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Naringenin inhibits alcoholic injury by improving lipid
metabolism and reducing apoptosis in zebrafish larvae
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Abstract. Alcoholic liver disease (ALD) includes a spec-
trum of hepatic abnormalities that range from isolated
alcoholic steatosis to steatohepatitis and cirrhosis. Naringenin,
a predominant flavanone in grapefruit, increases resistance
to oxidative stress and inflammation and protects against
multiple organ injury in various animal models. However,
the specific mechanisms responsible for protection against
alcoholic injury are poorly understood. In the present study,
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we aimed to investigate the effect of naringenin on alcoholic
events and the molecular regulatory mechanisms of naringenin
in the liver and whole body of zebrafish larvae following expo-
sure to 350 mmol/l ethanol for 32 h. Zebrafish larvae {4 days
post-fertilization (dpf); wild-type (WT) and a transgenic line
with liver-specific eGFP expression [Tg(Ilfabpl0a-eGFP)]}
were used to establish an alcoholic fatty liver model in order
to evaluate the effects of naringenin treatment on anti-alco-
holic injury. Naringenin significantly reduced alcoholic liver
morphological phenotypes and the expression of alcohol and
lipid metabolism-related genes, including cyp2y3, cyp3a635,
hmgcra, hmgcerb, fasn, fabpl0Oa, fads2 and echsl, in zebrafish
larvae. Naringenin also attenuated hepatic apoptosis in larvae
as detected by TUNEL staining, consistent with the expression
of critical biomarkers of endoplasmic reticulum stress and of
DNA damage genes (chop, gadd45aa and edeml). The present
study showed that naringenin inhibited alcohol-induced liver
steatosis and injury in zebrafish larvae by reducing apoptosis
and DNA damage and by harmonizing alcohol and lipid
metabolism.

Introduction

Hepatic steatosis is an early and common sign of alcohol
consumption and possible progression to alcoholic liver
disease (ALD), which is a major liver disease and an important
health issue in America and worldwide (1). ALD includes a
series of phenotypes ranging from simple steatosis to steato-
hepatitis, progressive fibrosis, cirrhosis and hepatocellular
carcinoma (2). The worldwide growing prevalence of ALD
suggests that more affordable treatments are needed.
Epidemiological studies have revealed an association
between an increased consumption of dietary flavonoids and
a reduced risk of dyslipidemia disease (3). The flavonoid
naringenin [5,7-dihydroxy-2-(4-hydroxyphenyl)chroman-
4-one] has been investigated as a possible candidate agent
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to protect against inflammatory injuries (4). Naringenin was
found to improve glucose and insulin tolerance, reduce hepatic
lipid accumulation, and attenuate dyslipidemia and athero-
sclerosis in mouse models (5,6). Naringenin induced hepatic
fatty acid oxidation, which reduces the availability of lipids,
particularly triglycerides, for the assembly and secretion of
apolipoprotein B-containing lipoproteins, leading to reduced
hepatic lipid accumulation and improved dyslipidemia (6).
Naringenin works in a manner similar to that of metformin, a
medicine used for type 2 diabetes, by reducing hepatic glucose
production in hepatocytes (7). The effects of naringenin on
dysregulated metabolism are related to reductions in adipose
mass and ectopic lipid deposition in the liver (5). Naringenin
modulates the levels of necrotic inflammation, reduces lipid
and protein oxidation, recruits the antioxidative defense system
and markedly promotes extracellular matrix degradation (8).
Additionally, naringenin was found to prevent diet-induced
weight gain and adiposity by increasing whole-body energy
expenditure (5). Other polyphenolic compounds prevented
diet-induced adipose tissue accumulation through a variety
of mechanisms, including inhibition of preadipocyte differ-
entiation, lipolysis stimulation and increased mitochondrial
function (9). However, the role of naringenin in alcohol-induced
hepatic steatosis and its molecular mechanisms remain to be
fully elucidated.

Taking into account the above-mentioned findings, the
present study was undertaken to investigate the effects of
naringenin on alcohol-induced hepatic steatosis injury of
zebrafish larvae in vivo. To delineate the mechanisms by which
naringenin exerts its effects on alcohol metabolism, anti-
dyslipidemia and hepatocyte damage in ALD, we evaluated
several critical genes related to alcohol and lipid metabolism.
Morphological examinations of the whole zebrafish body
and liver were also performed to further substantiate the
beneficial effects of naringenin on pathological alterations
induced by alcohol exposure. For the first time, we evaluated
the mechanisms by which naringenin regulates alcohol and
lipid homeostasis in zebrafish larvae, and we conclude that
naringenin can protect against alcohol-induced metabolic
dysregulation. Collectively, these findings demonstrated
that naringenin had marked lipid-lowering potential, could
normalize alcohol and lipid metabolism and could prevent
hepatic steatosis. The ability of naringenin to modulate meta-
bolic pathways linked to ALD suggests that citrus flavonoids
represent valuable tools in the search for regulators of alcohol
metabolism, lipid homeostasis and liver damage.

Materials and methods

Animal husbandry and treatments. Adult wild-type zebrafish
(WT, AB strain) and a liver-specific eGFP expression trans-
genic zebrafish line, Tg(lfabplOa-eGFP), were maintained
on a 14:10 h light:dark cycle at 28°C. Embryos were collected
following natural spawning and raised at 28°C. All zebrafish
protocols were approved by the Institutional Animal Care and
Use Committee of Southern Medical University.

Larvae were exposed to 350 mmol/l ethanol (2% EtOH)
in fish water starting at 96-98 h post fertilization (hpf) for
up to 32 h as previously described (10). Zebrafish larvae in
the model group were randomly divided into 5 groups and
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placed in 6-well plates. We dissolved monomers of naringenin
in dimethyl sulfoxide (DMSO) and diluted the stock solution
with fish water to obtain different concentrations. All groups
were given 8 ml of water, and we added appropriate naringenin
concentrations to the drug-treated groups and 0.1% DMSO (by
volume concentration) to the DMSO group. The 6-well plates
were placed in an incubator for 48 h; we then observed and
recorded the general situation of each group.

Oil Red O staining. Oil Red O staining was carried out as
previously described (11). Zebrafish larvae were collected in
1.5 ml EP tubes and washed twice with phosphate-buffered
saline (PBS) after the animal experiments. We then fixed
whole larvae in 4% paraformaldehyde (PFA) overnight at
4°C. After the larvae were washed twice with PBS, they were
sequentially infiltrated with 20, 40, 80 and 100% propylene
glycol at room temperature for 15 min each and stained with
0.5% Oil Red O in 100% propylene glycol at 65°C in the dark
for 1 h. We washed the stained larvae sequentially with 100,
80, 40 and 20% propylene glycol for ~20 min each to fade
the background color. Finally, the stained larvae were washed
with PBS and stored in 70% glycerol at 4°C. The larvae were
observed and photographed on a bright-field dissecting micro-
scope (Olympus SZX10; Olympus, Tokyo, Japan).

H&E staining of paraffin sections. Larvae were fixed in 4%
PFA at 4°C overnight and embedded in paraffin according to
standard procedures (12). Then, 4 ym sections were stained
with hematoxylin and eosin (H&E), and the pathological
changes in the liver were observed and photographed using a
light microscope (Nikon Eclipse Ni-U; Nikon, Tokyo, Japan).

Nile Red staining. Whole zebrafish Nile Red staining was
performed as previously described (13). In total, 0.5 mg of Nile
Red was dissolved in 1 ml of acetone, and then diluted with
75% glycerinum and 25% water. We washed the fixed larvae
3 times with PBS. The larvae were then permeabilized with
0.1% Triton in citric acid solution at 65°C for 2 h, washed with
PBS, and stained with 0.5 pg/ml Nile Red at room temperature
in the dark for 50 min. After the larvae were washed with PBS,
they were stained with DAPI at room temperature in the dark
for 10 min and then washed 3 times with PBS. Finally, we
photographed the stained larvae using a confocal microscope
(Nikon C2 Plus).

TUNEL staining. TUNEL assay was performed on paraffin-
embedded liver sections using an In Situ Cell Death Detection kit,
POD (Roche Diagnostics, Basel, Switzerland). Permeabilized
larvae were washed with PBS and stained with 1:50 TUNEL at
4°C in the dark overnight. The next day, the larvae were stained
with DAPI and photographed as mentioned above.

Reverse transcription and quantitative PCR (gPCR). Total
RNA was extracted from 20 larvae that had been smashed
with 1 ml syringe pumps, and the total RNA concentrations
were measured using a Thermo NanoDrop spectrophotometer.
RNA was reverse-transcribed into cDNA using a Takara
reverse transcription kit (Takara, Tokyo, Japan). Quantitative
PCR was performed using 0.1 ymol/] of gene-specific primers,
SYBR-Green SuperMix (Roche) and a LightCycler® 96
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Figure 1. An alcoholic fatty liver zebrafish larvae model was established. (A) In situ morphological changes in the livers of Tg(lfabpl0a-eGFP) zebrafish
larvae subjected to 350 mmol/l ethanol exposure as detected by confocal microscopy. (B) Representative liver histopathology (H&E staining) of the livers
of WT zebrafish larvae. (C) Oil Red O staining was used to detect hepatic steatosis in response to alcoholic injury in larvae. (D) Quantitative analysis of
Oil Red O staining results. The positive staining gray value was calculated using ImagelJ software (n=20/group, two experiments). The data are presented as

the mean = SEM; "P<0.05 vs. the control group.

Table I. Primers used to quantify mRNA levels.

Gene FP sequence (5'-3") RP sequence (5'-3")
rpp0 ctgaacatctcgeccttcte tagccgatctgcagacacac
cyp2y3 tattcccatgctgcactctg aggagcgtttacctgcagaa
cyp3ab5  aaaccctgatgagcatggac caagtctttggggatgagga
chop aggaaagtgcaggagctgac ctccacaagaagaatttcctee
gadd450a tggctttgtttgtgggactt tggaaaacagtccactgaga
hmgcra ctgaggctctggtggacgtg gatagcagctacgatgttggcg
hmgcrb cctgttagecgtcagtgga tctttgaccactcgtgecg
fasn gagaaagcttgccaaacagg gagggtcttgcaggagacag
fabplOa  ttacgctcaggagaactacga ggatgtgggagaatcggtcag
edeml gacagcagaaaccctcaage catggccctcatcttgactt
echsl agatgcagaatcgaaccttccaa gagatagcaaactcacatcctecg
fads2 tcatcgtcgcetgttattctgg tgaagatgttgggtttagcgtg

(Roche). The qPCR conditions were as follows: one cycle of
95°C for 10 min; followed by 45 cycles of 95°C for 10 sec, 60°C
for 10 sec and 72°C for 10 sec; and a final cycle of 95°C for
10 sec, 65°C for 60 sec and 97°C for 1 sec. RppO (ribosomal
protein PO) was used as the reference; the primer sequences
are listed in Table I. The mRNA level was calculated by the
cycle threshold (Ct) method (2-Ct (areet/-Ct(pp0)y,

Statistical analysis. Statistical analysis was carried out using
SPSS 16.0 statistical software (SPSS, Inc., Chicago, IL, USA).

The results are expressed as the mean + standard error of the
mean (SEM). Statistical analysis was performed using an
unpaired t-test or one-way analysis of variance (ANOVA),
followed by Tukey's multiple comparison test with dependent
experimental designs. One-way ANOVA and t-tests were used
for analysis. Differences were considered statistically signifi-
cance at P<0.05.

Results

An alcoholic fatty liver zebrafish larva model was established.
We chose to expose larvae to ethanol during a window after
the liver is formed (96 hpf) and before all the yolk is utilized
(5.5-6 dpf) to avoid the metabolic impact of fasting (14). We
defined acute exposure as 32 h, which is distinct from the
chronic exposure that occurs in alcoholics.

Previous studies indicate that ethanol causes distinct
morphological phenotypes, hepatomegaly and behavioral
abnormalities in nearly all larvae after 32 h of exposure to
350 mmol/l ethanol (12,15). In order to confirm the hepatic
morphological phenotypes, we tracked individual 4 dpf
Tg(lfabpl10a-eGFP) larvae exposed to 350 mmol/l ethanol over
32 h and verified these findings in clear phase. Hepatomegaly
and lordosis were observed in nearly all larvae after 32 h of
ethanol exposure (Fig. 1A and C).

After the larvae were exposed to 350 mmol/l ethanol for 32 h,
serious lipid accumulation was observed in the liver as detected
by H&E staining of the paraffin-embedded sections (Fig. 1B)
and Oil Red O staining of whole larvae (Fig. 1C). The quantifi-
cation of positive Oil Red O staining in the liver was performed
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Figure 2. Naringenin reduces alcohol-induced liver steatosis in zebrafish larvae. (A) Oil Red O staining was used to detect liver histopathology and hepatic
lipid accumulation in response to naringenin treatment in zebrafish larvae. (B) Quantitative analysis of Oil Red O staining results (n=20/group, 3 experiments).
The data are presented as the mean + SEM; “P<0.01 vs. control group; ““P<0.001 vs. control group; “P<0.05 vs. 2% EtOH group; “#P<0.001 vs. 2% EtOH
group. (C) Selective fluorescent staining (Nile red) for intracellular lipid droplets was used to detect the hepatic response to ethanol exposure with or without
naringenin treatment in 7g(lfabpl0a-eGFP) larvae. (D) H&E staining was used to detect the changes in liver histopathology in response to naringenin

treatment in zebrafish larvae.

using ImagelJ software (Fig. 1D), which further confirmed that
32 h of exposure to 350 mmol/l ethanol successfully induced
hepatic steatosis in zebrafish larvae.

Naringenin reduces alcohol-induced liver steatosis in
zebrafish larvae. Although massive lipid deposition was visible
in the livers of larvae after ethanol exposure as detected by
whole body Oil Red O staining, notably, the obvious hepatic
steatosis induced by ethanol exposure was significant dose-
dependently reduced by naringenin (Fig. 2A). Based on the
Oil Red O staining results, hepatic steatosis was quantified in
terms of gray value using ImageJ software. The gray value
analysis further indicated that naringenin significantly down-
regulated hepatic steatosis with a dose-dependent change and
that 5 mg/l and 10 mg/1 dosages almost reversed the alcoholic

lipid accumulation in larvae (Fig. 2B). In contrast, the selective
fluorescent staining (Nile Red) for intracellular lipid droplets
was used to detect the hepatic response to ethanol exposure
with or without naringenin treatment in Tg(lfabplOa-eGFP)
larvae. Consistent with the Oil Red O staining results,
naringenin treatment (5 mg/l, 48 h) significantly reduced the
alcohol-induced lipid droplet accumulation in the livers of
exposed larvae (Fig. 2C). Furthermore, the hepatic pathologic
change was confirmed by H&E staining of paraffin-embedded
larvae sections (Fig. 2D).

Naringenin treatment improves alcohol metabolism in
zebrafish larvae. Cytochrome P450 family 2 subfamily E
member 1 (cyp2el), the major enzyme that generates oxidative
stress by mediating ethanol metabolism, is proposed to play a
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Figure 3. Naringenin treatment improves alcohol metabolism in zebrafish larvae. (A and B) Real-time PCR analysis of the mRNA levels of alcohol metabolism
genes (cyp3a65 and cyp2y3) in zebrafish larvae after alcoholic injury with or without naringenin treatment (n=20/group, 3 experiments). The data are presented

as the mean + SEM; “P<0.01 vs. control group; ““P<0.01 vs. 2% EtOH group.
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Figure 4. Naringenin treatment improves lipid metabolism and protects zebrafish larvae against alcoholic injury. (A-F) Real-time PCR analysis of the
mRNA levels of lipid metabolism genes in zebrafish larvae after alcoholic injury with or without naringenin treatment (n=20/group, 3 experiments). The

data are presented as the mean + SEM; "P<0.05 vs. control group; “P<0.01 vs. control group;

"P<0.01 vs. 2% EtOH group; ""P<0.001 vs. 2% EtOH group.

major role in ALD pathology in mammals. Cytochrome P450,
family 2, subfamily Y, polypeptide 3 (cyp2y3) and cyp2el are

P<0.001 vs. control group; "P<0.05 vs. 2% EtOH group;

homologous genes that are critical for ethanol metabolism in
the zebrafish liver (14). Upregulation of cyp2y3 accelerates the
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Figure 5. Naringenin attenuates endoplasmic reticulum stress and DNA damage in zebrafish larvae with alcoholic injury. (A) In situ detection of cell apoptosis
by TUNEL staining in paraffin-embedded sections of zebrafish larvae after ethanol exposure with or without naringenin treatment. (B) Real-time PCR ana-
lysis of the mRNA levels of endoplasmic reticulum stress- and DNA damage-related genes (chop, gadd45aa and edemI) in larvae (n=20/group, 3 experiments).
The data are presented as the mean + SEM; "P<0.05 vs. control group; ““P<0.01 vs. control group; “P<0.05 vs. 2% EtOH group; *#P<0.001 vs. 2% EtOH group.

speed of alcohol metabolism and accumulation of acetalde-
hyde, which increase the quantity of liver damage (14). Our
data indicated that the mRNA level of cyp2y3 was signifi-
cantly elevated in zebrafish larvae after alcohol exposure
compared to the control group, while naringenin treatment
reversed this effect on the cyp2y3 mRNA level (Fig. 3A).
Similar to cytochrome P450, family 3, subfamily A, polypep-
tide 65 (cyp3a65) (Fig. 3B), the ortholog of cytochrome P450,
family 3, subfamily A (cyp3a) is also mainly expressed in the
liver and plays a key role in the metabolism of endogenous
substrates and xenobiotics (16). The beneficial effects of narin-
genin treatment may be due to the improvement of alcohol
metabolism and reduction of toxic substances.

Naringenin treatment improves lipid metabolism and
protects zebrafish larvae against alcoholic injury. We next
evaluated whether naringenin could attenuate lipid metabo-
lism, improve lipid homeostasis and prevent alcohol-induced
hepatic steatosis. The key genes (fads2, fasn, echsl, fabpl0a.,
hmgcraand hmgcrb)involved inlipid metabolism were chosen;
these genes are related to cholesterol biosynthesis, fatty acid
synthase and desaturase, and mitochondrial enzyme (17-21).
Quantitative PCR results (Fig. 4A-F) indicated that alcoholic
treatment induced significant upregulation of zebrafish larva
mRNA (fads2, fasn, echsl, fabplOa, hmgcra and hmgcrb),
which was reversed by naringenin treatment.

Naringenin attenuates endoplasmic reticulum stress and
DNA damage in zebrafish larvae with alcoholic injury.
Endoplasmic reticulum stress and DNA damage play critical
roles in the pathogenesis of alcoholic liver injury (14,22).
We examined the anti-apoptotic effects of naringenin on

A
\
<9
OH
Ho o ©/ Alcohol metabolism dysfunction
i Lipid metabolism dysfunction
\@;Hj Endoplasmic reticulum stress
OH © Apoptosis
Naringenin

Figure 6. Graphical illustration. Naringenin inhibits alcohol-induced liver
steatosis and injury in zebrafish larvae by reducing apoptosis and DNA
damage and harmonizing alcohol and lipid metabolism.

alcohol-induced liver steatosis by TUNEL staining and
compared the results with mRNA levels of DNA-damage
inducible transcript 3 (chop) (26) and growth arrest and
DNA damage-inducible, a, a (gadd45aa) (24), which are
critical biomarkers of endoplasmic reticulum stress and
DNA damage. TUNEL staining indicated that naringenin
significantly reduced hepatocyte apoptosis in zebrafish
larvae with alcoholic injury (Fig. SA). The detection of chop
and gadd45aa mRNA levels also indicated that naringenin
reversed the significantly increased mRNA levels of chop and
gadd45aa after alcohol treatment (Fig. 5B). Thus, naringenin
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inhibited endoplasmic reticulum stress and DNA damage and
reduced ethanol-induced cell apoptosis in zebrafish larvae.

Discussion

Hepatic steatosis is the first response to alcohol abuse (2) and
may progress to more severe liver diseases. Chronic steatosis
is a prerequisite for developing steatohepatitis and cirrhosis
and makes hepatocytes susceptible to damage (25). Therefore,
inhibiting hepatic lipid accumulation during alcohol exposure
may stop further liver damage. Naringenin acts in a manner
similar to metformin to reduce hepatic glucose production in
hepatocytes (7). In addition, naringenin was found to improve
various aspects of lipid homeostasis and to mitigate adipose
tissue inflammation in vivo (6,7,26-28). However, the effects
of naringenin on alcoholic and metabolic abnormalities have
not been studied. The present study is the first to use alcohol-
exposed zebrafish to examine the effects of naringenin on
ethanol metabolism and major aspects of ALD pathology,
including steatosis, ER stress and apoptosis, in zebrafish
larvae. In the present study, we confirmed and expanded on
previous findings (12,15) that acute exposure of zebrafish
larvae to 350 mmol/l ethanol was suitable for establishing
an alcoholic fatty liver zebrafish model. Furthermore, we
demonstrated that naringenin treatment could prevent acute
alcohol-induced hepatic steatosis, dyslipidemia, and cell death.
Naringenin markedly attenuated alcohol and lipid metabolism
and hepatic lipid accumulation, collectively resulting in the
attenuation of steatosis.

The alcoholic fatty liver zebrafish larvae model is easily
and quickly generated. Obtaining liver tissue and blood from
zebrafish larvae is difficult and prevents the detection of
mRNA and protein expressed in the liver and the measurement
of biochemical parameters related to liver function; however,
zebrafish larvae have other advantages, including their short
breeding cycle and transparent soma. We can obtain vast
larvae in a short time, and it is easy to observe whole body
staining of larvae.

In the present study, we first detected the anti-steatosis
effect of naringenin against ethanol exposure in zebrafish
larvae. Both Oil Red O staining and H&E pathological
staining results showed that naringenin reduced alcoholic
liver steatosis in zebrafish larvae and that the therapeutic
effects had a dose-dependent tendency with the minimum
and optimum naringenin concentration (5 mg/l). After we
confirmed the anti-steatosis effect of naringenin, we exam-
ined the potential role of naringenin in alcohol-induced cell
death and injury. TUNEL staining showed that apoptosis
may contribute to alcoholic liver injury. chop and gadd45aa
are growth arrest and DNA damage genes, respectively. chop
regulates the transcription of lipid metabolism genes (29),
and upregulation of the chop protein causes lipid metabolism
disorders in the liver (23). chop is also known as a specific
transcription factor of endoplasmic reticulum stress. In
contrast, ER degradation-enhancing a-mannosidase-like
protein 1 (edeml), a key gene involved in the unfolded
protein response, was increased significantly in patients
with steatosis (30). Increased mRNA expressions of chop,
gadd45aa and edeml after ethanol exposure indicated that
endoplasmic reticulum stress and DNA damage were more
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serious. In contrast, less apoptosis and downregulation of
chop, gadd45aa and edeml mRNA levels were induced by
naringenin treatment. Therefore, we confirmed that narin-
genin could suppress alcohol-induced steatosis and damage
in zebrafish larvae.

HMG-CoA reductases, including HMG coenzyme A
reductase a (hmgcra) and HMG coenzyme A reductase b
(hmgcrb), are key enzymes in lipid metabolism and mainly
regulate cholesterol biosynthesis genes (17,31). Fatty acid
synthase (fasn) regulates the synthesis and desaturation
of fatty acids (19). Fatty acid desaturase 2 (fads2) is
a dyslipidemia-related gene that mainly metabolizes
unsaturated fatty acids, is involved in glucose metabolism and
influences the concentrations of total cholesterol, low-density
lipoprotein cholesterol, high-density lipoprotein cholesterol
and triglycerides (18). Fatty acid-binding protein 10a
(fabplOa) is an intracellular fatty acid-binding protein that
is involved in intracellular lipid metabolism and fatty acid
transport (21). Enoyl-CoA hydratase, short chain 1 (echsl), a
gene that encodes a mitochondrial enzyme, is related to the
degradation of amino acids and essential fatty acids, and
echsl mutations cause severe metabolic disorders (20). The
fads2, fasn, echsl, fabpl0a, hmgcra and hmgcrb genes, which
regulate lipid metabolism, were significantly upregulated by
ethanol exposure, thus indicating that alcohol exposure caused
disordered lipid metabolism in larvae. Naringenin treatment
significantly improved lipid metabolism by reducing fads2,
fasn, echsl, fabpl0Oa.,, hmgcra and hmgcrb mRNA levels.

In contrast, cyp2y3 and cyp3a65, the orthologs of cyto-
chrome P450 CYP2 (cyp2) and cyp3a, are required for ethanol
metabolism mainly in zebrafish liver. In zebrafish, the closest
cyp2el homolog is cyp2y3, which is 43% identical to the
human protein (14). Blocking cyp2 homologs significantly
reduces alcohol metabolism and oxidative stress. In addition,
cyp3a65 plays a critical role in the metabolism of endogenous
substrates and xenobiotics (16). The roles of cyp2y3 and
cyp2el in biological disturbances are emphasized in the initia-
tion and progression of fatty liver disease caused by alcohol
consumption (14). Notably, our data indicated that naringenin
interruption could significantly downregulate the elevated
mRNA levels of cyp2y3 and cyp3a65 in zebrafish larvae, which
were induced by ethanol exposure. The beneficial effects of
naringenin treatment may be due to the improvement of alcohol
metabolism and reduction of toxic substances. Combined with
the above observations, we realized that alcoholic injury in
zebrafish larvae mainly resulted from disordered lipid and
alcohol metabolism and that naringenin could improve the
inordinate metabolism to inhibit alcoholic steatosis and injury.

Finally, we summarize the critical roles of naringenin
in inhibiting alcohol-induced liver steatosis as showed in a
graphical illustration (Fig. 6). The present study demonstrated
that naringenin inhibits alcohol-induced liver steatosis and
injury in zebrafish larvae by reducing apoptosis and DNA
damage and harmonizing alcohol and lipid metabolism.
Further experimentation is needed to illuminate the pathway
by which apoptosis is reduced and alcohol and lipid metabo-
lism is balanced. Naringenin readily accumulates in plasma
after ingesting orange juice, grapefruit juice and tomato paste
or sauce (5), suggesting the bioavailability of naringenin in
individuals who consume naringenin food sources regularly.
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Further pre-clinical and human intervention studies may help
to determine whether naringenin can protect against alcohol
liver diseases and lipid metabolic syndrome in humans.
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