –2 �m2; supplemental Fig. S1A). Similar
results were observed in primary rat hepatocytes. Following
hepatocyte isolation, the cells were equilibrated in regular
growth medium (no oleic acid) on collagen-coated glass cover-
slips for 24 h before treatment with cAMP agonists. As seen in
confocal images and quantification in Fig. 1 (C and D), isopro-
terenol caused a 22% reduction in total LD area per cell, and
direct cAMP elevation by forskolin � IBMX caused an even
more dramatic 48% loss over the course of 24 h. As observed in
the Hep3B cells, the agonist-induced LD loss in primary rat
hepatocytes was preferential to relatively larger-sized LDs (�5
�m2), where we observed a 36 and 68% loss by isoproterenol
and forskolin � IBMX, respectively (supplemental Fig. S1B).
These data demonstrate that LD breakdown in hepatocytes is
inducible by �-AR stimulation and that cAMP elevation is a
potent stimulus for LD catabolism.

�-Adrenergic stimulation in hepatocytes activates the
cAMP/PKA pathway

Isoproterenol is a widely used agonist for �-AR stimulation
and triggers the canonical activation of PKA downstream of
cAMP elevation in many cells and tissues. To confirm in our
hepatocyte cell models that the cAMP/PKA pathway was
indeed being activated by isoproterenol, we used quantitative
FRET microscopy and Western blot analysis to establish the
potency and time course of PKA activation following treat-
ment. First, we transfected Hep3B cells with the FRET-based
PKA biosensor AKAR4, which was targeted to the cytosol by a
C-terminal nuclear export sequence (NES). This biosensor has
been thoroughly characterized as a highly specific indicator of
subcellular PKA activation in live cells and in real time (30).
Upon cAMP elevation, activated PKA phosphorylates the

Figure 1. LD content is reduced in hepatocytes by �-adrenergic/cAMP agonists. A, confocal micrographs of oleate-loaded Hep3B cells stained for LDs with
ORO following no treatment (control, CT) or treatment with 50 �M isoproterenol (Iso) for 4 h. B, corresponding graph shows quantification of the total LD area
per cell revealing a 33% agonist-induced reduction (n � 7 experiments, p � 0.003, Students t test). C, confocal micrographs of ORO-stained LDs in primary rat
hepatocytes untreated (control) or treated with 50 �M isoproterenol or 10 �M forskolin � 0.5 mM IBMX for 24 h. D, corresponding graph shows quantification
of the fold difference in total LD area per cell leading to a 22 and 48% reduction, respectively, following stimulation (isoproterenol: n � 7 experiments, p � 0.034
versus CT; Fsk � IBMX: n � 5 experiments, p � 0.008, paired t test versus CT). Dashed circles denote nucleus positions in confocal images.
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AKAR4 biosensor, resulting in a real-time increase in AKAR4
FRET intensity, whereas the CFP donor fluorescence decreases
simultaneously and thus can be measured as a ratio of FRET/
CFP (supplemental Fig. S2). As seen in Fig. 2, representative
ratiometric images depicting FRET/CFP show PKA activity lev-
els before treatment and at 5 min post-treatment with cAMP
agonists. At 5 min, both 50 �M isoproterenol (Fig. 2, A and A�)
and 10 �M forskolin (Fig. 2, C and C�) caused a substantial
elevation in PKA activity as detected by an increase in the ratio
of FRET/CFP. Quantification of this increase showed a 14%
increase in PKA activity by isoproterenol (Fig. 2B) and an even
more substantial 45% increase by forskolin (Fig. 2D). Consistent
with this, we also treated primary rat hepatocytes with cAMP-
elevating agents to detect the presence of PKA-phosphorylated
substrates by Western blot analysis using an antibody raised
against a PKA-specific phosphorylated amino acid motif
(RRX(pS/T)). As seen in Fig. 2E, Western blot analysis of cell
lysates treated for 1 h with either 50 �M isoproterenol or 10 �M

forskolin � 0.5 mM IBMX showed an increase in the number
and intensity of PKA-phosphorylated substrates. As expected,
forskolin was more potent than isoproterenol in its ability to
activate PKA, which is consistent with FRET biosensor findings
and the relative potency of these agonists to induce LD break-
down in primary rat hepatocytes, as was observed in Fig. 1.

�-Adrenergic LD breakdown occurs by PKA-dependent
activation of cytoplasmic lipases

Given that isoproterenol activated the cAMP/PKA pathway
in our hepatocyte models, we reasoned that this pathway was
also responsible for mediating the loss in LD content following
stimulation. To test this, we treated primary rat hepatocytes
with isoproterenol in the presence and absence of H89, a potent
pharmacological agent that inhibits PKA. As seen in Fig. 3 (A,
A�, and A�), 50 �M isoproterenol treatment for 24 h caused a
nearly 40% reduction in LD area per cell in the absence of the
inhibitor. (n � 3, p � 0.05). However, in the presence of H89,

isoproterenol caused no reduction in LD area per cell, suggest-
ing that �-AR stimulation of hepatocytes results in LD loss via
the cAMP/PKA pathway.

Based on adipocyte studies, it is well established that the
cAMP/PKA pathway mediates LD breakdown through the pro-
cess of lipolysis, in which PKA activates and recruits cytosolic
lipases ATGL and HSL from the cytosol to the LD surface, thus
allowing for the hydrolysis of free fatty acids from glycerol and
sterol ester backbones (7, 20, 21, 31, 32). To test the contribu-
tion of the lipolysis pathway in isoproterenol-induced LD
breakdown, pretreatment for 2 h with the ATGL inhibitor atg-
listatin (10 �M; Fig. 3, C, C�, and C�) or the HSL inhibitor
CAY10499 (10 �M; Fig. 3, D, D�, and D�) each prevented LD
breakdown following isoproterenol treatment (50 �M, 24 h),
suggesting that in addition to PKA activation, cytosolic lipase
activity is involved in LD breakdown following �-AR stimula-
tion in hepatocytes. Importantly, both ATGL and HSL are
known to be phosphorylated in response to PKA activity, and
this stimulates both lipase activation and recruitment to the LD
(7, 18, 20, 21, 31, 32). To test whether ATGL and HSL are phos-
phorylated downstream of isoproterenol treatment in hepato-
cytes, we probed their phosphorylation states by Western blot
analysis using phospho-specific antibodies. As seen in Fig. 3E,
we detected an increase in HSL phosphorylation (Ser-660) in
primary rat hepatocytes within 1 h of isoproterenol treatment.
However, pretreatment with H89 (10 �M, 2 h) completely
blocked isoproterenol-induced HSL phosphorylation, suggest-
ing that �-AR stimulation caused HSL phosphorylation in a
PKA-dependent manner. As a positive control, direct cAMP
elevation by 10 �M forskolin � 0.5 mM IBMX resulted in a
substantial increase in phosphorylated HSL (Fig. 3E). In agree-
ment with this, we observed a similar pattern of ATGL phos-
phorylation in Hep3B cells that were pretreated overnight with
10 �M H89 to reduce basal phospho-ATGL levels, then washed,
and treated for 4 h with cAMP-elevating agents. As seen in Fig.

Figure 2. PKA is activated in hepatocytes by �-adrenergic/cAMP stimulation. A and C, pseudocolored ratiometric images of Hep3B cells expressing the
FRET PKA biosensor AKAR4-NES before and 5 min after treatment with 50 �M isoproterenol (Iso; A and A�) or 10 �M forskolin (C and C�). B and D, graphs show
quantification of FRET/CFP fluorescence intensity in representative cells upon treatment with isoproterenol (B) or forskolin (D), which revealed a 1.14- and
1.45-fold increase in PKA activity in response to these agonists, respectively. This activation reached its peak within just 2 min of treatment. E, Western blot
analysis of cell lysates from primary rat hepatocytes shows a substantial increase in the number and intensity of PKA-phosphorylated substrates following 24 h
of stimulation with 50 �M isoproterenol or 10 �M forskolin � 0.5 mM IBMX. CT, control.
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3F, 50 �M isoproterenol treatment increased ATGL phosphor-
ylation (Ser-404), but this effect was not observed in cells stim-
ulated with isoproterenol in the presence of H89 during the 4-h
treatment. In addition, cAMP elevation by forskolin � IBMX
also increased ATGL phosphorylation. These data suggest that
hepatocyte �-ARs stimulate lipolysis through the PKA-depen-
dent phosphorylation of cytosolic lipases HSL and ATGL.

Cytoplasmic lipases are trafficked to the LD upon
�-adrenergic/cAMP stimulation

The process of lipolysis is in large part regulated by the spatial
recruitment of lipases from the cytoplasm to the LD surface. To
test whether �-AR stimulation in hepatocytes alters the spatial
distribution of cytosolic lipases, we examined the effect of for-
skolin and isoproterenol treatment on ATGL and HSL localiza-
tion. First, we tested the recruitment of endogenous ATGL to
LDs by Western blotting of isolated LDs in Huh-7 human hep-
atoma cells, a hepatocyte model that is commonly used for iso-
lating hepatocellular LDs because of high levels of baseline LD
content (6, 13–15, 33). As seen in Fig. 4 (A and B), ATGL was
detected in both the post-nuclear supernatant (PNS) and in

isolated LDs under DMSO control conditions. Upon treatment
with forskolin (10 �M, 1 h), we observed a significant 31%
increase in LD-enriched ATGL levels relative to Plin2 (n � 3,
p � 0.05). To further test the trafficking of ATGL to the LD in
real-time, we used live-cell microscopy of Hep3B cells express-
ing an EGFP-tagged ATGL(S47A) mutant construct. The S47A
mutation blocks the fatty-acid hydrolysis activity of ATGL (19),
which allowed us to visualize the spatial dynamics of the lipase
while avoiding the implicit reduction of LD levels caused by
overexpression of active ATGL. Importantly, the cAMP-in-
duced spatial dynamics we observed in the S47A mutant were
confirmed using WT ATGL-EGFP (supplemental Movie S1).
As seen in Fig. 4 (C and C�), treatment with isoproterenol
increased ATGL(S47A)-EGFP intensity around LDs that were
labeled with MDH, a LD-specific dye. The redistribution of
ATGL from the cytoplasm to the LD was more graphically seen
in pseudocolored heat map images depicting the fluorescence
intensity of the EGFP channel (Fig. 4, E and E�), whereby we
observed a substantial decrease in cytosolic ATGL intensity
(yellow arrows) while ATGL intensity around the LDs simulta-
neously increased. To quantify these changes across multiple

Figure 3. Lipolysis is activated in hepatocytes by isoproterenol. A, confocal images of ORO-stained LDs and the corresponding graph show a significant
�40% reduction in LD area/cell following 24 h of treatment with isoproterenol (Iso, 50 �M). B, in contrast, isoproterenol had no effect on LD content in the
presence of the PKA inhibitor H89 (10 �M). C and D, in addition, inhibition of lipolysis by the ATGL inhibitor atglistatin (C, 10 �M) or the HSL inhibitor CAY10499
(D, 10 �M) also inhibited isoproterenol-mediated LD loss. E and F, Western blot analyses revealed �-AR/cAMP-stimulated HSL phosphorylation (Ser-660) in
primary rat hepatocytes (E) and ATGL phosphorylation (Ser-404) in Hep3B cells (F), both of which were inhibited by H89. Dashed circles denote nucleus positions
in confocal images. Statistical analysis of fold change was done using a two-tailed paired t test. **, p � 0.01. CT, control.
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cells, we measured the EGFP fluorescence intensity within
regions of interest surrounding several LDs in each cell before
isoproterenol treatment and 60 min after treatment, normal-
ized to cytosolic EGFP fluorescence intensity at each corre-
sponding time point. The ratios of LD/cytosolic EGFP fluores-
cence intensity before and after treatment were quantified as a
fold change in LD-localized EGFP intensity. This analysis
revealed a nearly 2-fold increase in lipase localization around
the LD following isoproterenol treatment within 60 min (n �
10 cells from three independent experiments; *, p � 0.05). To
test whether direct cAMP elevation had a similar effect, cells
treated with 10 �M forskolin also showed a significant increase
in ATGL(S47A)-EGFP intensity around the LD within 60 min,
but this effect was blocked by 2-h pretreatment with 10 �M H89
(n � 13–14 cells from three independent experiments; *, p �
0.05). We also tested the effects of these agonists on a super-
folder GFP (sfGFP)-tagged HSL construct (HSL-sfGFP) ex-

pressed in Hep3B cells. As seen in Fig. 5, isoproterenol caused a
�50% increase in HSL localization around the LD, a more mod-
est redistribution compared with that of ATGL, within just 30
min of treatment (n � 13 cells from three independent experi-
ments; *, p � 0.05). In addition, forskolin treatment caused a
similar increase in HSL localization around the LD, but this was
blocked by a 2-h pretreatment with 10 �M H89 (n � 13–19 cells
from three independent experiments; *, p � 0.05). These data
suggest that �-AR/cAMP activation in hepatocytes triggers
cytosolic lipase translocation to the LD and suggests that the
mechanism of �-AR-mediated LD breakdown in hepatocytes
occurs in part through the spatial regulation of cytosolic lipases.

To further test our conclusions that cAMP/PKA signaling
regulates the spatial distribution of cytosolic lipases in hepato-
cytes, we measured the effect of the PKA inhibitor H89 on fluo-
rescence recovery after photobleaching (FRAP) in Hep3B cells
expressing ATGL(S47A)-EGFP or HSL-sfGFP within regions

Figure 4. Stimulated recruitment of ATGL to hepatocellular LDs by cAMP elevation. A, Western blot analysis of isolated LDs and PNS from HuH-7 cells
treated with 0.1% DMSO or 10 �M forskolin for 1 h. B, corresponding graph shows quantification of ATGL/Plin2 from isolated LDs (n � 3, mean 	 S.D., p � 0.05).
C, fluorescent images show Hep3B cells expressing ATGL(S47A)-EGFP and colabeled with the LD marker MDH (red). Note the increase in EGFP intensity around
the LDs following isoproterenol treatment (Iso, 50 �M, 60 min), quantified in D (n � 10 cells from three independent experiments). *, p � 0.05. E, heat map of
ATGL intensity shows a substantial reduction in cytosolic fluorescence (yellow arrows) and corresponding increase in fluorescence around the LD periphery.
F–H, images and corresponding graph show 60-min treatment with forskolin also causes ATGL recruitment to the LD, which is blocked by pretreatment with
10 �M H89 (n � 13–14 cells from three independent experiments). *, p � 0.05. Statistical analysis of fold change was done using a two-tailed paired t test. *, p �
0.05; **, p � 0.01. CT, control; NS, not significant.
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of interest around the periphery of the LD. As seen in Fig. 6a,
ATGL FRAP was consistently observed in the absence of inhib-
itor over 20 min at a recovery rate that closely matches a previ-
ous FRAP study of this lipase (34). However, 2-h pretreatment
with 10 �M H89 significantly inhibited the magnitude of recov-
ery after photobleaching. To quantify the difference in fluores-
cence recovery, we calculated the mean plateau, or maximum
fold recovery, using software-based nonlinear regression curve
fitting (GraphPad Prism 7.0). Based on these calculations, pre-
treatment for 2 h with 10 �M H89 caused a �70% reduction in
the fold recovery of ATGL after photobleaching (Fig. 6C). Sim-
ilarly, FRAP of HSL-sfGFP was also significantly inhibited by
H89 pretreatment (Fig. 6, D and E), although to a lesser extent
than that of ATGL. Interestingly, the presence of H89 did not
significantly reduce the rate of recovery for each lipase (Fig. 6F),
but the recovery dynamics of ATGL versus HSL were found to
differ considerably under basal conditions. Calculations of half-
time recovery (i.e. the time at which each lipase recovered to
50% of plateau) revealed that ATGL recovered �5 times more
slowly than HSL, which suggests that these lipases utilize dif-
ferent mechanisms for LD recruitment and localization (Fig.
6G). Taken together, these data support the notion that cAMP-
dependent signaling regulates lipase localization at the LD, sug-
gesting that these dynamics may be integral to the mechanisms
of �-AR/cAMP-induced LD breakdown in hepatocytes.

EtOH exposure inhibits �-adrenergic/cAMP-mediated LD loss
in hepatocytes

Given our mechanistic understanding of the �-AR lipolysis
pathway in hepatocytes, we sought to determine whether this
was perturbed under conditions that promote hepatic fat accu-
mulation. To test this, we applied various in vitro and in vivo

models of alcohol consumption, a well known risk factor for
hepatic steatosis, and measured the ability of hepatocytes to
degrade LDs in response to cAMP elevation. Using primary rat
hepatocytes, we first observed that pretreatment with 50 mM

EtOH for 24 h prior to agonist stimulation caused a significant
block in LD breakdown by isoproterenol (50 �M, 24 h), but not
by 10 �M forskolin � 0.5 mM IBMX (supplemental Fig. S3). To
test whether a similar result was observed in a model of chronic
alcohol consumption, we isolated primary hepatocytes from
rats that were pair-fed either an EtOH-containing Leiber-De-
Carli liquid diet or an isocaloric control diet for 6 weeks. As seen
in Fig. 7 (A and B), primary hepatocytes from EtOH-fed rats had
roughly 2-fold greater LD area per cell compared with controls.
In hepatocytes from control rats, 24-h treatment with isoprot-
erenol or Fsk � IBMX resulted in a significant decrease in LD
area/cell; however, these cAMP-elevating agents caused no
reduction in LD content in primary hepatocytes from EtOH-
fed rats. Biochemical measurements of triglyceride efflux after
4 h of treatment with Fsk � IBMX also revealed a significant
inhibition of lipolysis in hepatocytes from chronic EtOH-fed
rat, a response that was also sensitive to the ATGL inhibitor
atglistatin (Fig. 7C, ASTAT). To test whether the chronic EtOH
diet altered the activation of cytosolic lipases in response to
cAMP/PKA activation, Western blot analysis revealed that in
control hepatocytes, treatment with isoproterenol (50 �M, 1 h)
caused a robust phosphorylation of HSL that was sensitive to
the PKA inhibitor H89. The phospho-HSL response was even
more substantial in cells treated with Fsk � IBMX (Fig. 7, D and
E). However, in hepatocytes from EtOH-fed rats, phosphoryla-
tion of HSL was dramatically reduced following either isoprot-
erenol treatment or Fsk � IBMX (Fig. 7, D and E). Western blot

Figure 5. HSL is recruited to hepatocyte LDs in response to cAMP agonists. A and B, fluorescent images (A) of Hep3B cells expressing HSL-sfGFP and labeled
with the LD marker MDH (red) show an increase in LD-localized sfGFP intensity following isoproterenol treatment (50 �M, 30 min), which is quantified in B (n �
13 cells from three independent experiments). *, p � 0.05. C–E, fluorescent images and the corresponding graph show treatment with forskolin also causes HSL
recruitment to the LD, a response that is blocked by pretreatment with 10 �M H89 (n � 13–19 cells from 3 independent experiments). *, p � 0.05. Statistical
analysis of fold change was done using a two-tailed paired t test. *, p � 0.05.
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analysis revealed that the cAMP synthesis enzyme adenylate
cyclase 3, as well as the catalytic subunit of PKA (PKA-C�),
were not significantly reduced in hepatocytes from chronic
EtOH-fed rats versus controls (Fig. 7F), suggesting that the
inhibitory effects of EtOH were not due to a reduction in PKA
or cAMP synthesis. To further test whether EtOH inhibition
occurred downstream of cAMP synthesis, we treated primary
hepatocytes with the cell-permeable cAMP analogue 8-Br-
cAMP (10 �M, 100 �M; 1 h) or forskolin � IBMX and analyzed
PKA activity by measuring the increase in PKA phospho-sub-
strates, including HSL. As seen in Fig. 7G, Western blot analysis
revealed that both 8-Br-cAMP and Fsk � IBMX treatment
resulted in an increase in the detection of PKA phospho-sub-
strates and phospho-HSL in hepatocytes from control rats;
however, this increase was greatly reduced in hepatocytes from
chronic EtOH-fed rats. Densitometry analysis revealed a
remarkable 60 – 80% reduction in the detection of PKA phos-
pho-substrates (Fig. 7H) and an even more substantial 90%
reduction in phosphorylated HSL (Fig. 7I). These data show

for the first time that the PKA pathway is a major inhibitory
target of chronic EtOH consumption that inhibits the phos-
phorylation of many PKA substrates, including HSL, and
reduces the catabolism of LDs in response to �-adrenergic/
cAMP activation.

EtOH inhibits isoproterenol-induced ATGL recruitment to the
LD in VA-13 cells

To test whether EtOH affected cAMP-induced trafficking of
cytosolic lipases to the LD, we utilized an EtOH-metabolizing
human hepatocyte model, VA-13 cells, for the transient expres-
sion of the ATGL(S47A)-EGFP construct. VA-13 cells are a
widely utilized cell model for EtOH studies and are derived
from HepG2 human hepatoma cells that stably express alcohol
dehydrogenase (ADH; see Ref. 35; Fig. 8C). Prior to microscopy,
cells were pretreated with or without EtOH (50 mM, 48 h) and
loaded with oleic acid (150 �M, 16 h). LDs were labeled by
15-min preincubation with MDH. As seen in Fig. 8 (A and B),
treatment with 50 �M isoproterenol � 0.5 mM IBMX resulted in

Figure 6. FRAP of cytosolic lipases ATGL and HSL is inhibited by H89. A, a temporal sequence of fluorescence images from individual LDs within Hep3B cells
expressing ATGL(S47A)-EGFP. FRAP was measured on ATGL localized around LDs in live cells in the presence and absence of the PKA inhibitor H89 (10 �M).
Following photobleaching, ATGL recovered steadily over the course of 20 min (representing lipase exchange on the LD surface), whereas virtually no FRAP was
observed around LDs in cells pretreated with H89. B and C, line graph of FRAP over time (B) and quantification of fold recovery (C) for ATGL(S47A)-EGFP confirms
a significant inhibition by H89 (n � 8 –10 cells from three independent experiments). D–F, the same FRAP approach was performed on HSL-sfGFP around LDs
in the presence and absence of H89 (D), quantified over time as % FRAP (E), and fold recovery (F) (n � 9 –12 cells from three independent experiments). The
FRAP exchange of HSL-sfGFP was also attenuated by pretreatment with H89, although to a lesser extent than that of ATGL. G, the rate of recovery for each lipase
was also quantitated, showing a 5-fold slower recovery by ATGL versus HSL. Statistical analysis was done using a two-tailed Students t test.

Ethanol blocks hepatocyte lipolysis

J. Biol. Chem. (2017) 292(28) 11815–11828 11821



the recruitment of ATGL to the LD surface within 30 min in
control cells, but ATGL recruitment was blocked in cells pre-
treated with EtOH. To confirm that EtOH caused a similar PKA
defect as observed in primary hepatocytes from chronic EtOH-

fed rats, Western blot analysis using a phospho-PKA substrate
antibody revealed a stepwise reduction in PKA phospho-targets
that was �30% reduced by day 2 and more than 50% reduced by
day 5. These data suggest that, following �-AR stimulation,
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PKA activation and cytosolic lipase recruitment to the LD are
severely impaired by EtOH.

Discussion

The central findings of this study support the premise that,
like the adipocyte, the hepatocyte is responsive to �-AR stimu-
lation that triggers a cAMP-dependent cascade involving cyto-
plasmic lipases that are recruited to the LD surface to drive lipid

catabolism. Unlike the adipocyte, the hepatocyte has the capac-
ity to detoxify EtOH, which appears to substantially attenuate
this process. We found that the cAMP agonists isoproterenol
and forskolin � IBMX, which rapidly activate cAMP-depen-
dent protein kinase, or PKA, led to a significant catabolic utili-
zation of LDs by both cultured primary hepatocytes and human
hepatoma cells (Figs. 1 and 2). This cAMP-induced reduction in
total LD content was prevented by the pharmacological PKA

Figure 7. EtOH exposure inhibits hepatocellular lipolysis. A, confocal micrographs of ORO-stained LDs in primary hepatocytes isolated from rats that were
fed a chronic EtOH diet or an isocaloric control diet for 6 weeks. The cells were treated with 50 �M isoproterenol or 10 �M forskolin � 0.5 mM IBMX for 24 h. B,
quantification of fold change in LD area/cell shows a significant reduction in control hepatocytes, but no agonist-induced decrease in hepatocytes from
chronic EtOH-fed rats. C, triglyceride efflux measurements from primary hepatocytes isolated from pair-fed control versus chronic EtOH-fed rats also show a
significant inhibition by chronic EtOH exposure on cells treated with Fsk � IBMX, and total TG efflux is blocked by the lipase inhibitor atglistatin. D and E,
Western blot analysis of primary hepatocyte lysates shows that cAMP/PKA-dependent phosphorylation of HSL was diminished 3-fold in hepatocytes isolated
from chronic EtOH-fed rats as confirmed by densitometry quantification. F, Western blot analysis of adenylate cyclase 3 and PKA-C� revealed no significant
change in protein levels between hepatocytes from control versus chronic EtOH-fed rats. G, Western blot analysis of primary hepatocytes from control versus
EtOH-fed rats (C versus E) treated for 1 h with 8-Br-cAMP (10 �M, 100 �M) or with Fsk � IBMX reveals a reduction in PKA substrates and phospho-HSL (S660). H
and I, densitometry quantification shows a 60 – 80% reduction in PKA substrate phosphorylation (H) and a �90% reduction in HSL phosphorylation (I). All data
represent three independent experiments. The error bars denote standard deviation. Asterisks denote statistical significance as measured by Student’s t test. *,
p � 0.05; **, p � 0.01. Dashed circles denote nucleus positions in confocal images.

Figure 8. Ethanol inhibits ATGL recruitment and PKA activation in VA-13 hepatocytes. A, VA-13 cells were cultured for 48 h in the presence or absence of
50 mM EtOH and transfected with the lipase inactive ATGL(S47A)-EGFP to measure lipase trafficking to the LD. Representative images show 10 �M isoprotere-
nol � 0.5 mM IBMX induced the recruitment of ATGL to the LD following 30 min under control conditions, but this recruitment was not observed in cells
exposed to EtOH. B, quantification of the fold increase in ATGL intensity around the LD relative to cytosolic fluorescence intensity following isoproterenol
treatment (50 �M; 30 min; n � 9 –13 cells from three separate experiments). C, Western blot analysis confirms the overexpression of ADH in VA-13 cells and not
their derivative cell line, HepG2. D, representative Western blot showing diminished phosphorylation of PKA substrates in VA-13 cells following multiday
incubation in 50 mM EtOH. E, quantification of PKA substrates by densitometry revealed a significant �30% decrease in PKA activity by day 2 and a �50%
reduction by day 5 (n � 3 experiments). Error bars denote standard deviation. Statistical analysis of fold change was done using a two-tailed paired t test.
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inhibitor H89, the ATGL inhibitor atglistatin, and the HSL
inhibitor CAY10499. �-Adrenergic stimulation resulted in the
phosphorylation of HSL and ATGL, both of which were mim-
icked by Fsk � IBMX treatment and blocked by inhibition with
H89 (Fig. 3). cAMP elevation also triggered the recruitment of
these lipases from the cytoplasm to the LD surface in Hep3B
cells (Figs. 4 and 5). To our knowledge, this study is the first to
compare these two activated lipases in terms of their dynamics
and recruitment to the LD surface, and this approach provided
some new insights. First, even under basal or “resting” condi-
tions, protein exchange of LD-localized ATGL was slower than
that of HSL, which displayed a half-time recovery of 1.3 min as
opposed to 6.5 min for ATGL as determined by FRAP studies.
Further, the recruitment of each lipase was significantly
reduced by the inhibitor H89, which supports our notion that
PKA is an important determinant of lipase localization in hepa-
tocytes (Fig. 6). Finally, chronic EtOH exposure in primary rat
hepatocytes blocked cAMP-induced LD breakdown and caused
a dramatic decrease in the phosphorylation of PKA substrates,
including HSL (Fig. 7). Live-cell microscopy of VA-13 cells, an
ethanol-metabolizing hepatocyte cell model, further revealed
that ethanol exposure perturbs the recruitment of ATGL to the
LD following �-AR/cAMP stimulation. Western blot analysis
revealed a substantial reduction in PKA phospho-substrates in
the presence of EtOH (Fig. 8). These findings indicate that
activation of hepatocellular �-ARs can stimulate LD break-
down through cytosolic lipases, and that the �-AR/cAMP/
lipolysis pathway appears to be exceptionally sensitive to
EtOH exposure.

The cAMP pathway: A central regulator of energy homeostasis

cAMP signaling in hepatocytes has been predominantly
attributed to glucose production in response to the hormone
glucagon, a GPCR ligand that targets hepatocytes under condi-
tions of low blood glucose (1). Glucagon targets hepatocellular
glucagon receptors to elevate cAMP and stimulate gluconeo-
genesis and glycogenolysis (1, 36, 37). In addition to glucose
production, several past studies have demonstrated that the
glucagon/cAMP pathway also induces hepatic lipid metabo-
lism through an autophagic/lysosomal pathway (reviewed
in Ref. 11), a process more recently termed “lipophagy” (10).
Although lipophagy has been demonstrated as an important
mechanism for hepatic lipid clearance, our study suggests that
an adipocyte-like lipolysis mechanism also governs hepatic
lipid content via �-AR stimulation of hepatocytes.

From the current study, the effects of �-AR stimulation on
LD breakdown through cytosolic lipases ATGL and HSL pro-
vide mechanistic insight that complements previous work from
other laboratories. Mashek and co-workers were first to show
that ATGL is a major regulator of triglyceride content in hepa-
tocytes by activating the Sirt1/PGC-1�/PPAR� transcriptional
axis (25, 38). Recently, ATGL activation of Sirt1 was shown to
play an important role in the transcriptional activation of
autophagy leading to fatty acid turnover in mouse hepatocytes,
further substantiating the role of cytosolic lipases in regulating
hepatic lipid turnover. HSL, on the other hand, was previously
regarded as absent from the liver based on antibody staining
(39), but later studies demonstrated that knock-out or inhibi-

tion of HSL reduced triglyceride hydrolase activity and free
fatty acid levels in cell extracts from mouse livers (40, 41). In
addition, Sekiya et al. (42) proposed that HSL is important for
hydrolysis of cholesterol esters in hepatocytes. Our current
study supports these findings and further suggests that both
ATGL and HSL are stimulated by the cAMP pathway for LD
catabolism in hepatocytes, much like in adipocytes. Both of
these lipases were phosphorylated following �-AR stimula-
tion and were measurably recruited to the LD within 1 h of
stimulation, and pharmacological inhibitors against each
lipase blocked �-AR-induced LD clearance. The adipocyte-
like response of these lipases in hepatocytes is somewhat sur-
prising, because the two cell types are reported to express dif-
ferent perilipin members that regulate the access of lipases and
other accessory proteins to the LD surface (43). For example,
the LD-associated protein perilipin (PLIN1) is predominant in
adipocytes and largely absent in hepatocytes under normal
conditions, and yet PLIN1 phosphorylation is critical for
HSL recruitment to the LD (23, 44). Thus, HSL may interact
with other hepatocyte-centric perilipin members to mediate
LD recruitment (i.e. PLIN2, PLIN3, PLIN5). Future work will be
required to dissect the precise mechanisms regulating hepato-
cellular lipase activity and access to the LD, including the acces-
sory proteins behind this response.

Although our studies demonstrate a role for cytoplasmic
lipases in cAMP-induced hepatic lipid clearance, the role of
lipophagy upon �-AR stimulation requires further investiga-
tion. Several lines of evidence link cAMP elevation to induction
of autophagy in hepatocytes. First, Farah et al. (45) demon-
strated that �-AR agonists induce LC3-II formation and p62
degradation in primary mouse hepatocytes and human hepa-
toma cells. Another study showed that caffeine, an adenosine
receptor antagonist and phosphodiesterase inhibitor, stimu-
lates lipid metabolism and autophagy (LC3-II increase and
p62 decrease), as well as suppresses mTORC1 activity (46).
Although the role of autophagy was not investigated in the cur-
rent study, it is likely that �-adrenergic stimuli also utilize lipo-
phagy as a downstream consequence of the cAMP/lipolysis
pathway in hepatocytes, possibly through a transcriptionally
regulated response (38, 47, 48).

The in vivo contribution of �-adrenergic signaling in the
clearance of hepatocellular lipid droplets is currently unclear.
Circulating catecholamines are known to activate lipolysis in
peripheral tissues such as adipose and skeletal muscle that
release fatty acids that are taken up by the liver, causing acute
hepatic steatosis (49). Given the results from our current study,
we predict that hepatocytes utilize the �-adrenergic lipolysis
pathway in vivo to counterbalance the acute influx of fat from
peripheral tissues and mediate the subsequent clearance of LDs
following epinephrine release during exercise, fasting, or a
“fight-or-flight” response. This notion is supported by a recent
systematic review that highlighted the role of exercise on
improving non-alcoholic fatty liver disease, suggesting that cir-
culating catecholamines may play an important long-term role
in reducing fat accumulation in the liver (50). Other studies
have shown that hepatic �-adrenergic levels increase during
senescent aging, which unexpectedly correlates with a higher
incidence of hepatic steatosis (49, 51, 52). It is important to note
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that aging also diminishes hepatic mitochondrial functions
including fatty acid oxidation (53), and aging has been associ-
ated with a decrease in ATGL levels in muscle (54). Although
the current study predicts a possible therapeutic role of �-ad-
renergic signaling in hepatic lipid droplet clearance, further
studies will be required to fully understand how downstream
lipolytic mediators are regulated in both young and aged
individuals.

Inhibition of hepatocyte LD breakdown by EtOH exposure:
Implications in hepatic steatosis

The impact of EtOH on fat accumulation in the liver has long
been appreciated because it leads to the accumulation of hepa-
tocellular NADH, an excess of which inhibits pyruvate forma-
tion and fatty acid oxidation, thus increasing fatty acid synthe-
sis (3). In addition to this, our current study demonstrates that
LD breakdown by hepatic lipolysis is also inhibited by EtOH
insult. Both acute and chronic EtOH exposure completely
blocked isoproterenol-induced LD breakdown in primary rat
hepatocytes. Interestingly, acute EtOH exposure did not pre-
vent LD breakdown by direct cAMP agonists Fsk � IBMX,
which points to possible differences between acute versus
chronic EtOH insult with regard to inhibiting LD breakdown. It
is possible that highly potent Fsk � IBMX treatment was able to
overcome the inhibitory effects of acute EtOH exposure. Etha-
nol is known to disrupt �-adrenergic receptor-ligand affinity in
other tissues such as the brain and heart (55); however, our
chronic EtOH model suggests that the inhibition of lipolysis lies
downstream of receptor-ligand binding and cAMP synthesis.
As shown in Fig. 7, the cell-permeable cAMP analogue 8-Br-
cAMP caused an increase in PKA phospho-targets in control
hepatocytes, but this was greatly reduced in hepatocytes from
EtOH-fed rats. To our knowledge, this is the first report indi-
cating that EtOH inhibits the cAMP/PKA pathway in hepato-
cytes, although similar phenomena have been reported to occur
in other non-EtOH metabolizing tissues (56, 57). This finding
could provide insights into a variety of detrimental effects that
EtOH has on hepatocellular functions such as gluconeogenesis,
because hypoglycemia is one of the hallmarks of excessive alco-
hol consumption (58). The mechanism by which EtOH inhibits
cAMP/PKA signaling is currently unclear and requires further
investigation, but an attractive possibility could involve the
activation of protein phosphatases by ceremide, a cellular
byproduct of EtOH metabolism or high-fat diet (59 – 64).

In conclusion, our observations from primary rat hepato-
cytes and human hepatoma cell lines together suggest that the
�-adrenergic receptor mediates hepatocellular lipid catabolism
by activating the cAMP/PKA pathway. This pathway leads to
phosphorylation of the cytosolic lipases ATGL and HSL and
rapidly mobilizes these lipases to the LD surface. These events
are perturbed by EtOH insult, which inhibits LD breakdown
and the phosphorylation of PKA substrates including hor-
mone-sensitive lipase, as well as inhibits the recruitment of adi-
pose triglyceride lipase to the LD periphery. Based on these
results, it is possible that chronic alcohol consumption blocks
LD catabolism through the inhibition of the PKA pathway,
which represents a novel mechanism in the pathogenesis of
fatty liver disease.

Experimental procedures

Cell culture and reagents

Primary rat hepatocytes were isolated from female Sprague-
Dawley rats (Envigo) by collagenase perfusion and were cul-
tured in William’s E medium (5% FBS) as described by Shen et
al. (65). For experiments involving chronic EtOH diet, male
Wistar rats (Charles River Laboratories, Portage MI) were
paired according to weight (175–200 g) and fed control and
EtOH-containing Lieber-DeCarli diets (66) for 5– 8 weeks as
previously described (67). All animals received humane care in
accordance with the guidelines established by the American
Association for the Accreditation of Laboratory Animal Care.
All protocols were approved by the Institutional Animal Care
and Use Committee at Mayo Clinic and the Veterans Affairs
Nebraska Western Iowa Health Care System Research Service.
The Hep3B2.1-7 (Hep3B) human hepatoma cell line was
obtained from ATCC (HB-8064) and maintained in complete
minimum essential medium (10% FBS, penicillin/streptomy-
cin, minimal essential amino acids, NaHCO3, and sodium pyru-
vate). VA-13 cells and the ADH antibody were gifts from Dr.
Terrence Donahue (University of Nebraska Medical Center
and the Department of Veterans Affairs, Omaha, NE). VA-13
cells are human HepG2 hepatoma cells that stably express ADH
and thus metabolize EtOH in culture (35). VA-13 cells were
maintained in DMEM with 10% FBS, penicillin/streptomycin,
and 1:250 Zeocin (Invitrogen catalog no. R25001, 100 mg/ml).
The �-actin antibody (catalog no. A2066), Oil Red O (catalog
no. O0625), isoproterenol (catalog no. I2760), forskolin (catalog
no. F6886), IBMX (catalog no. I7018), and H89 (catalog no.
B1427) were from Sigma. The phospho-PKA substrate anti-
body (catalog no. 9624), phospho-HSL (Ser-660) antibody (cat-
alog no. 4126), and ATGL antibody (catalog no. 2138) were
from Cell Signaling Technology. The Plin2 antibody (catalog
no. B3121) was from LS Biosciences. The HSL antibody
(AB45422) was from Abcam. The phospho-ATGL (Ser-404)
antibody (31) was a gift from Dr. Matthew Watt (Monash Uni-
versity). The ATGL inhibitor atglistatin (catalog no. 15284) and
the HSL inhibitor CAY10499 (CAS catalog no. 359714-55-9)
were from Cayman Chemical. The MDH LD dye was from
Abgent (SM1000a).

Triglyceride efflux measurements

Primary hepatocytes from control and EtOH-fed rats were
cultured as previously described (67). Upon isolation, the cells
were suspended William’s E medium and seeded onto collagen-
coated 6-well plates. After 2 h at 37 °C, the cells were washed
and treated an additional 4 h in Williams medium with 5% FBS
containing DMSO, 10 �M forskolin � 0.5 mM IBMX, 10 �M

atglistatin, or Fsk � IBMX � atglistatin. The cells were then
pelleted and reconstituted in PBS. Triglyceride extraction was
done according to Folch et al. (68). Aliquots of lipid extract
were saponified and assessed using a triglyceride diagnostic kit
(Thermo Fisher; catalog no. TR22421). Triglyceride levels were
normalized to total DNA content and quantified as the percent-
age of loss from the initial TG value as previously described
(69).
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Constructs and transfection

The PKA FRET biosensor pcDNA3-AKAR4-NES was a gift
from Jin Zhang (Addgene plasmid 64727) (30). The human
ATGL-EGFP and catalytically inactive ATGL(S47A)-EGFP
constructs were gifts from Dr. Cathy Jackson (Institut Jacques
Monod, Paris, France). We generated the HSL-sfGFP construct
from a mouse HSL-FLAG plasmid received as a gift from Dr.
Jun Liu (Mayo Clinic, Phoenix, AZ). A PCR product contain-
ing the HSL sequence was cloned into a superfolder GFP
construct at SacII and HindIII restriction sites (forward
primer, 5�-AGAAAGCTTGAATTGATGGAG; reverse primer,
5�-AAAACCGCGGGTTCAGTGGT) and confirmed by se-
quence analysis.

Fluorescence microscopy

The cells were washed in PBS and fixed in 3% formaldehyde
as described previously. To label LDs, fixed samples were
washed in 60% isopropanol for 30 s, 60% Oil Red O (ORO)
solution (5 mg/ml in isopropanol) for 2.5 min, and then washed
in 60% isopropanol for an additional 30 s. The images were
acquired using a Zeiss LSM 780 confocal microscope with a
40
 oil objective lens (NA � 1.4). LD measurements were done
using ImageJ software. Images of LDs were first made binary
using the auto local threshold tool (Bernsen method), and LD
area and number was quantified using the analyze particles
tool.

Live-cell and FRET imaging

Live-cell imaging was performed on a Zeiss LSM 780 confo-
cal microscope with a 63
 water objective lens (NA � 1.2) with
heated stage incubation (37 °C, 5% CO2). To image the AKAR4
FRET biosensor, the cells were excited with a 458-nm laser, and
two emission channels were simultaneously captured on a
spectral detector (CFP emission, 470 –500 nm; FRET emission,
520 –590 nm). CFP crossover into the FRET channel was calcu-
lated using a single CFP construct and was subtracted for each
acquisition (39% of the CFP emission).

Lipid droplet isolation

Isolation of LDs was adapted from Brasaemle and Wolins
(70). In brief, Huh7 human hepatoma cells were grown to near-
confluency in five 15-cm dishes. The cells were lysed using a
Dounce homogenizer, and the PNS was placed at the bottom of
a 30% to 0% OptiPrepTM density gradient (Sigma D1556). Fol-
lowing a 30-min 17200 rpm spin, the floating fat layer was col-
lected and washed for subsequent Western blot analysis.
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