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Flavin Adenine Dinucleotide Depletion 
Caused by electron transfer flavoprotein 
subunit alpha Haploinsufficiency Leads to 
Hepatic Steatosis and Injury in Zebrafish
Ki- Hoon Park,1 Monika Gooz,2 Zhi- Wei Ye,3 Jie Zhang,3 Gyda C. Beeson,2 Don C. Rockey,4 and Seok- Hyung Kim1

The electron transfer flavoprotein (ETF) complex, made up of the ETF alpha subunit (ETFA), ETF beta subunit 
(ETFB), and ETF dehydrogenase (ETFDH), regulates fatty acid β- oxidation activity while scavenging leaked electrons 
through flavin adenine dinucleotide (FAD)/reduced form FAD (FADH2) redox reactions in mitochondria. Here, we 
hypothesized that ETF dysfunction- mediated FAD deficiency may result in increased mitochondrial oxidative stress 
and steatosis and subsequent liver injury. We report that etfa haploinsufficiency caused hyperlipidemia, hypercholester-
olemia, and hepatic steatosis and injury in adult zebrafish. Further, etfa+/− mutant livers had reduced levels of FAD and 
glutathione and an increase in reactive oxygen species. Because FAD depletion might be critical in the pathogenesis 
of the liver lesion identified in etfa+/− mutants, we used riboflavin to elevate FAD levels in the liver and found that 
riboflavin supplementation significantly suppressed hepatic steatosis and injury in etfa+/− mutants through suppression 
of oxidative stress and de novo lipogenesis in the liver. Additionally, we found that adenosine triphosphate- linked mi-
tochondrial oxygen consumption and mitochondrial membrane potential were reduced in etfa+/− primary hepatocytes 
and that riboflavin supplementation corrected these defects. Conclusion: FAD depletion caused by etfa haploinsuffi-
ciency plays a key role in hepatic steatosis and oxidative stress- mediated hepatic injury in adult zebrafish. This raises 
the possibility that people with ETFA haploinsufficiency have a high risk for developing liver disease. (Hepatology 
Communications 2021;5:976-991).

Mitochondria are the main cellular source of 
reactive oxygen species (ROS), which are 
produced as a by- product of mitochondrial 

oxidative phosphorylation through the mitochondrial 
respiratory chain. Mitochondrial respiratory chain 
disorders are recessive genetic disorders, and homozy-
gous mutations may produce neonatal acute liver fail-
ure, hepatic steatohepatitis, or cirrhosis.(1) Although 
individuals with haploinsufficiency of mitochondrial 

respiratory chain genes may appear normal, they in 
fact may be susceptible to developing chronic liver 
disease, particularly at advanced ages. However, evi-
dence pointing to a link between mitochondrial respi-
ratory chain gene haploinsufficiency and liver disease 
is lacking to date.

Among the components of the mitochondrial respi-
ratory chain in mammals, the electron transfer flavo-
protein (ETF) complex is responsible for transferring 
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electrons from at least nine mitochondrial flavoprotein 
dehydrogenases, including chain length- specific fatty 
acid acyl- coenzyme A (acyl- CoA) dehydrogenases, 
to ETF dehydrogenase and then to the respiratory 
chain.(2- 5) Additionally, the ETF complex regulates 
activities of fatty acid acyl- CoA dehydrogenases during 
fatty acid β- oxidation, which provides acetyl- CoA to 
the tricarboxylic acid (TCA) cycle. Subsequently, the 
TCA cycle provides nicotinamide adenine dinucleo-
tide (NADH) and succinate to mitochondria complex 
I and II, respectively, for energy production. Mutations 
in the ETF complex cause multiple acyl- CoA dehy-
drogenase deficiency (MADD). Although most 
patients with MADD die at an early age due to multi-
organ injury, patients with heterogeneous hypomorphic 
mutations tend to show liver abnormalities, including 
hepatomegaly, fatty liver, and hepatic injury, which can 
occur at juvenile or adult ages.(6- 10) Therefore, reduced 
ETF function caused by haploinsufficiency of a gene 
in the ETF complex may cause liver disease.

In this study, we have hypothesized that because 
ETF accepts electrons in the redox process that 
converts flavin adenine dinucleotide, reduced form 
(FADH2) to FAD during fatty acid β- oxidation,(11- 13) 
reduced ETF complex activity may cause a decrease 
in mitochondrial FAD levels and an increase in elec-
tron leakage during mitochondrial β- oxidation activ-
ity. Further, because mitochondrial FAD functions 
as an essential cofactor for numerous mitochondrial 
flavoproteins involved in energy metabolism (such as 
mitochondrial acyl- CoA dehydrogenases) and redox 
homeostasis (such as glutathione [GSH] reductase 
[GR] and thioredoxin (TXN) reductase),(14,15) ETF 
dysfunction- mediated FAD reduction will result 
in steatosis and oxidative injury through decreased 
β- oxidation activity and increased mitochondrial 
oxidative stress, respectively, in the liver.

In this paper, we determined liver abnormalities 
caused by etf alpha subunit (etfa) haploinsufficiency in 
adult zebrafish and examined if supplementation with 
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riboflavin (a precursor of FAD) would reverse liver 
abnormality in etfa heterozygous mutants.

Materials and Methods
ZeBRaFisH HusBanDRy anD 
RiBoFlaVin tReatment

Care of zebrafish was in accordance with guidelines 
and regulations of the National Institutes of Health 
Guide for the Care and Use of Laboratory Animals 
and Medical University of South Carolina (MUSC) 
Division of Laboratory Animal Resources. All experi-
ments on zebrafish were approved by the Institutional 
Animal Care and Use Committee of MUSC (protocol 
#3364). Zebrafish strains used in this study included 
etfa+/+ (wild- type siblings) and etfa+/vu463 heterozy-
gous mutants(16) in the AB/Tuebingen (TU) (wild- 
type) background. We used 20- month- old wild- type 
and etfa+/− male and female siblings for experiments 
in (Figs. 1 and 2). For all experiments in Figs. 3- 7, we 
used 10- month- old male fish (Figs. 3- 7). Groups of 
wild- type and etfa+/− siblings were maintained in sep-
arated 2- gallon glass tanks with or without riboflavin 
treatment (0.6 mg/L). We fed zebrafish tetramin flakes, 
as described,(17) twice per day (10 mg/fish/meal). Fresh 
water with or without riboflavin was exchanged every 
other day.

BlooD ColleCtion anD 
BioCHemiCal analysis

Blood collection was performed by inserting a glass 
capillary needle into the zebrafish’s dorsal aorta, as 
reported.(18) Zebrafish blood was obtained by using 
a heparinized needle for blood collection along the 
body axis and posterior to the anus in the region of 
the dorsal aorta. Blood was collected from zebrafish 
after a 20- hour fasting period. Blood glucose level was 
measured with Bayer Contour NEXT Diabetes EZ 
meter (Bayer AG, Germany) using Contour NEXT 
Blood Glucose Test Strips. Blood samples were diluted 
1:10 in phosphate- buffered saline. After centrifuga-
tion, the supernatant containing serum was collected. 
Triglyceride (TG), total cholesterol (TC), and alanine 
aminotransferase (ALT) levels in diluted serum were 
measured with kits according to the manufacturer’s 
protocol (Thermo Scientific #TR22421 for TG; Wako 

#439- 17501 for TC; Pointe Scientific #A7526 for 
ALT).

Histology
Hematoxylin and eosin (H&E) staining was per-

formed in paraffin sections of livers by the Pathology 
Core Facility at MUSC. For Oil Red O (ORO) staining 
on transversely sectioned larvae, frozen sections (10 µm) 
were dried at room temperature for 5  minutes. Then, 
150 µL of ORO solution (5% ORO in 60% isopropyl 
alcohol) was applied to slides for 30  seconds, washed 
with distilled water, and mounted using 75% glycerol.

QuantitatiVe Real- time 
polymeRase CHain ReaCtion

RNA was isolated from adult zebrafish liver 
using Trizol as per the manufacturer’s instructions 
(Invitrogen #15596- 026), and complementary DNA 
(cDNA) was reverse transcribed using a SuperScript 
III First- Strand kit (Invitrogen #18080- 051). Total 
RNA was extracted from three livers each from wild- 
type and etfa+/− siblings, and then equivalent amounts 
of RNA was pooled for cDNA synthesis. Real- time 
quantitative polymerase chain reaction (qRT- PCR) 
was performed with a thermal cycler (CFX96 Real- 
Time System; Bio- Rad Laboratories) with  45 cycles, 
using 50 ng cDNA, 200 pmole/µL gene- specific prim-
ers (Supporting Table S1), and SsoAdvanced Universal 
SYBR Green Supermix (Bio- Rad Laboratories #172- 
5274). Glyceraldehyde 3- phosphate dehydrogenase (gapdh) 
was used as reference, and relative quantification was 
calculated using the double- delta Ct (ΔΔCt) method. 
qRT- PCR was run in at least triplicate for each assay.

intRaCellulaR Ros
Intracellular ROS was measured by using the OxiSelect 

In Vitro ROS/reactive nitrogen species (RNS) Kit from 
Cell Biolabs (San Diego, CA), as per the manufacturer’s 
protocol. Lysates were collected (1 mg/mL) and imme-
diately subjected to the ROS/RNS measurement. The 
fluorescent intensity of fluorophore dichlorofluorescein, 
which was formed by peroxide oxidation of the nonflu-
orescent precursor dichlorodihydrofluorescin (DCFH), 
was detected at 480 excitation (Ex)/530 emission (Em) 
(BMG LABTECH CLARIOstar, Germany). DCFH 
with lysis buffer was used as a blank control.
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gsH anD glutatHione 
DisulFiDe leVels

Quantitative determinations of GSH and GSH/
glutathione disulfide (GSSG) levels in liver lysates 
were performed using the enzymatic- recycling method, 
as described.(19) Proteins in the extracts from wild- type 
and etfa+/− adult livers were precipitated by sulfosalicylic 
acid, and the supernatant was then divided into two 
tubes. For reduced GSH, the supernatant was incubated 
with the thiol fluorescent probe IV, and fluorescent 
intensities were measured at 400 Ex/465 Em. For total 
GSH (GSH+GSSG), the supernatant was neutralized 
by triethanolamine and incubated with the reduction 
system (containing nicotinamide adenine dinucleotide 
phosphate, reduced form [NADPH] and GR) at 37°C 
for 20  minutes. GSSG was calculated based on the 
results from reduced GSH and total GSH.

malonDialDeHyDe 
measuRement

Liver lysates were analyzed by the thiobarbituric 
acid (TBA) reactive substances assay to evaluate 
changes in levels of oxidized species, using malondi-
aldehyde (MDA) as a standard. MDA level was mea-
sured with the lipid peroxidation assay kit (BioVision, 
#K739- 100). Briefly, deproteinized liver lysates by per-
chloric acid and then MDA in the sample are reacted 
with TBA to generate the MDA- TBA adduct, which 
can be detected at 532 nm.

gR aCtiVity
The GR activity assay was based on the reduction of 

GSSG to GSH in the presence of NADPH. GSH then 
reacts with 5,5′- dithiobis- (2- nitrobenzoic acid) (DTNB) 
to generate 5- thio- (2- nitrobenzoic acid) (TNB), which 
is associated with an increase in the absorbance at 412 
nm; the rate of this increase is directly proportional to 
the GR activity in the sample. The extinction coeffi-
cient (ε) for TNB is 14.15 mM−1 cm−1. Briefly, the assay 
was performed with 1  mM GSSG (Sigma), 0.05  mM 
NADPH (Sigma), 1.5 mM DTNB, and zebrafish lysate 
(after using the Bio- Rad Bio- Spin 6 to remove endoge-
nous GSH) or with GR (Sigma) as a positive control in 
0.1 M potassium phosphate buffer with 1 mM ethylene 
diamine tetraacetic acid, pH 7.5 (final volume, 200 µL). 
Absorbance was read at 412 nm with the CLARIOstar 
Plus microplate reader (BMG LABTECH).

analysis oF RelatiVe 
mitoCHonDRial Dna Copy 
numBeR

Genomic DNAs from wild- type and etfa+/− mutant 
livers with or without riboflavin treatment (n = 6 per 
each group) were isolated and diluted in water. For 
qRT- PCR analysis, we used 25 ng cDNA. Samples 
were run in triplicate and mitochondrial DNA 
(mtDNA) content was calculated by the 2−ΔΔCt 
method whereby all NADH ubiquinone oxidoreduc-
tase chain 1 (nd1; the mtDNA target) Ct values were 
normalized to eukaryotic translation elongation factor 1 
alpha (ef1a; a nuclear DNA target), as described.(20)

ZeBRaFisH pRimaRy 
HepatoCyte CultuRe

Primary cell cultures of hepatocytes were obtained 
from adult zebrafish, as described.(21) Six zebrafish from 
each wild- type and heterozygous etfa livers were used.

seaHoRse XF mitoCHonDRia 
stRess analysis

Zebrafish primary hepatocytes were plated onto an 
Agilent Seahorse XF96e plate (FluxPak #102416- 100) 
at 2  ×  105 cells/well. The Seahorse XF96e Analyzer 
(Agilent, Santa Clara, CA) was used to measure the basal 
levels of the oxygen consumption rate (OCR) and extra-
cellular acidification rate (ECAR) as well as the OCR 
and ECAR of cells in the presence of electron transport 
chain inhibitors and uncouplers (oligomycin, 1  μM; 
carbonyl cyanide- p- trifluoromethoxyphenylhydrazone 
(FCCP), 1 μM; rotenone, 2 μM; antimycin A, 2 μM), 
using the standard software algorithm.

The day before analysis, the sensor cartridge was 
placed in the calibration buffer provided by the Agilent 
Seahorse analyzer. The following day, the media was 
replaced by low- phosphate Dulbecco’s modified Eagle’s 
medium buffer and warmed in a 28°C non- CO2 incu-
bator. The injection ports of the sensor plate were 
filled with 25 μL of compounds or vehicle diluted in 
buffer, and the sensor plate was placed into the XF- 
96e instrument for calibration. During the calibration 
of the sensor, the plate was placed into the Sartorius 
“Zoom” microscope and was imaged and analyzed for 
percentage of cell confluency. After calibration, the 
calibration fluid plate was removed, and the cell plate 
was loaded for analysis. The measurement protocol 
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was 2 minutes mix and 3 minutes measurement. There 
were four rate measurements after each injection (basal 
levels, oligomycin, FCCP, and antimycin/rotenone), 
and each injection had three measurement cycles. 
OCR was finally normalized to percentage conflu-
ency/well. Statistics and graphs were generated using 
Agilent Seahorse Wave Desktop software.

imaging oF mitoCHonDRial 
memBRane potential

Cells plated in eight- well chamber slides (MatTek) 
were loaded with 200  nM tetramethylrhodamine 
methyl ester (TMRM; Millipore Sigma #T5428) in 
complete growth media. Slides were imaged using a 
Cytation 5 Cell Imaging Multi- Mode Reader (BioTek 
Instruments, Inc., Winooski, VT) with a 20× Plan 
Fluorite Objective, numerical aperture 0.45. TMRM 
fluorescence was quantified using the red fluorescent 
protein imaging cube, which contained a 523- nm light- 
emitting diode and a 531/40- nm Ex filter, 593/40- nm 
Em filter, and 568- nm dichroic mirror. A seven- slice z- 
stack was collected during experiments. A single- image 
projection was then created from the z- stack using the 
focus stacking algorithm within the Gen5 software. 
TMRM fluorescence intensities of mitochondria were 
calculated and expressed as arbitrary fluorescence units.

statistiCal analysis
Statistical significance was determined by the two- 

tailed Student t test, using GraphPad Prism 8 software 
(GraphPad Software, Inc.), and P < 0.05 was consid-
ered significant. Quantitative data were expressed as 
mean ± SD.

Results
etfa HaploinsuFFiCienCy 
inDuCes HepatiC steatosis 
anD inJuRy WitH inCReaseD 
messengeR Rna eXpRession 
oF genes assoCiateD WitH 
inFlammation, FiBRosis, anD 
lipogenesis

In previous work, we demonstrated that the homo-
zygous etfa null mutation resulted in severe and pro-
gressive liver injury, characterized by hepatomegaly, 

steatosis, and an inflammatory lesion from 5 days post-
fertilization (dpf ) to 8 dpf.(16) Although heterozygous 
etfa mutants appear to develop and grow normally, we 
hypothesized that reduced ETF function caused by etfa 
haploinsufficiency causes liver injury in adult zebrafish.

To test our hypothesis, we initially studied the mor-
phology of etfa+/− zebrafish livers. In the normal liver, 
cords of hepatocytes were readily identified. In con-
trast, an increased number of injured hepatocytes in a 
disorganized pattern were visualized in etfa+/− zebraf-
ish livers; these hepatocytes had an accumulation of 
eosinophilic material in the hepatocyte cytoplasm 
with a reduction in normal cytosol staining (Fig. 1A, 
top panel, marked with red arrow heads). ORO stain-
ing indicated a significant increase in the amount of 
lipid drops in etfa+/− livers (Fig. 1A, bottom panel).

In addition, we found that etfa haploinsufficiency 
induced a significant increase in serum ALT activity in 
both male and female zebrafish (Fig. 1B). We also found 
that there was a striking increase in expression of mes-
senger RNAs (mRNAs) associated with de novo lipo-
genesis (sterol regulatory element binding protein (srebp)1, 
srebp2, and fatty acid synthase [fasn]) in etfa+/− livers (Fig. 
1C). Further, we found increased mRNA expression in 
genes associated with inflammation (tumor necrosis fac-
tor alpha [tnfa], nuclear factor kappa- light- chain enhancer 
of activated B cells [nfkb], interleukin 1b [il1b], and matrix 
metalloproteinase 9 [mmp9]), cell death (caspase 3a [casp3a] 
and alpha- 1 antitrypsin [a1at]), and fibrosis (collagen, type 
I, alpha 1 [col1a1a]) in etfa+/− livers (Fig. 1G). In aggre-
gate, these data demonstrate that etfa haploinsufficiency 
results in hepatic steatosis and injury, possibly due to 
increased expression of genes associated with lipogenesis 
and inflammation in adult zebrafish. Although col1a1a 
mRNA expression in the liver was increased, significant 
fibrosis labeling in liver sections could not be identified 
using picrosirius red staining (data not shown).

Notably, etfa haploinsufficiency reduced mRNA 
expression of etfa as expected. We also found that 
mRNA expression of other components in the ETF 
complex (etfb and etf dehydrogenase [etfdh]) were 
decreased in the liver the same as etfa (Fig. 1D), 
which suggests that etfa haploinsufficiency may also 
regulate activity of the ETF complex at the tran-
scriptional level. Transcriptional reduction of etfa by 
gene haploinsufficiency caused a significant decrease 
in expression of Etfa at the protein level, which was 
determined by immunofluorescence staining and 
western blot using anti- Etfa antibody in liver lysates 
(Fig. 1E,F).
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Fig. 1. Etfa haploinsufficiency induces hepatic injury and steatosis in adult zebrafish. (A) Representative images show hepatocyte 
ballooning and accumulation of cytosolic components (note eosinophilic cytoplasmic droplets marked with arrow heads) in hepatocytes 
in etfa+/− livers (H&E staining). Magnified views (yellow rectangles) are shown. In the bottom panels, sections were stained with ORO 
(representative images are shown, n = 5/5); scale bar, 50 µm. (B) Relative serum ALT levels in etfa+/− siblings compared to the wild type 
(n = 3 to 5). (C) Livers were harvested, and pooled total RNA was subjected to qRT- PCR (see Materials and Methods) to determine 
relative mRNA expression genes associated with de novo lipogenesis (srebp1, srebp2, and fasn). (D) Relative mRNA expression of genes of 
etfa, etfb, and etfdh (*P < 0.05 vs. the wild type). (E) Immunofluorescence staining with anti- Etfa antibody (red) on wild- type and etfa+/− 
liver sections; scale bar, 50 µm. Nuclei were stained with DAPI. (F) Relative amount of Etfa protein in wild- type and etfa+/–  liver lysates 
(n = 3). (G) Relative mRNA expression of genes associated with inflammation (tnfa, nfkb, il1b, and mmp9), cell death (casp3a and dffa), 
injury (a1at), and fibrosis (col1a1a). Pooled RNAs (from three livers per group) were used for qRT- PCR analysis. *P < 0.05, **P < 0.005 vs. 
the wild type. Data in bar graphs represent mean ± SD. Abbreviations: BV, blood vessel; DAPI, 4′,6- diamidino- 2- phenylindole; GAPDH, 
glyceraldehyde 3- phosphate dehydrogenase.
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etfa HaploinsuFFiCienCy Causes 
an inCRease in seRum tg anD 
CHolesteRol leVels

The etfa+/− male and etfa+/− female zebrafish have 
1.7- fold and 1.8- fold higher serum TG levels, respec-
tively, than wild- type siblings (Fig. 2A). TC analysis 
was similar, with 1.3- fold and 1.8- fold higher choles-
terol levels in etfa+/− males and females, respectively, 
than wild- type siblings (Fig. 2B). Of note, there did not 
appear to be significant changes in serum glucose levels 
(Fig. 2C). These data indicate that etfa haploinsuffi-
ciency induced a hypertriglyceridemia and hypercho-
lesterolemia phenotype in adult zebrafish and raise the 
possibility that there is reduced fatty acid β- oxidation 
in etfa+/− mutants.

etfa HaploinsuFFiCienCy 
inCReases oXiDatiVe stRess in 
tHe liVeR

Given the role of the ETF complex as an electron 
acceptor during mitochondrial β- oxidation, increased 

electron leakage may result in increased hepatic super-
oxide formation and oxidative stress. To investigate 
oxidative stress in the liver, we measured ROS, GSH, 
GSSG, and MDA (a standard marker for lipid per-
oxide) levels in liver lysates from control and etfa+/− 
mutants (Fig. 3A- D). We found a 1.6- fold increase 
in ROS levels in etfa+/− livers. Although there was a 
significant decrease in GSH (0.6- fold) in etfa+/− livers, 
GSSG levels were not changed. Further, MDA levels 
in etfa+/− livers were increased compared to wild- type 
livers.

Interestingly, the activity of GSH reductase (Gsr), 
an enzyme that converts GSSG to GSH, was increased 
(1.4- fold) in etfa+/− mutants (Fig. 3E), perhaps trig-
gered by a compensatory response. Consistent with 
the possibility was the finding of a significant increase 
in glutathione synthetase (gss) and Gsr mRNA expres-
sion (Fig. 3F). Additionally, etfa haploinsufficiency 
increased mRNA expression of genes associated with 
de novo GSH synthesis in the liver (Supporting Fig. 
S1). These data suggest that GSH reduction in etfa+/− 
mutants might result from limited substrates for GSH 
synthesis.

Fig. 2. Etfa+/− zebrafish exhibit hyperlipidemia and hypercholesterolemia. (A) Blood was drawn (see Materials and Methods), and 
serum TGs, (B) TC, and (C) glucose were measured in male and female wild- type (n = 3, white bars) and etfa+/− siblings (n = 4, blue bars). 
*P < 0.05, **P < 0.005 versus the wild type. Data represent mean ± SD.
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RiBoFlaVin supplementation 
ResolVes FaD Depletion anD 
inHiBits HepatiC inJuRy in tHe 
etfa+/− liVeR

etfa haploinsufficiency reduced etfa mRNA expres-
sion as well as that of other components of the ETF 
complex (etfb and etfdh) (Fig. 1B). Because ETF is 
important for the redox reaction (FADH2 to FAD 
conversion process) during mitochondrial fatty acid 
β- oxidation, reduced ETF activity will lead to FAD 
reduction. As expected, FAD levels were decreased by 
25% in etfa+/− livers compared to wild- type siblings 
(Fig. 4A). To test whether riboflavin, the substrate for 
FAD synthesis supplementation, can restore reduced 
FAD in the etfa- haploinsufficient state, we exposed 
wild- type and etfa+/− zebrafish to riboflavin containing 
water for 1 week (0.6 mg/L). This led to significantly 
increased hepatic FAD levels in both the wild type 
(1.14- fold) and the etfa+/− mutants (1.42- fold) (Fig. 
4A). Riboflavin supplementation also led to reduced 

serum ALT levels in etfa+/− adults, almost reducing 
levels to normal. There was also a slight reduction in 
ALT levels in the wild- type zebrafish after riboflavin 
treatment, although they were not statistically signifi-
cantly different than controls (Fig. 4B). Riboflavin 
treatment also reduced hepatic injury in etfa+/− 
mutants (Fig. 4B,C); there was a reduced number of 
abnormal hepatocytes, which appeared in a more nor-
mal pattern, with fewer intracytoplasmic eosinophilic 
inclusions. We found moderate (tnfa and mmp9) or 
significant (nfkb and il1b) decreases in inflammatory 
marker genes, and a significant reduction (casp3a and 
DNA fragmentation factor subunit alpha [dffa]) in cell 
death marker genes. Riboflavin treatment led to nor-
malization of col1a1a mRNA in etfa+/− livers (Fig. 4D).

Because it is possible that mitochondrial FAD 
reduction induced by etfa haploinsufficiency may 
cause a compensatory increase in FAD synthesis, we 
compared mRNA expression of mitochondrial FAD 
synthetase (flad1) in wild- type and etfa+/− livers with or 
without riboflavin treatment (for 1 week). Interestingly, 

Fig. 3. Etfa haploinsufficiency increases oxidative stress in the liver. (A) ROS (H2O2), (B) GSH, (C) GSSG, and (D) MDA were 
measured in wild- type and etfa+/− male siblings (see Materials and Methods). (E) Relative activity of Gsr in etfa+/− siblings versus the wild 
type (n = 4), and (F) mRNA expression of gss and gsr. Error bars show the mean ± SD; *P < 0.05. Abbreviation: n.s., not significant.
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we found a significant decrease in flad1 mRNA levels 
in etfa+/− livers, with riboflavin treatment leading to a 
moderate increase in flad1 mRNA expression in both 
wild- type and etfa+/− livers (Fig. 4E). This result sug-
gests that FAD reduction was caused by reduced ETF 
function in a redox reaction (from FADH2 to FAD) 
as well as reduced FAD synthesis in mitochondria.

RiBoFlaVin supplementation 
suppResses oXiDatiVe stRess 
in tHe etfa+/− liVeR

To determine the mechanisms by which ribo-
flavin suppresses hepatic injury and inflammation 
in etfa+/− mutants, we first investigated changes in 

Fig. 4. Riboflavin supplementation suppresses hepatic injury and genes associated with inflammation in etfa+/− livers. Adult zebrafish 
were exposed to riboflavin containing water (0.6 mg/L) for 1 week, with water replacement (with riboflavin) once per day. Whole livers 
were harvested, and relative amounts of (A) FAD levels and (B) serum ALT levels were measured in etfa+/− with (white bars) or without 
(blue bars) riboflavin treatment compared to the wild type (etfa+/+) (see Materials and Methods) (n = 4 to 6). (C) Representative images 
of H&E- stained liver sections in the wild type and etfa+/− mutants with or without riboflavin treatment (n > 6 per each); scale bar, 25 µm. 
(D) Total RNA was isolated from whole livers as above, and mRNA expression of genes associated with inflammation (tnfa, nfkb, il1b, 
and mmp9), cell death (casp3a and dffa), injury (a1at), and fibrosis (col1a1a) from pooled RNA were measured by qRT- PCR (see Materials 
and Methods). (E) Changes in relative mRNA expression levels of flad1 were also measured. An equal amount of total RNA from three 
livers were pooled and used for cDNA synthesis; the same amount of cDNA was used for qPCR analyses. Error bars show mean ± SD; 
*P < 0.05, **P < 0.005. Abbreviation: n.s., not significant.
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oxidative stress in the liver. As above, etfa haploin-
sufficiency caused increases in ROS (1.4- fold) and 
MDA (1.2- fold) and decreases in GSH (0.8- fold) 
levels. Riboflavin supplementation significantly sup-
pressed elevated ROS and MDA levels while restor-
ing reduced GSH levels in etfa+/− livers (Fig. 5A- C). 
We also determined expression of NADPH oxidases, 
key enzymes producing superoxides, as over activity 
in those genes can lead to oxidative stress and cell 
damage (Fig. 5D). We found significant increases in 
NADPH oxidase (nox)1 and nox2 expression in etfa+/− 
livers. Riboflavin treatment significantly suppressed 
elevated expression of nox1 and nox2 in etfa+/− livers. 
Thus, etfa haploinsufficiency- mediated FAD reduc-
tion increased oxidative stress in the liver.

We also examined other constituents associated with 
the oxidative stress response and the effect of ribofla-
vin on them (Fig. 5E). The expression of nuclear fac-
tor erythroid 2 (nrf2), considered a master regulator of 
anti- oxidative response, was highly elevated in etfa+/− 
livers. An increase of superoxide can induce superoxide 
dismutase 2, mitochondrial (sod2) mRNA expression to 

reduce mitochondrial oxidative stress. Because increased 
oxidative stress triggers transcriptional activation of 
genes associated with the oxidative stress response, we 
analyzed genes in two main systems governing cellular 
redox reactions: the glutathione system and the thiore-
doxin system. We found mRNAs of genes associated 
with both glutathione (gsr, glutathione S- transferase pi 
1 [gstp1]/2, and glutathione peroxidase 1a [gpx1a]/4a) 
and thioredoxin (peroxiredoxin 4 [prdx4], thioredoxin- 
like 1 [txnl1], and txnl4) systems were increased by etfa 
haploinsufficiency. Furthermore, we found a significant 
increase in txn2, which encodes for mitochondria- 
specific thioredoxin. Thus, etfa haploinsufficiency ele-
vated expression of oxidative stress- responding genes 
in the liver, and riboflavin supplementation suppressed 
expression of those genes close to levels found in wild- 
type livers. We also found that gpx4a (a phospholipid 
hydroperoxidase that protects cells against membrane 
lipid peroxidation(22,23)) was moderately increased after 
riboflavin treatment, which suggests that riboflavin 
supplementation may protect the liver from lipid per-
oxides by increasing gpx4a expression in etfa+/− livers.

Fig. 5. Riboflavin supplementation suppresses oxidative stress in etfa+/− mutant livers. Adult zebrafish were exposed to riboflavin, as in 
Fig. 4. (A) Relative ROS, (B) GSH levels, and (C) MDA levels in wild- type and etfa+/− livers from untreated or riboflavin- treated adult 
zebrafish were measured (see Materials and Methods) (n = 6 per group). Relative mRNA expression of (D) NADPH oxidases and (E) 
oxidative stress- responding genes was measured (see Materials and Methods; three livers were used to make normalized RNA; *P < 0.05, 
**P  <  0.005). Abbreviations: gstp1/2, glutathione S transferase pi 1 and 2; ho- 1a, heme oxygenase 1a; nrf2, nuclear factor erythroid 
2- related factor 2; prdx4, peroxiredoxin 4.
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RiBoFlaVin supplementation 
BloCKs De Novo lipogenesis 
anD Fatty aCiD aCyl- Coa 
uptaKe in tHe etfa+/− liVeR

Increased hepatic TG levels were reduced to nor-
mal levels by riboflavin treatment in etfa+/− livers 
(Fig. 6A). To further investigate the mechanism by 
which riboflavin resolves steatosis, we investigated 
genes associated with lipid metabolism (Fig. 6B). We 
found significant increases in genes associated with de 
novo lipogenesis as well as fatty acid β- oxidation. In 
etfa+/− livers, mRNA expression of srebp1 and srebp2, 
which are essential for lipid and cholesterol biogen-
esis, was increased. mRNA levels of key lipogenic 

enzymes involved in fatty acid de novo synthesis were 
also significantly increased, including fasn, which 
catalyzes the synthesis of palmitic acid from acetyl- 
CoA and malonyl- CoA; long chain fatty acid- coenzyme 
A ligase 1a (acsl1a), a gene essential for the synthesis 
of long- chain fatty acid acyl- CoA; and diacylglycerol 
O- acyltransferase 2 (dgat2), a gene essential for the final 
reaction in TG synthesis. In addition, mRNAs encod-
ing enzymes involved in fatty acid β- oxidation were 
increased, including carnitine palmitoyl transferase 1A 
(cpt1a), a key enzyme transporting fatty acyl- CoA 
into mitochondria, and fatty acid acyl- CoA dehydro-
genases (acyl- CoA dehydrogenase short/medium/long/
very long chain [acads], [acadm], [acadl], and [acadvl]) 
were found in etfa+/− livers, which are likely increased 

Fig. 6. Riboflavin supplementation attenuates hepatic steatosis in etfa+/− livers by suppressing mRNA expression of genes in de novo 
lipogenesis and lipid uptake. Adult zebrafish were exposed to riboflavin, as in Fig. 4. (A) Representative images of ORO staining (n = 5 
per group) in the wild type and etfa+/− mutants with or without riboflavin treatment for 1 week; Scale bar, 50 µm. (B) TG analysis in liver 
lysates from wild- type and etfa+/− livers with or without riboflavin treatment (n = 6 per group). (C) Relative mRNA expression of genes 
associated with de novo lipogenesis (srebp1, srebp2, fasn, acsl1a, and dgat2) and fatty acid β- oxidation (cpt1a, acads, acadm, acadl, and acadvl) 
was measured by qRT- PCR (see Materials and Methods; n = 3 per group, *P < 0.05, **P < 0.005).
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as a compensatory response to resolve reduced mito-
chondrial β- oxidation activity in etfa+/− livers.

Riboflavin supplementation attenuated elevation of 
mRNAs involved in de novo lipogenesis (srebp1, srebp2, 
fasn, acsl1a, and dgat2) and mitochondrial fatty acid 
transport (cpt1a) in etfa+/− livers (Fig. 6B). The data sug-
gest that increased de novo lipogenesis and mitochondrial 

fatty acid uptake appear to lead steatosis in the etfa+/− 
liver and that riboflavin can rescue this abnormality.

However, riboflavin supplementation did not sup-
press the elevated mRNA expression of fatty acid 
acyl- CoA dehydrogenases (acads, acadm, acadl, and 
acadvl). This finding implies that these enzymes need 
to be highly expressed to compensate reduced fatty 
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acid β- oxidation activity in etfa+/− livers. Thus, both 
increased expression of these enzymes and ribofla-
vin supplementation are required to achieve a normal 
level of β- oxidation in etfa+/− livers.

eFFeCts oF etfa 
HaploinsuFFiCienCy anD 
RiBoFlaVin supplementation 
on mitoCHonDRial 
Biogenesis/FunCtion

We hypothesized that reduced mitochondrial 
activity could affect mitochondrial biogenesis in the 
etfa+/− liver. Therefore, we analyzed mRNA expres-
sion of genes involved in mitochondrial biogenesis 
and function.(24) We found a significant increase in a 
number of these mRNAs, including dynamin- related 
protein 1 (drp1), a gene required for mitochondrial 
fission; optic atrophy type 1 (opa1), which plays a role 
in mitochondrial fusion as well as cristae stabiliza-
tion; DNA polymerase gamma, catalytic subunit (polg), 
a mitochondrial DNA polymerase; nd1, a subunit of 
NADH dehydrogenase encoded from the mitochon-
drial DNA; and mitofusin 1 (mfn1), a gene import-
ant for mitochondrial fusion (Fig. 7A). Of note, 
peroxisome proliferator- activated receptor gamma, coact-
ivator 1 alpha (pgc1a) mRNA expression, a putative 
master regulator of mitochondrial biogenesis, was 
not changed. Riboflavin supplementation attenuated 
increased expression of drp1, mfn1, opa1, polg, and nd1 
in etfa+/− livers (Fig. 7A).

Mitochondrial number was determined by com-
paring the relative copy number of genomic DNAs 
for nd1 (a mitochondrial gene) and ef1a (a nuclear 
gene) in wild- type and etfa+/− livers. We found a sig-
nificant increase of mtDNA copy number in etfa+/− 
livers (Fig. 7B) compared to wild- type siblings, and 

riboflavin supplementation decreased mtDNA copy 
number in both wild- type and etfa+/− livers (Fig. 7B).

We also found that expression of mRNAs encod-
ing for mitochondrial electron transport complex 
members I to V were significantly elevated in etfa+/− 
livers (Fig. 7C). This could represent a compensa-
tory response to reduced mitochondrial electron 
transport chain activity. Additionally, this could be 
a result of an increased number of mitochondria. 
Importantly, we found that riboflavin supplementa-
tion did not affect expression of ETF complex genes 
(etfa, etfb, and etfdh), while it suppressed increased 
mRNAs of genes representing components in com-
plex I to V (Fig. 7C). This may be because ribo-
flavin does not suppress elevated mRNA expression 
in fatty acid acyl- CoA dehydrogenases (Fig. 6C); 
a decreased ETF complex may interfere with full 
activity of these enzymes, even after riboflavin 
treatment.

To examine mitochondrial activity in wild- type and 
etfa+/− hepatocytes with or without riboflavin treat-
ment, we performed a mitochondria stress analysis 
(using Seahorse XF96) in primary hepatocyte cultures 
from wild- type and etfa+/− livers. We found signifi-
cant decreases in adenosine triphosphate production- 
associated OCRs in etfa+/− hepatocytes; riboflavin 
supplementation completely rescued decreased OCRs 
in etfa+/− hepatocytes (Fig. 7D,E). Reduced mitochon-
drial activity in etfa+/− hepatocytes may cause a decrease 
in mitochondrial membrane potential (ΔΨ). Therefore, 
we examined ΔΨ in primary hepatocytes from wild- 
type and etfa+/− siblings using the potential indicator 
dye TMRM. Microscopic image analysis of hepato-
cytes showed significantly decreased TMRM fluo-
rescence in etfa+/− hepatocytes compared to wild- type 
cells; riboflavin treatment elevated TMRM intensity in 
both wild- type and etfa+/− hepatocytes (Fig. 7F,G).

Fig. 7. Effects of riboflavin on mitochondria in etfa+/− livers. Adult zebrafish were exposed to riboflavin, as in Fig. 4. Livers were harvested 
and (A) relative mRNA expression of genes associated with mitochondrial homeostasis and biogenesis, (B) relative copy number of 
mtDNA, and (C) relative mRNA expressions of genes in the ETF complex and mitochondrial complexes (I to V) in wild- type or etfa+/− 
livers with or without riboflavin treatment were measured by qRT- PCR (see Materials and Methods). (D) Hepatocytes were isolated, 
incubated for 3 days with or without riboflavin (0.6 mg/L), and OCR analysis was performed using Seahorse XF96 (see Materials and 
Methods). (E) ATP production- associated OCR in each group (n = 4; *P < 0.05, **P < 0.005). (F) Representative fluorescence images of 
TMRM- loaded wild- type and etfa+/− hepatocytes with or without riboflavin treatment; scale bar, 50 µm. (G) Mitochondrial membrane 
potential was compared by TMRM fluorescence intensity of hepatocytes in (F). Abbreviations: ATP, adenosine triphosphate; atp5fa1, 
adenosine triphosphate synthase F1 subunit alpha; A.U., arbitrary units; cox4i1, cytochrome c oxidase subunit 4 isoform 1; min, minutes; 
ndufs4, nicotinamide adenine dinucleotide:ubiquinone oxidoreductase subunit S4; pgc1a, peroxisome proliferator- activated receptor 
gamma coactivator 1- alpha; sdha, succinate dehydrogenase complex flavoprotein subunit A; uqcr10, ubiquinol- cytochrome c reductase 10.
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In aggregate, the data suggest that an increase in 
the total number of mitochondria in etfa+/− mutant 
livers was caused by a compensatory response to 
reduced mitochondrial activity caused by etfa haplo-
insufficiency. Oxygen consumption analysis and mito-
chondrial membrane potential analysis indicated that 
actual mitochondrial activity might be lower than in 
the wild type. Riboflavin supplementation dimin-
ished the compensatory responses associated with 
mitochondrial biogenesis and function (Fig. 7A- C) 
by increasing the activity of mitochondria in etfa+/− 
mutant livers.

Discussion
The ETF complex regulates activities of mito-

chondrial flavoprotein dehydrogenases that include 
fatty acid acyl- CoA dehydrogenases. Thus, ETF 
dysfunction leads to fatty acid accumulation, which 
may result in development of fatty liver disease. 
Patients with MADD with biallelic mutations in 
genes consisting of the ETF complex develop dis-
tinct liver abnormalities, including hepatomegaly, 
fatty liver, and hepatic injury, throughout infant to 
adult ages.(6- 10) Although reduced ETF function by 
a deleterious mutation in a single allele does not 
cause severe defects in the liver, a gene haploinsuf-
ficiency may increase risk to develop chronic liver 
disease. This possibility is supported by our find-
ing that heterozygous etfa mutant zebrafish with 
reduced ETF function exhibit hepatic steatosis and 
injury as a result of FAD depletion, increased lipo-
genesis, and increased oxidative stress.

Although the significance of riboflavin/FAD defi-
ciency in liver disease has not been studied well, pre-
vious studies showed that a riboflavin- deficient diet 
may induce fatty liver disease in cats,(25) rats,(26) and 
ducks,(27) possibly due to reduced mitochondrial 
β- oxidation activity. In addition, chronic alcohol con-
sumption hinders riboflavin absorption in the intes-
tine(28- 30) and may result in a reduction in FAD in 
the liver; it could therefore contribute to hepatic ste-
atosis in alcoholic liver disease. Thus, riboflavin/FAD 
depletion may be important in the pathogenesis of 
nonalcoholic and alcoholic chronic liver disease, and 
riboflavin supplementation may be an effective ther-
apy for both types of diseases.

We noticed less severe hepatic injury in younger 
etfa+/− zebrafish (10  months old; Fig. 4C) compared 
to older mutants (20  months old; Fig. 1A), which 
suggests that hepatic injury may progress as etfa+/− 
mutants age. However, further experiments will be 
required to more rigorously address the impact of age 
on hepatic injury in zebrafish.

It is unknown whether etfa haploinsufficiency 
can reduce FAD levels in the liver. We showed that 
etfa haploinsufficiency was enough to reduce FAD 
levels in the liver (Fig. 4A), which might be caused 
by decreased ETF function in the redox reaction of 
FADH2 to FAD in etfa+/− livers. Additionally, sig-
nificant increases in mRNA expression of FAD- 
dependent acyl- CoA enzymes could potentiate FAD 
reduction in the etfa+/− liver and lead to development 
of liver disease (Fig. 6B).

Reduced FAD levels appear to have a strong impact 
on folding and maintenance of the native structure 
in ETF and acyl- CoA dehydrogenases,(31- 34) which 
suggests that ETF haploinsufficiency- induced FAD 
reduction may induce the mitochondrial unfolded 
protein response (mt- UPR) that can contribute to 
decreased mitochondrial activity in etfa+/− livers (Fig. 
7D,E). In a preliminary study, we examined mRNA 
expression of mt- UPR genes(35) (Supporting Fig. S2) 
and found a significant increase in caseinolytic mito-
chondrial matrix peptidase proteolytic subunit (clpp), 
mitochondrial heat shock protein family D member 1 
(hspd1), and hspe1 in etfa+/− livers; additionally ribo-
flavin supplementation attenuated increased mRNA 
expression levels of those genes. In aggregate, the data 
suggest that FAD is a key cofactor to regulate mt- 
UPR in the liver.

Given the role of ETF as an electron acceptor 
during fatty acid β- oxidation, reduced ETF function 
by etfa haploinsufficiency results in FAD reduction, 
which elevates a chance for electron leakage within 
mitochondria. Leaked electrons generate superox-
ides, and then superoxides can be converted to H2O2 
by mitochondrial superoxide dismutase (Sod2; Fig. 
5E). Excess H2O2 may deplete GSH, which results 
in accumulation of oxidized toxic molecules, such as 
MDA in the liver (Fig. 5C). Thus, our data showed 
that FAD reduction is the key upstream factor under-
lying etfa haploinsufficiency- mediated hepatic injury.

A dramatic increase in nox1 mRNA expression 
suggests that Nox1 may play a key role in superoxide 
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formation by etfa haploinsufficiency in addition to 
superoxides generated by leaked electrons during fatty 
acid β- oxidation. An important future study will be 
whether genetic depletion of nox1 can mitigate oxida-
tive stress and hepatic abnormalities in etfa+/− mutants.

Previously, we found that hepatomegaly in the 
liver of etfa homozygous mutant larvae may result 
from increased mammalian target of rapamycin com-
plex 1 (mTORC1) signaling activity.(16) We found 
that etfa haploinsufficiency was enough to induce 
mTORC1 signaling in hepatocytes (Supporting Fig. 
S3). However, increased mTORC1 signaling was 
observed in some hepatocytes, which was not enough 
to cause hepatomegaly in etfa+/− adult zebrafish unlike 
etfa−/− mutant larvae. Although increased mTORC1 
signaling may contribute to cell hypertrophy in some 
hepatocytes, activation of mTORC1 signaling may be 
part of a compensatory response to attenuate steatosis 
in etfa+/− liver. Because a previous report showed that 
liver- specific mTORC1 activation in mice attenuated 
high- fat diet- induced steatosis in the liver,(36) it is 
possible that the activation of mTORC1 signaling in 
etfa+/− mutants might be a compensatory response to 
resolve steatosis by increasing mitochondrial biogen-
esis (Fig. 7A,B). Previously, we found mitochondrial 
swelling and cristae injury in etfa−/− larvae. Reduced 
mitochondrial OCR and mitochondrial membrane 
potential raises the possibility that etfa haploinsuffi-
ciency may be an important cause of mitochondrial 
dysfunction and mitochondrial injury. Electron micro-
scopic analysis showed that normal- appearing hepato-
cytes in etfa+/− animals did not develop mitochondrial 
cristae injury or become swollen as in etfa−/− larvae 
liver. However, we found abnormal cristae structure 
and endoplasmic reticulum (ER) fragmentation in 
injured hepatocytes in the etfa+/− liver (Supporting 
Fig. S4). This result suggests that etfa haploinsuffi-
ciency may cause mitochondrial injury and ER stress, 
which may lead to hepatic necrosis.

Importantly, newborn screening for ETF deficiency 
indicates that approximately one in 460 (0.2%) new-
borns (about 700,000 of the U.S. population) carry 
a heterozygous deleterious mutation in one of the 
ETF/ETFDH complex genes. Although mutations in 
ETFA have not been identified in genome- wide asso-
ciation studies (GWASs) in patients with nonalco-
holic fatty liver disease(37,38) because a GWAS targets 
common polymorphisms rather than rare mutations, 

we speculate that this mutation may predispose this 
group to fatty liver disease.

In summary, we have demonstrated that FAD reduc-
tion in etfa+/− zebrafish caused hepatic steatosis and 
injury through increased de novo lipogenesis, oxidative 
stress, and lipotoxicity in the liver (Fig. 8). Riboflavin 
supplementation essentially reversed the liver abnor-
malities in etfa+/− mutants. As these liver abnormalities 
(steatosis and hepatic injury) are typical of fatty liver 
disease, we speculate that etfa haploinsufficiency may 
be a risk factor that can potentiate hepatic steatosis 
and injury in alcoholic or nonalcoholic steatohepatitis.
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