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SUMMARY

Accumulation of hepatic free fatty acids (FFAs) induces he-
patocellular ER stress, which, in turn, represses LAMP2
expression and thereby impairs autophagy flux in alcohol-
related liver disease (ALD). Reducing hepatic FFA levels
ameliorates ER stress-impaired LAMP2-autophagy flux,
leading to reversal of ALD.

BACKGROUND & AIMS: Alcohol-related liver disease (ALD) is
characterized by accumulation of hepatic free fatty acids (FFAs)
and triglyceride (TG)-enriched lipid droplets and cell death. The
present study aimed to investigate how FFA or TG induces
hepatocyte injury, thereby contributing to the development of
ALD.

METHODS: Hepatocyte-specific DGAT1 knockout (DGAT1Dhep)
mice and lysosome-associated membrane protein 2 (LAMP2)
overexpression mice were generated and subjected to chronic
alcohol feeding. Cell studies were conducted to define the
causal role and underlying mechanism of FFA-induced hepa-
tocellular injury.
RESULTS: Hepatocyte-specific DGAT1 deletion exacerbated
alcohol-induced liver injury by increasing lipid accumulation
and endoplasmic reticulum (ER) stress, reducing LAMP2 protein
levels, and impairing autophagy function. Cell studies revealed
that FFAs, rather than TG, induced ER stress via ATF4 activation,
which, in turn, down-regulated LAMP2, thereby impairing
autophagy flux. LAMP2 overexpression in the liver restored
autophagy function and ameliorated alcohol-induced liver injury
in mice. Reducing hepatic FFAs by peroxisome proliferator-
activated receptor a activation attenuated ER stress, restored
LAMP2 protein levels, and improved autophagy flux. In addition,
suppression of LAMP2 and autophagy functionwas also detected
in the liver of patients with severe alcoholic hepatitis.

CONCLUSIONS: This study demonstrates that accumulation of
hepatic FFAs, rather than TG, plays a crucial role in the path-
ogenesis of ALD by suppressing LAMP2-autophagy flux
pathway through ER stress signaling, which represents an
important mechanism of FFA-induced hepatocellular injury in
ALD. (Cell Mol Gastroenterol Hepatol 2021;12:1599–1615;
https://doi.org/10.1016/j.jcmgh.2021.07.002)

Keywords: Free Fatty Acid; DGAT1; Lipotoxicity; Autophagy;
Alcohol-Induced Liver Injury.
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xcessive alcohol consumption is widely recognized as a
Abbreviations used in this paper: AF, alcohol-fed; ALD, alcohol-related
liver disease; ALT, alanine aminotransferase; AST, aspartate amino-
transferase; ATF4, activating transcription factor 4; CHOP, C/EBP
homologous protein; DGAT1, acyl-CoA:diacylglycerol acyltransferase
1; ER, endoplasmic reticulum; FFA, free fatty acid; LAMP2, lysosome-
associated membrane protein 2; LC3II, microtubule-associated pro-
tein 1A/1B-light chain 3 II; LDH, lactate dehydrogenase; MPO, mye-
loperoxidase; OA, oleic acid; PA, palmitic acid; PF, pair-fed; PPARa,
peroxisome proliferator-activated receptor a; SAH, severe alcoholic
hepatitis; TG, triglyceride; VLDL, very-low-density lipoprotein.

Most current article

© 2021 The Authors. Published by Elsevier Inc. on behalf of the AGA
Institute. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
2352-345X

https://doi.org/10.1016/j.jcmgh.2021.07.002
Emajor social and health problem all over the world. In
the United States, alcohol use disorder is the third leading
cause of preventable death, and the estimated annual cost
for alcohol use disorder is nearly $250 billion.1,2 Among the
many medical diseases associated with alcohol consump-
tion, alcohol-related liver disease (ALD) contributes to the
majority of mortality.3 This disease encompasses a wide
spectrum of clinical conditions, including alcoholic steatosis,
hepatitis, and fibrosis, which may progress to cirrhosis and
even hepatocellular carcinoma.4 Despite great efforts that
have been made in understanding the molecular mecha-
nisms, there are currently no effective therapies available
for the treatment of ALD.

Liver is the central organ that regulates fatty acid
metabolism. Under physiological conditions, excessive fatty
acids in the liver are converted into triglycerides (TGs),
which are exported to blood via very-low-density lipopro-
tein (VLDL) secretion and stored in white adipose tissue.
During fasting, TG stored in adipose tissue is hydrolyzed to
free fatty acids (FFAs) for use by other tissues including the
liver. Our lab and others have demonstrated that chronic
alcohol consumption increases adipose tissue lipolysis,
leading to excessive release of FFAs into the bloodstream
and subsequent increase of hepatic FFAs import and accu-
mulation.5,6 In addition, alcohol intake has been shown to
reduce hepatic fatty acid oxidation, which also contributes
to the accumulation of FFAs in the liver.7,8 Although it is
generally accepted that prolonged hepatic lipid accumula-
tion can progress to more severe stages of liver diseases,
growing evidence also suggests that FFAs and their me-
tabolites, compared with TG, generate more lipotoxicity and
subsequent damages to organelles such as mitochondria,
peroxisome, and endoplasmic reticulum (ER).9–12

Autophagy is an evolutionarily conserved catabolic pro-
cess involved in the breakdown and removal of cytosolic
organelles, lipids, and proteins by lysosome, which is
essential for maintaining cellular homeostasis.13,14 A num-
ber of studies have revealed that autophagy plays an
important role in the pathogenesis of numerous diseases
including ALD.15,16 Accumulating evidence has demon-
strated that chronic alcohol exposure leads to hepatic
lysosome dysfunction and protein accumulation.17,18

Although recent investigations have shown that autophagy
contributes to hepatic lipid metabolism,16,19–22 the effects
and mechanisms of FFAs on autophagy have not been fully
understood.

In mammalian cells, FFAs are incorporated into TG by
two acyl-CoA:diacylglycerol acyltransferases (DGATs),
namely DGAT1 and DGAT2, that belong to distinct acyl-
transferase families.23 Both enzymes are abundantly
expressed in tissues associated with TG metabolism, such
as adipose tissue, liver, and small intestine.24 In the liver, it
has been reported that DGAT2 preferentially uses fatty
acids from de novo lipogenesis for TG synthesis.25 In
contrast, DGAT1 mainly uses exogenous fatty acids for TG
synthesis because mice lacking hepatic DGAT1 are only
protected from high-fat-diet–induced hepatic steatosis, but
not from steatosis induced by up-regulated de novo
lipogenesis.26

A growing number of studies have demonstrated that
neutral TG-enriched lipid droplets synthesis and accumu-
lation, which may serve as a detoxification process, protect
liver against FFA-induced cytotoxicity and organelle dam-
age, therefore promoting cell viability.27–29 Earlier reports
revealed that chronic alcohol intake leads to autophagy
dysfunction such as impaired autophagy flux.30,31 Consid-
ering that alcohol consumption increases fatty acid flux
from blood to the liver and DGAT1 is primarily responsible
for synthesizing TG from exogenous FFAs, we aimed to
determine whether hepatocyte-specific DGAT1 deletion af-
fects hepatic lipid homeostasis and autophagy function,
thereby modulating the progression of ALD. For this pur-
pose, we generated hepatocyte-specific DGAT1 knockout
(DGAT1Dhep) mice and fed them with Lieber-DeCarli ethanol
liquid diets. We further performed in vitro cell culture
studies, in vivo LAMP2 overexpression, and reversal
experiment that reduced FFA accumulation to explore how
hepatic FFAs elicit the deleterious effects in the liver during
the pathogenesis of ALD. Our results provide insights into
an inhibitory effect of FFAs on autophagy flux in the pro-
gression of ALD as well as the underlying mechanisms.
Results
DGAT1 Deletion in Hepatocytes Worsens
Alcohol-Induced Hepatic Lipid Accumulation via
Impairing VLDL Lipidation in Mice

We first confirmed that chronic alcohol feeding
increased DGAT1 levels in mouse liver (Figure 1A). At the
same time, hepatic DGAT2 was also up-regulated by alcohol
feeding (Figure 1A). We then generated hepatocyte-specific
DGAT1 knockout mice (DGAT1Dhep) to investigate how
DGAT1 deletion in hepatocytes may affect the pathogenesis
of ALD. To validate the knockout efficiency, we performed
quantitative polymerase chain reaction analysis and
confirmed that DGAT1 was successfully deleted in mouse
liver (Figure 1B). There was a slight increase in the mRNA
levels of hepatic DGAT2 along with DGAT1 deletion
(Figure 1B). Floxed mice and DGAT1Dhep mice were then
subjected to chronic feeding with control (pair-fed [PF]) or
alcohol (alcohol-fed [AF]) liquid diet. Hepatic FFA levels
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Figure 1. DGAT1 deletion
in hepatocytes worsens
alcohol-induced hepatic
lipid accumulation via
impairing VLDL lipidation
in mice. DGAT1flox/flox

(flox) mice and hepatocyte-
specific DGAT1 knockout
(DGAT1Dhep) mice were PF
or AF for 8 weeks. (A)
Relative mRNA expression
of DGAT1 and DGAT2 in
the liver of mice (n ¼ 4/
group). (B) Relative mRNA
expression of DGAT1 and
DGAT2 in the liver of floxed
and DGAT1Dhep mice (n ¼
5/group). (C) Analysis of
hepatic FFA and TG con-
tents (n ¼ 5/group). (D)
BODIPY 493/503 staining
of neutral lipids in mouse
liver (n ¼ 5/group). Scale
bars, 20 mm. (E) Analysis of
serum FFA and TG levels
(n ¼ 5/group). (F) Analysis
of serum VLDL-TG con-
centrations by fast protein
liquid chromatography
(FPLC). Location of VLDL
peak fractions is indicated
with light yellow back-
ground. (G) Immunoblot
analysis of serum protein
levels of ApoB100 (n ¼ 5/
group). Data are shown as
means ± SD. *P < .05.
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were elevated in PF DGAT1Dhep mice compared with PF
floxed mice, whereas a further increase was found in AF
DGAT1Dhep mice (Figure 1C). Unexpectedly, DGAT1 deletion
exacerbated alcohol-induced hepatic TG accumulation
(Figure 1C). Alcohol feeding induced neutral lipid droplets
accumulation in the liver of AF floxed mice, which was
further increased in AF DGAT1Dhep mice (Figure 1D).
Alcohol feeding increased serum FFA levels, and DGAT1
ablation had no additional impact (Figure 1E). Although
serum TG levels were not affected by either alcohol feeding
or DGAT1 deletion, they were markedly suppressed in AF
DGAT1Dhep mice (Figure 1E). A previous study has reported
that DGAT1 is essential for lipidation and maturation of
hepatic VLDL particles, which are then secreted into the
blood.32 Thus, we evaluated whether DGAT1 knockout
would affect serum VLDL levels. Fast protein liquid chro-
matography analysis demonstrated that the TG concentra-
tion in serum VLDL (fractions 17~24) was decreased in PF
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DGAT1Dhep mice, and a further decrease was observed in AF
DGAT1Dhep mice (Figure 1F). In accordance, serum protein
levels of apolipoprotein B100 were reduced by alcohol
feeding, and a further reduction was observed in AF
DGAT1Dhep mice (Figure 1G). Collectively, these data suggest
that hepatocyte-specific DGAT1 ablation increases hepatic
lipid contents possibly through impairing VLDL lipidation
and secretion.

Hepatocyte-Specific DGAT1 Deletion
Exacerbates Alcohol-Induced Liver Injury in Mice

Next, we examined the effect of hepatocyte-specific
DGAT1 deletion on alcohol-induced liver damage. We
found that serum alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) levels were both signifi-
cantly increased in AF DGAT1Dhep mice compared with AF
floxed mice (Figure 2A). Alcohol-induced lipid droplets
accumulation and hepatocyte necrotic degeneration, as
indicated by enlarged cell size and nucleus disappearance,
were aggravated by DGAT1 deletion (Figure 2B). Alcohol
feeding induced apoptotic cell death in floxed mice as
indicated by deoxyuride-5’-triphosphate biotin nick end la-
beling (TUNEL) positive nuclei, and AF DGAT1Dhep mice had
the most positive cells (Figure 2C). Moreover, DGAT1 dele-
tion exacerbated alcohol-induced oxidative stress in the
liver, as indicated by augmented lipid peroxidation
(Figure 2D). We also examined the impact of hepatocyte
DGAT1 knockout on hepatic inflammation. Quantitative
polymerase chain reaction analysis showed that the mRNA
levels of C-X-C motif chemokine ligand 1 (Cxcl1), a neutro-
phil chemoattractant, and lymphocyte antigen 6G (Ly6g), a
marker of neutrophil, were markedly increased in AF
DGAT1Dhep mice compared with AF floxed mice (Figure 2E).
Alcohol-induced hepatic neutrophil infiltration was further
elevated by DGAT1 deletion as observed by increased
number of myeloperoxidase (MPO) positive cells, indicating
augmented inflammation in the liver (Figure 2F). These
results suggest that hepatocyte-specific DGAT1 depletion
exacerbates alcohol-induced liver injury.

Alcohol-Induced Organelle Dysfunction Was
Aggravated by Hepatocyte-Specific DGAT1
Deletion in Mice

Because earlier studies have reported that FFAs induce
ER stress and autophagy dysfunction,21 we evaluated
markers of ER stress and autophagy and found that alcohol-
induced hepatic activating transcription factor 4 (ATF4) and
C/EBP homologous protein (CHOP) activation were aggra-
vated in DGAT1Dhep mice (Figure 3A and B). The level of a
typical lysosomal protein, lysosomal-associated membrane
protein 1 (LAMP1), was not affected by either alcohol or
DGAT1 deletion (Figure 3A). However, alcohol feeding
resulted in the suppression of another key lysosomal pro-
tein, LAMP2, which was exaggerated by DGAT1 knockout
(Figure 3A and C). Microtubule-associated protein light
chain 3 II (LC3II) is a protein involved in the autophagy
process, and its accumulation indicates blockade of
autophagy flux.33 Alcohol feeding led to a marked increase
of hepatic LC3II in both floxed and DGAT1Dhep mice
(Figure 3A). These results suggest that hepatocyte-specific
DGAT1 depletion exacerbates alcohol-induced hepatic
organelle dysfunction by increasing ER stress and impairing
autophagy function.
FFAs but not TG Induce ER Stress and
Autophagy Dysfunction in Hepatocytes

We next sought to dissect the role of FFAs and TG on
the induction of ER stress and autophagy dysfunction
because both were increased in mouse liver after DGAT1
deletion. We hypothesized that saturated FFAs induce
greater hepatocellular injury and organelle dysfunction
because of their limited ability to be converted into TG.
Co-treatment with unsaturated FFA will attenuate such
cytotoxicity by enhancing the conversion of saturated
FFAs into TG, therefore improving cell viability. Hepa-
1c1c7 cells were treated with palmitic acid (PA), oleic
acid (OA), or a combination of PA and OA (PAþOA) for 24
hours. BODIPY staining of neutral lipids showed that cells
treated with PA had the least accumulation of lipid
droplets, whereas both OA and PAþOA treatments caused
substantial accumulation of lipid droplets (Figure 4A).
Biochemical analyses showed that PA, but not OA,
increased cellular FFA levels, and OA co-supplementation
attenuated PA-induced cellular FFAs accumulation
(Figure 4B). Compared with PA only treatment, both OA
and PAþOA treatments significantly increased cellular TG
levels, with the combined treatment yielding the highest
amount (Figure 4B). In accordance, PA treatment led to an
elevated lactate dehydrogenase (LDH) release to the me-
dium, an indicator of cellular injury (Figure 4C). Immu-
noblot analysis revealed that PA up-regulated the protein
levels of ATF4, CHOP, and LC3II and reduced LAMP2,
whereas LAMP1 was not affected (Figure 4D). Considering
the important role of LMAP2 in autophagosome-lysosome
fusion, the data of PA-mediated LAMP2 reduction and
LC3II accumulation suggest that the process of autophagy
flux may be impaired by FFAs. To monitor autophagy flux,
Hepa-1c1c7 cells were transiently transfected with a
tandem-tagged ptfLC3 (mRFP-EGFP-LC3) and treated with
fatty acids. Successful fusion will lead to the virtualization
of only mRFP fluorescence signal because the green
fluorescent protein signals will be quenched in acidic
environment inside the autolysosome. As expected, only
mRFP signals were detected in OA- or PAþOA-treated
cells, whereas PA treatment alone increased the amount
of both GFP and mRFP signals within the cells
(Figure 4E). The merged image of PA-treated cells yielded
a yellow signal, indicating a blockade of autophagy flux
(Figure 4E). Consistently, flow cytometry analysis
confirmed that PA treatment induced more cellular injury
and apoptosis (Annexin V-positive cells) (Figure 4F).
Collectively, the results indicate that FFAs, rather than TG,
induce hepatocellular injury via inhibition of LAMP2-
mediated autophagy flux.



Figure 2. Hepatocyte-
specific DGAT1 knockout
exacerbates alcohol-
induced liver injury in
mice. Floxed and
DGAT1Dhep mice were PF
or AF for 8 weeks. (A)
Analysis of serum ALT and
AST levels (n ¼ 5/group).
(B) H&E staining of liver
tissue sections (n ¼ 5/
group). Scale bars, 20 mm.
Arrowheads: hepatocyte
degeneration. Arrows: he-
patic lipid droplets. CV,
central vein. (C) Immuno-
histochemistry analysis of
TUNEL on liver tissue sec-
tions (n ¼ 5/group). Scale
bars: 50 mm. Arrow:
TUNEL positive cells.
(D) Immunohistochemistry
staining of 4-HNE on liver
tissue sections (n ¼ 5/
group). Scale bars, 20 mm.
(E) Cxcl1 and Ly6g mRNA
expression (n ¼ 5/group).
(F) Immunofluorescence
staining of hepatic MPO
positive cells (red) (n ¼ 5/
group). Scale bars, 20 mm.
Data are shown as
means ± SD. *P < .05.
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LAMP2 Reduction Is a Direct Downstream Event
of ER Stress in Hepatocytes

Because both our animal and cell studies showed a
reduction of LAMP2 in association with increased ER
stress, a possible link between ER stress and LAMP2 was
further defined. Hepa-1c1c7 cells were treated with
tunicamycin, an ER stress inducer, for 24 hours. As
shown in Figure 5A, a strong activation of ATF4 and
CHOP was observed on tunicamycin treatment, whereas
LAMP2 protein was markedly reduced. Immunofluores-
cence microscopy also confirmed that tunicamycin
treatment led to a strong induction of ATF4, whereas
LAMP2 was barely detectable (Figure 5B). Next, we created
a stable ATF4 knockdown cell line and treated the cells with
PA. We found that PA-induced ATF4 and CHOP protein
levels were largely abrogated by ATF4 knockdown, whereas
PA-suppressed LAMP2 protein levels were restored
(Figure 5C). Moreover, PA-induced LC3II accumulation was
normalized by ATF4 knockdown (Figure 5C). These data
suggest that suppression of LAMP2 is a downstream event
of ER stress, and suppressing ER stress improves autophagy
function.
Hepatocyte-Specific LAMP2 Overexpression
Ameliorates Alcohol-Induced Organelle
Dysfunction in Mice

To further determine whether LAMP2 facilitates
autophagy function and thereby alleviates ER stress,
hepatocyte-specific LAMP2 overexpressing (AAV8-TBG-
m-LAMP2) mice were created and subjected to chronic
alcohol feeding. Alcohol-suppressed LAMP2 mRNA was
fully restored in LAMP2 transgenic mice to a level that
was even higher than PF mice (Figure 6A). Consistently,
Western blot and immunohistochemistry staining
demonstrated that the decreased LAMP2 protein levels



Figure 3. Alcohol-induced
organelle dysfunction was
aggravated by hepatocyte-
specific DGAT1 deletion in
mice. (A) Immunoblot and
quantification analysis of
hepatic protein levels of
ATF4, CHOP, LAMP1,
LAMP2, and LC3II (n ¼ 5/
group). (B and C) Immu-
nohistochemistry analysis
of CHOP (left) and LAMP2
(right) of liver tissue sec-
tions (n ¼ 3/group). Scale
bars, 20 mm. Data are
shown as means ± SD.
*P < .05.
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were fully reversed in LAMP2 transgenic mice without
affecting LAMP1 (Figure 6A and B). Along with LAMP2
overexpression, alcohol-elevated hepatic protein levels
of LC3II were normalized in AAV8-LAMP2 mice, sug-
gesting improvement of autophagy function (Figure 6C).
Interestingly, LAMP2 overexpression also alleviated
alcohol-induced hepatic ER stress as indicated by
reduced protein levels of ATF4 and CHOP (Figure 6C
and D).
Hepatocyte-Specific LAMP2 Overexpression
Attenuates Alcohol-Induced Lipid Accumulation
and Liver Injury in Mice

We next examined the effect of hepatocyte-specific
LAMP2 overexpression on alcohol-induced liver damage.
Alcohol-induced hepatic accumulation of FFAs and TG
(Figure 7A) as well as BODIPY-positive neutral lipid
droplets (Figure 7B) was ameliorated by LAMP2 over-
expression. Hepatocellular injury was assessed by
measuring serum ALT and AST as well as histopathologic
changes. LAMP2 overexpression prevented alcohol-
induced elevation of serum ALT and AST levels
(Figure 7C) and reduced hepatocyte necrotic degeneration
(Figure 7D). Alcohol-induced hepatic inflammation as
indicated by up-regulated Cxcl1 and Ly6g mRNA expres-
sion and infiltrated MPO-positive neutrophils (Figure 7F)
were also attenuated by LAMP2 overexpression. These
data suggest that hepatocyte-specific LAMP2 over-
expression protects against alcohol-induced lipid accu-
mulation and liver injury.
Pharmacologic Activation of Peroxisome
Proliferator-Activated Receptor a Accelerates
Fatty Acid Metabolism and Reverses Alcohol-
Induced Liver Injury

Peroxisome proliferator-activated receptor a (PPARa) is
a ligand-activated nuclear transcription factor, and many of
its target genes are key enzymes in fatty acid metabolism.34

Because DGAT1 deletion in the liver further increased
alcohol-induced hepatic FFAs level and worsened alcohol-
induced liver injury, we sought to determine whether us-
ing a potent PPARa agonist, Wy14,643, to decrease hepatic
FFA levels would reverse alcohol-induced organelle
dysfunction and liver damage. We first confirmed that
Wy14,643 successfully activated PPARa by the induction of
several PPARa target proteins involved in fatty acid acti-
vation and fatty acid b-oxidation, including acyl-CoA syn-
thetase long chain family member 1, acyl-CoA
dehydrogenase long chain, acyl-CoA dehydrogenase medium
chain, and acyl-CoA oxidase 1 (Figure 8A). Under the con-
dition of alcohol feeding, DGAT1 deletion-induced FFAs and
TG accumulation was reversed by Wy14,643 supplementa-
tion (Figure 8B). Wy14,643 also improved alcohol-induced
liver injury in AF DGAT1Dhep mice as indicated by attenua-
tion of serum ALT and AST elevation (Figure 8C), hepatocyte
lipid droplet accumulation, and hepatocyte necrotic degen-
eration (Figure 8D). In addition, Wy14,643 supplementation
alleviated ER stress in the liver of DGAT1Dhep AF mice as
indicated by decreased protein levels of ATF4 and CHOP
(Figure 8E and F). The suppressed LAMP2 protein was
restored, and LC3II accumulation was alleviated in the liver
of AF DGAT1Dhep mice with Wy14,643 (Figure 8E and G).



Figure 4. FFAs but not TG induce ER stress and autophagy dysfunction in hepatocytes. Hepa-1c1c7 cells, with or without
transfection of tandem fluorescent mRFP-GFP-tagged LC3 plasmid (ptfLC3), were treated with 100 mmol/L PA, OA, or PAþOA
for 24 hours. (A) BODIPY 493/503 staining of cellular neutral lipids accumulation. Scale bars: 50 mm. (B and C) Cellular FFA,
TG, and LDH measurements. (D) Immunoblot and quantification analysis of cellular protein levels of ATF4, CHOP, LAMP2,
LAMP1, and LC3II. (E) Autophagy flux was visualized by immunofluorescence microscopy. Scale bars, 20 mm. (F) Flow
cytometry analysis of cellular apoptosis. Data are shown as means ± SD. *P < .05.
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Figure 5. LAMP2 reduc-
tion is a direct down-
stream event of ER
stress in hepatocytes. (A)
Hepa-1c1c7 cells were
treated with tunicamycin
(TM) at 5 mmol/L for 24
hours and immunoblotted
for cellular LAMP2, ATF4,
and CHOP. (B) ATF4 and
LAMP2 were visualized by
immunofluorescence mi-
croscopy under tunicamy-
cin treatment. Scale bars,
20 mm. (C) Hepa-1c1c7
cells, with or without
transfection of ATF4
knockdown CRISPR
plasmid, were treated with
100 mmol/L PA for 24
hours and immunoblotted
for cellular ATF4, CHOP,
LAMP2, and LC3II. Data
are shown as means ± SD.
*P < .05.
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These data suggest that reducing hepatic fatty acid levels
effectively restores LAMP2 and autophagy function via in-
hibition of ER stress.
Impaired Autophagy Function in the Liver of
Patients With Severe Alcoholic Hepatitis

Our recent study demonstrated that the protein levels of
ATF4 and its nuclear distribution were increased in the liver
of patients with severe alcoholic hepatitis (SAH).35 Here, we
further determined whether impaired LAMP2-autophagy
pathway is associated with ER stress in the pathogenesis
of human SAH as observed in the animal study. Western blot
analysis showed that the protein levels of LAMP2 were
significantly lower, whereas LC3II protein was accumulated
in the liver of patients with SAH than that of the control
subjects (Figure 9A). In accordance, immunofluorescence
analysis demonstrated a reduced cytoplasmic distribution of
LAMP2, but an increased abundance of LC3II, in hepatocytes
of SAH patients, compared with control subjects (Figure 9B).
These data suggest that induction of ER stress may account
for the disruption of LAMP2-autophagy flux in the devel-
opment of human SAH.
Discussion
Excessive hepatic lipid accumulation is frequently

observed in ALD patients and animal models. However, it
remains unclear whether it is TG or FFAs that incite lip-
otoxicity and inflammatory responses in the liver. Our re-
sults showed that hepatocyte-specific DGAT1 ablation
exaggerated alcohol-induced liver injury by increasing he-
patic FFAs levels as well as suppressing VLDL lipidation,
which leads to elevated liver inflammation, ER stress, and
disruption of autophagy. Our cell studies revealed that FFA-
mediated induction of ER stress, especially through ATF4,
directly targets LAMP2, leading to the suppression of
LAMP2 protein and impairment of autophagy flux. We
further demonstrated that restoration of autophagy function
by overexpressing LAMP2 or pharmacologic induction of



Figure 6. Hepatocyte-
specific LAMP2 over-
expression ameliorates
organelle dysfunction
induced by alcohol in
mice. C57BL/6J mice with
or without hepatocyte-
specific LAMP2 gene de-
livery were fed control or
alcohol liquid diet for 8
weeks. (A) mRNA expres-
sion of hepatic LAMP2
gene, Western blot anal-
ysis of LAMP2 and LAMP1
protein (n ¼ 5/group).
(B) Immunohistochemistry
staining of LAMP2 in liver
sections (n ¼ 5/group).
Scale bar, 20 mm. (C)
Immunoblot and quanti-
fication analysis of pro-
tein levels of LC3II, ATF4,
and CHOP (n ¼ 5/group).
(D) Immunohistochemistry
staining of CHOP on liver
tissue sections (n ¼ 5/
group). Scale bars, 20 mm.
Data are shown as means
± SD. *P < .05. OE,
overexpression.
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fatty acid clearance by PPARa agonist Wy14,643 amelio-
rated alcohol-induced liver injury in mice. Taken together,
our study demonstrates that hepatic FFAs are more dele-
terious in comparison with TG in alcohol-induced lip-
otoxicity (Figure 9C). Therefore, blocking hepatic TG
synthesis alone could be a double-edged sword in battling
against the development of ALD if accumulated FFAs are not
metabolized efficiently.

Our lab has previously reported that chronic alcohol
consumption increases FFA flux from blood to the liver.6 In
accordance, our initial observation confirmed that hepatic
DGAT1 is up-regulated by alcohol, which supports the hy-
pothesis that DGAT1 is involved in converting exogenous
FFAs into TG. TG-enriched lipid droplets accumulation has
long been taken as a gold marker in assessing the pro-
gression of ALD. It was believed that suppressing TG syn-
thesis decreases TG-enriched lipid droplets accumulation in
the liver, therefore preventing the progression of stea-
tosis.26,36,37 Nevertheless, suppressing TG synthesis could
also lead to the increase of cellular FFAs and other toxic
metabolites.38 Considering that chronic alcohol intake in-
creases FFAs flux from blood to the liver as well as reduces
the rate of hepatic FA oxidation, the buildup of FFAs could
pose a more deleterious effect to the liver. Indeed, one of the
most important findings of our study is that hepatocyte-
specific DGAT1 deletion led to increased levels of hepato-
cellular FFAs and augmented liver injury in mice fed with
alcohol, which strongly supports our hypothesis. We found
that once FFAs were incorporated into TG and stored in
lipid droplets, less ER stress and cellular injuries were
observed, compared with the condition when FFAs were
poorly converted into TG. Therefore, hepatic accumulation
of TG-enriched lipid droplets may serve as a parallel phe-
nomenon rather than a direct cause of liver injury. Inter-
estingly, what we did not expect was that under the
condition of alcohol feeding, DGAT1 deletion increased the
amount of TG in mouse liver. It has been reported that
DGAT1 participates in VLDL secretion, with one study
showing that DGAT1 overexpression in mouse liver
increased VLDL secretion39 and the other showing that
DGAT1 is involved in lipidation and maturation of hepatic
VLDL particles.32 Our fast protein liquid chromatography
and immunoblot analysis results suggest that DGAT1 may
be involved in VLDL lipidation and secretion because
DGAT1 deletion resulted in a decrease of serum VLDL-TG
levels as well as ApoB100 protein levels after alcohol
feeding. Thus, DGAT1-mediated VLDL secretion of TG is an
adaptive response to the increased exogenous FFAs influx to



Figure 7. Hepatocyte-specific LAMP2 overexpression attenuates alcohol-induced lipid accumulation and liver injury in
mice. C57BL/6J mice with or without hepatocyte-specific LAMP2 gene delivery were fed control or alcohol liquid diet for 8
weeks. (A) Analysis of hepatic FFA and TG contents (n ¼ 4/group). (B) BODIPY 493/503 staining of neutral lipids in mouse liver
(n ¼ 4/group). Scale bars, 20 mm. (C) Analysis of serum ALT and AST levels (n ¼ 4/group). (D) H&E staining of liver tissue
sections (n ¼ 4/group). Arrowheads: hepatocyte degeneration. Arrows: hepatic lipid droplets. Scale bars, 20 mm. (E) Cxcl1 and
Ly6gmRNA expression (n ¼ 4/group). (F) Immunofluorescence staining of hepatic MPO positive cells (red) (n ¼ 4/group). Scale
bars, 20 mm. Data are shown as means ± SD. *P < .05. CV, central vein; OE, overexpression.
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Figure 8. Pharmacologic activation of PPARa induces FA metabolism and reverses alcohol-induced liver injury.
DGAT1Dhep mice were PF or AF with or without Wy14,643 supplementation at 10 mg/kg/day starting from the last week in
8-week feeding experiment. (A) Immunoblot and quantification analysis of hepatic protein levels of ACADL, ACADM, ACSL1,
and ACOX1 (n ¼ 4/group). (B) Analysis of hepatic TG and FFA contents (n ¼ 4/group). (C) Analysis of serum ALT and AST levels
(n ¼ 4/group). (D) H&E staining of liver tissue sections (n ¼ 4/group). Arrowheads: hepatocyte degeneration. Arrows: hepatic
lipid droplets. Scale bars, 20 mm. (E) Immunoblot and quantification analysis of protein levels of ATF4, CHOP, LAMP2, and
LC3II (n ¼ 4/group). (F and G) Immunohistochemistry staining of CHOP and LAMP2 on liver tissue sections (n ¼ 4/group).
Scale bars, 20 mm. Data are shown as means ± SD. *P < .05.
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Figure 9. Impaired auto-
phagy function in the liver
of patients with SAH. (A)
Immunoblot and quantifi-
cation analysis of LAMP2
and LC3II in the liver of
healthy subjects and SAH
patients (n ¼ 5/group). (B)
Immunofluorescence anal-
ysis of LAMP2 and LC3II in
the liver of healthy subjects
and SAH patients (n ¼ 5/
group). Scale bars, 20 mm.
(C) Schematic representa-
tion of the role and mech-
anism of FFA toxicity in the
pathogenesis of ALD by
inhibiting autophagy flux
via inducing ER stress.
Data are shown as means
± SD. *P < .05.
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the liver. Because hepatic DGAT2 was also up-regulated by
alcohol, further studies are necessary to elucidate how
DGAT2 deletion or DGAT1 and 2 double knockout in the
liver would affect hepatic lipid homeostasis and the pro-
gression of ALD.

Emerging evidence reveals that autophagy is disrupted
in animal models of alcohol intoxication. Alcohol exposure
has been repeatedly shown to increase hepatic protein level
of autophagosome marker LC3II, indicating accumulation of
autophagosomes.31,40,41 However, increased accumulation
of autophagosomes may represent either increased syn-
thesis of autophagosomes to meet autophagy demand or
suppressed autophagosome-lysosome fusion under cellular
toxicity and stress.42 Growing evidence now supports that
LAMP2 is crucial for autophagosome-lysosome fusion dur-
ing autophagy. Mice deficient in LAMP2 displayed a signif-
icant increase of hepatic autophagosomes and LC3II protein
levels.43,44 Under chronic alcohol exposure, hepatic LAMP2
protein suppression was observed in association with LC3II
accumulation.31,40 In our animal model because DGAT1
deletion resulted in elevated FFAs in the liver under alcohol
feeding, we hypothesized that increased hepatic FFAs would
further impair autophagy in ALD. Through examining
several key autophagic molecules, we identified that hepatic
LAMP2 was markedly reduced by DGAT1 deletion, espe-
cially under the condition of alcohol exposure, with elevated
hepatocellular stress and cell death. Hepatic protein levels
of LC3II were induced by alcohol regardless of DGAT1
deletion. Nevertheless, hepatic LAMP1 was not significantly
impacted in our in vitro or in vivo studies, suggesting that
FFA-mediated toxicity may differentially affect LAMP2 and
LAMP1. Importantly, our animal study using LAMP2 trans-
genic mice demonstrated that restoration of LAMP2 protein
normalized hepatic protein levels of LC3II, indicating
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improved autophagy activity. Interestingly, LAMP2 over-
expression also attenuated alcohol-induced ER stress and
liver damage. The present study provides direct evidence
supporting a mechanistic link between LAMP2 deficiency
and LC3II accumulation in the pathogenesis of ALD. There-
fore, our data support that LAMP2 is an important molec-
ular target in ALD.

Molecular mechanisms underlying the regulation of
LAMP2 are poorly understood, although the importance of
LAMP2 in autophagy flux has been well-documented.
Babuta et al31 demonstrated that micro-RNA 155, which
was induced by alcohol, mediated the suppression of both
LAMP2 and LAMP1 proteins and resulted in liver damage. A
cell study using human trophoblasts observed that induc-
tion of ER stress with tunicamycin led to the reduction of
LAMP2 and LAMP1 proteins, suggesting that ER stress may
negatively regulate LAMP2.45 ER stress has also been
implicated in PA-suppressed selective autophagy. Along
with induction of ER stress, PA treatment was found to
impair autophagosome-lysosome fusion, although the
mechanism remains unclear.21 These observations led us to
speculate that FFA-induced ER stress may negatively regu-
late the expression of LAMP proteins, which results in the
blockade of autophagy flux. Indeed, our in vitro studies have
confirmed that PA, but not OA, suppressed LAMP2 protein
and autophagy flux as PA was poorly converted into TG,
therefore inducing more toxicity and cellular injury. We
further demonstrated that knockdown of ATF4 restored PA-
induced LAMP2 reduction and prevented LC3II accumula-
tion, indicating that ATF4 serves as a negative regulator of
LAMP2 and activation of ATF4 contributes to the disruption
of autophagy flux under FFA-induced lipotoxicity.

As aforementioned, PPARa is a well-known master
regulator of fatty acid metabolism in the liver.7 Earlier
studies have demonstrated that alcohol exposure leads to
PPARa dysfunction, and reactivation of PPARa signaling
improves fatty acid clearance and alleviates alcohol stea-
tosis.46 Our animal model demonstrated that hepatocyte-
specific DGAT1 knockout further increased FFAs accumu-
lation in the liver and exacerbated alcohol-induced liver
injury. Therefore, we sought to determine whether
increasing fatty acid clearance through PPARa activation in
DGAT1Dhep mice would reverse FFA-induced lipotoxicity
under chronic alcohol feeding. Our findings support the
hypothesis that PPARa activation by Wy14,643 would
reduce the accumulation of hepatic FFAs and subsequent TG
synthesis, therefore reversing alcohol-induced hepatocellu-
lar damage in DGAT1Dhep mice. As expected, alcohol-
induced hepatic organelle dysfunction has also been mark-
edly improved by Wy14,643 as indicated by neutralized ER
stress and restoration of autophagy function. Thus, FFA-
induced hepatic lipotoxicity, rather than TG accumulation,
may be a possible central mechanism underlying alcohol-
induced inflammation and organelle dysfunction in the
pathogenesis of ALD.

In summary, the present study demonstrates that
alcohol exposure increases hepatic levels of FFAs and TG,
and accumulation of FFAs, rather than TG, induces
hepatocellular injury. Mechanistic study showed that FFAs
activate ER stress pathway through ATF4, which, in turn,
down-regulates LAMP2 and leads to impaired autophagy
flux. Overexpression of LAMP2 and reactivation of PPARa
by Wy14,643 in mice both restored autophagy function
and ameliorated alcohol-induced liver injury. Down-
regulation of LAMP2-autophagy pathway was also detec-
ted in the liver of patients with SAH. These findings offer
novel insights into the role of hepatic FFAs versus TG in
the pathogenesis of ALD and may shed light on the
development of therapies targeting FFA-mediated
lipotoxicity.
Materials and Methods
Human Liver Samples With SAH

Liver explant specimens from patients with SAH and
wedge biopsies from the donor livers were provided by
Johns Hopkins University under the support of NIAAA-
funded Clinical Resource for Alcoholic Hepatitis In-
vestigations (R24AA025017) as previously described.47

Tissue collection of explanted livers or biopsies from
donor livers had been approved by Institutional Review
Boards at Johns Hopkins Medical Institutions
(IRB00107893, IRB00021325).
Mice
C57BL/6J wild-type, DGAT1 floxed mice (DGAT1flox/flox,

stock no. 017322) and albumin-Cre mice (Alb-Cre, stock
no. 003574) were purchased from the Jackson Laboratory
(Bar Harbor, ME). DGAT1flox/flox mice were crossed with
Alb-Cre mice to generate hepatocyte-specific DGAT1
knockout (DGAT1Dhep) mice. For hepatocyte-specific
LAMP2 overexpression, 10-week-old C57/BL6J mice
were injected with recombinant adeno-associated viral
serotype 8 (AAV8) gene transfer vectors (5e11 GC/per
mouse) bearing mouse LAMP2 cDNA (AAV8-LAMP2)
controlled by a hepatocyte-specific TBG promoter through
retro-orbital sinus as previously described.35 Mice injected
with AAV8-TBG-null vectors served as control (AAV8-
Null). Mice were handled and all experiments were per-
formed in accordance with the protocol approved by the
North Carolina Research Campus Institutional Animal Care
and Use Committee.
Chronic Alcohol Feeding and Treatments
Male mice at 12 weeks old were chronically fed an

ethanol-containing Lieber-DeCarli liquid diet (AF) or an
isocaloric control liquid diet (PF) as described previously.47

Sibling littermates of DGAT1flox/flox mice were used as
controls for DGAT1Dhep mice. All ingredients used in the
liquid diets were obtained from Dyets (Bethlehem, PA)
except for ethanol (Sigma-Aldrich, St Louis, MO). A PPARa
agonist, pirinixic acid (Wy14,643; Cayman Chemical, Ann
Arbor, MI), was supplemented to the diets at 10 mg/kg/day
for the last week of the 8-week feeding experiment.



Table 1.Primer List

Gene name Sequence (forward) Sequence (reverse)

Dgat1 5’-TCCGCCTCTGGGCATTC-3’ 5’-GAATCGGCCCACAATCCA-3’

Dgat2 5’-CTGGCTGATAGCTGCTCTCTACTTC-3’ 5’-TGTGATCTCCTGCCACCTTTC-3’

Cxcl1 5’-CCAGAGCTTGAAGGTGTTGC-3’ 5’-AAGCCTCGCGACCATTCTTG-3’

Lamp2 5’-CTGACTCCTGTCGTTCAGAAAT-3’ 5’-GGTGGGAGTTTGGTCTTCTT-3’

Ly6g 5’-CCACTCCTCTCTAGGACTTTCA-3’ 5’-ACCTTGGAATACTGCCTCTTTC-3’

RPS17 5’-GGAGATCGCCATTATCCCCA-3’ 5’-ATCTCCTTGGTGTCGGGATC-3’
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Western Blot
Whole protein lysates from the mouse liver, serum, and

Hepa-1c1c7 cells were extracted using lysis buffer supple-
mented with protease and phosphatase inhibitors (Sigma-
Aldrich). Aliquots containing 30 mg of proteins were sub-
jected to sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis, transblotted onto polyvinylidene difluoride
membranes (Bio-Rad, Hercules, CA), blocked with 4%
nonfat dry milk in phosphate-buffered saline solution con-
taining 1% Tween-20, and then incubated overnight with
the following antibodies, including anti-DGAT1, anti-
ApoB100 (Santa Cruz Biotechnology, Dallas, TX), anti-
ACSL1, anti-LAMP1, anti-LAMP2, anti-ATF4, anti-CHOP
(Cell Signaling Technology, Danvers, MA), anti-ACADL,
anti-ACOX1 (Proteintech Group, Inc, Rosemont, IL), anti-
ACADM, anti-LC3II (Novus Biologicals, Littleton, CO), anti-
b-actin, and anti-GAPDH (Abcam, Cambridge, MA), respec-
tively. Membranes were then washed and incubated with
horseradish peroxidase-conjugated goat anti-mouse immu-
noglobulin G or goat anti-rabbit immunoglobulin G (Thermo
Fisher Scientific, Rockford, IL). The bound complexes were
detected with enhanced chemiluminescence (Thermo Fisher
Scientific) and quantified by densitometry analysis.

Cell Culture and Treatments
Hepa-1c1c7 mouse hepatoma cells (American Type

Culture Collection, Rockville, MD) were cultured in Dulbecco
modified Eagle medium supplemented with 10% heat-
inactivated fetal bovine serum, 100 units/mL penicillin,
and 100 mg/mL streptomycin (Gibco, Thermo Fisher Sci-
entific, Waltham, MA). Cells were seeded in 6-well plates at
a density of 1 � 105 cells/cm2 in 2 mL of standard growth
medium per well and reached 80% confluence overnight in
5% CO2, 37�C incubator. Then cells were treated with FFAs
including PA at 100 mmol/L and/or OA at 100 mmol/L for
24 hours. FFAs were conjugated to bovine serum albumin at
a ratio of 6.6:1, as previously described.48 Tunicamycin at 5
mmol/L was used to treat Hepa-1c1c7 cells for 24 hours.

Plasmid Transfection for ATF4 Knockdown and
Autophagy Flux

Hepa1c1c7 cells were seeded in 6-well tissue culture
plates 24 hours before transfection. After cells reached
60%–80% confluency, ATF4 CRISPR/Cas9 KO Plasmid (SC-
419228-KO-2; Santa Cruz Biotechnology) and control
CRISPR activation plasmid (SC-437275; Santa Cruz
Biotechnology) were transfected to cells following the
manufacturer’s protocol. Transfection efficiency was deter-
mined by Western blot analysis.

To check autophagy flux, Hepa1c1c7 cells were seeded
and transfected with pTF-LC3 (plasmid with tandem fluo-
rescent tagged LC3, Plasmid ID # 21074) construct (Addg-
ene, Cambridge, MA). pTF-LC3 construct contains
autophagosome marker protein LC3 tagged with both red
and green fluorescent protein in tandem (RFP-GFP-LC3).
After FFAs treatment, the accumulation of green fluorescent
protein and red fluorescent protein signals was visualized
using fluorescence microscope.
Histopathology and Immunohistochemistry
Histopathology staining was performed as previously

described.49 Briefly, liver tissues were fixed in 10% formalin
and processed for paraffin embedding. Paraffin sections
were cut into 5 mm and processed with H&E staining. For
immunohistochemistry staining, mouse hepatic LAMP2,
CHOP, p-S6, TFEB, and 4-hydroxynonenal (4-HNE) were
detected. Paraffin-embedded liver sections were incubated
with 3% hydrogen peroxide to inactivate endogenous per-
oxidases. The endogenous mouse immunoglobulin G was
blocked by incubation with a mouse-to-mouse blocking re-
agent (ScyTek Laboratories, Logan, UT). Tissue sections
were incubated with a monoclonal antibody at 4�C over-
night, followed by 30-minute incubation with EnVisionþ

labeled polymer-horseradish peroxidase-conjugated anti-
mouse or anti-rabbit immunoglobulin G (DAKO, Carpin-
teria, CA).
Immunofluorescence
To determine hepatic inflammation, cryostat sections of

mouse liver were incubated with anti-MPO, followed by
Alexa Fluor 594-conjugated donkey anti-rat immunoglob-
ulin G (Jackson ImmunoResearch Laboratories, West Grove,
PA). The nuclei were counterstained by 4’6-diamidino-2-
phenylindole (DAPI; Thermo Fisher Scientific).
Plasma ALT/AST Levels
Plasma ALT and AST levels were colorimetrically

measured by Infinity ALT Reagent and Infinity AST Reagent
(Thermo Fisher Scientific), respectively.
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RNA Isolation and Real-Time Polymerase Chain
Reaction

Total RNA was isolated from mouse liver tissue and
Hepa-1c1c7 cells using TRIzol Reagent (Invitrogen, Wal-
tham, MA) according to the manufacturer’s protocol. The
complementary DNA (cDNA) was synthesized using the
cDNA Synthesis kit (TaqMan Reverse Transcription Re-
agents; Thermo Fisher Scientific) and amplified with SYBR
Green PCR Supermix kit (Qiagen, Hilden, Germany) using a
7500 Real Time PCR System. All primers were designed and
synthesized by Integrated DNA Technologies (Coralville,
CA). Data were analyzed using the 2�DDCt threshold cycle
method. Primers used for real-time polymerase chain reac-
tion in this study are listed in Table 1. The mRNA levels of
genes were normalized to those of RPS17 rRNA and
expressed as relative to the control.
Quantification of TG, FFAs, and VLDL
TG and FFAs from mice liver and hepa1c1c7 cells were

measured as previously described.47 Briefly, lipids were
extracted using chloroform/methanol (2:1), vacuumed, and
redissolved in 5% Triton X-100/methyl alcohol mixture (1:1
vol/vol). FFA and TG contents were then determined using
colorimetric assay kits (Biovision, Milpitas, CA), according to
the manufacturer’s instructions.

VLDL, low-density lipoprotein, and high-density lipo-
protein were isolated from mouse serum.50 In brief, a
Pharmacia Smart System FPLC equipped with a Superose 6
PC 3.2/30 column (GE Healthcare Europe GmbH, Munich,
Germany) was used with Dulbecco phosphate-buffered sa-
line containing 1 mmol/L EDTA as a running buffer. After
loading 50 mL serum, the system was run with a constant
flow of 40 mL/min, and fractionation was started after 18
minutes with 80 mL per fraction. Fraction samples con-
taining serum lipoproteins were used for further analysis to
determine TG levels of each fraction. The approximate
fraction numbers for VLDL were 17 to 24.
Cellular Neutral Lipid Staining
Hepa1c1c7 cells were fixed in 4% formaldehyde for 15

minutes at room temperature, permeabilized with 0.2%
Triton X-100 in phosphate-buffered saline for 10 minutes,
and incubated in 10% normal donkey serum for 30 minutes.
Then cells were incubated with boron dipyrromethene
(BODIPY) 493/503 dye for 20 minutes and counterstained
with DAPI (Life Technologies, Carlsbad, CA) for 1 minute.
Accumulation of neutral lipids in the cell was observed by
fluorescence microscope.
Flow Cytometry
The frequency of FFA-treated annexin V (BioLegend, San

Diego, CA) and 7-AAD (BioLegend) positive Hepa1c1c7 cells
was determined by flow cytometry on FACSMelody (BD
Bioscience, San Jose, CA) according to the manufacturer’s
instructions. The data were analyzed using FlowJo software
v10.1 (Treestar, Ashland, OR).
LDH Assay
LDH assays (Thermo Fisher Scientific) were used to

determine cellular LDH activity of Hepa1c1c7 cells treated
with FFAs. Briefly, after FFAs treatment, cell culture su-
pernatants were collected, mixed with LDH reaction buffer,
and incubated in dark at room temperature for 30 minutes.
Then LDH stop solution was added, and LDH release was
quantified by measuring absorbance at 490 nm and 680 nm
to determine LDH activity.
Statistical Analysis
All results were analyzed using the independent-samples

t test or one-way analysis of variance, followed by Bonfer-
roni multiple comparison. Data were expressed as mean ±
standard deviation (SD). In all tests, P <.05 was considered
statistically significant.
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