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A B S T R A C T

Fatty acid oxidation (FAO)-driven H2O2 has been shown to be a major source of oxidative stress in several tissues
and disease states. Here, we established that the mitochondrial flavoprotein long-chain acyl-CoA dehydrogenase
(LCAD), which catalyzes a key step in mitochondrial FAO, directly produces H2O2 in vitro by leaking electrons to
oxygen. Kinetic analysis of recombinant human LCAD showed that it produces H2O2 15-fold faster than the
related mitochondrial enzyme very long-chain acyl-CoA dehydrogenase (VLCAD), but 50-fold slower than a bona
fide peroxisomal acyl-CoA oxidase. The rate of H2O2 formation by human LCAD is slow compared to its activity
as a dehydrogenase (about 1%). However, expression of hLCAD in HepG2 cells is sufficient to significantly
increase H2O2 in the presence of fatty acids. Liver mitochondria from LCAD−/− mice, but not VLCAD−/−
mice, produce significantly less H2O2 during incubation with fatty acids. Finally, we observe highest LCAD
expression in human liver, followed by kidney, lung, and pancreas. Based on our data, we propose that the
presence of LCAD drives H2O2 formation in response to fatty acids in these tissues.

1. Introduction

Mitochondrial fatty acid β-oxidation (FAO), the process by which
fatty acids are chain-shortened for energy generation, has been im-
plicated as a source of H2O2 in numerous tissues [1–7]. Identifying the
specific sites and sources of FAO-driven H2O2 is critical for under-
standing the role of oxidative stress in the pathogenesis of diseases
associated with altered FAO. Recent experiments with isolated liver,
kidney, and muscle mitochondria suggest that a substantial portion of
FAO-driven H2O2 is released in the matrix by flavoproteins upstream of
respiratory chain Complex III [3,5,6,8]. These flavoproteins include the
short, medium, long, and very long chain acyl-CoA dehydrogenases
(ACADs; dubbed SCAD, MCAD, LCAD, and VLCAD), their common
redox partner electron transfer flavoprotein (ETF), and electron transfer
flavoprotein dehydrogenase (ETFDH). Electrons flow from the ACADs
to ETF to ETFDH, an inner mitochondrial membrane protein that passes
electrons to ubiquinone and ultimately to Complex III. There are human
inborn errors of metabolism associated with mutations in all of these
genes except LCAD [9].

Despite the ETF: ETFDH redox couple being the convergence point
for a wide variety of acyl-CoA substrates (short, medium, and long-
chain fatty acids as well as several branched-chain amino acids), it is
generally the long-chain fatty acid substrates that are associated with

elevated mitochondrial superoxide and H2O2 production [7,10–12].
There are two ACAD enzymes upstream of ETF: ETFDH that utilize
long-chain acyl-CoA substrates—LCAD and VLCAD. VLCAD was pre-
viously implicated as a source of mitochondrial H2O2 and was shown to
directly produce H2O2 when incubated with long-chain substrates in
vitro [13]. LCAD, whose role in human FAO has been questioned due to
low or absent expression in highly FAO-dependent tissues such as heart
and muscle [14,15], has not been evaluated as a possible source of
H2O2. LCAD is unique among the ACADs for being downregulated in
several human cancers, particularly hepatocellular carcinoma (HCC)
[16–18]. In the present work, we compared the relative H2O2-gen-
erating capacity of LCAD and VLCAD. Possible inter-species differences
were addressed by comparing H2O2 production by both mouse and
human recombinant LCAD and VLCAD enzymes. LCAD— particularly
human LCAD—was found to generate significantly more H2O2 than
VLCAD. We further studied LCAD-associated H2O2 generation using
loss-of-function (LCAD knockout mouse liver mitochondria) and gain-
of-function (HepG2 LCAD re-expression) approaches. The presence or
absence of LCAD was sufficient to modulate FAO-associated H2O2

generation in intact mitochondria ex vivo and in whole cells.
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2. Results

LCAD is a source of FAO-driven H2O2 in mouse liver mitochondria.
To determine the relative roles of LCAD and VLCAD in producing mi-
tochondrial H2O2, LCAD−/− and VLCAD−/− heavy liver mi-
tochondria were isolated. H2O2 production was measured in intact
mitochondria in respiratory State 4 using 20 μM palmitoylcarnitine
supplemented with 20 μM free coenzyme-A (CoA) to ensure that CoA
would not become rate-limiting. Under these conditions, VLCAD−/−
heavy mitochondria exhibited significantly increased H2O2 production
and LCAD−/− mitochondria exhibited significantly decreased H2O2

production compared to their respective wild-type mitochondria
(Fig. 1A and B). Oroboros high-resolution respirometry was used to
measure respiration in the same mitochondrial isolates. VLCAD−/−
mitochondria showed significantly impaired State 4 and State 3 re-
spiration on palmitoylcarnitine as well as impaired State 4 respiration
with pyruvate, glutamate, and succinate (Fig. 1C,E). Thus, the increase
in H2O2 seen in VLCAD−/− liver mitochondria are likely due to re-
spiratory chain dysfunction, a phenomenon reported in fibroblasts
cultured from patients with VLCAD deficiency [19]. LCAD−/− mi-
tochondria, on the other hand, showed no change in respiratory chain

function (Fig. 1D and E). Finally, we confirmed that knocking out
VLCAD did not alter expression of LCAD, or vice versa (Fig. 1F).

LCAD generates H2O2 in vitro. E coli expression systems were used
to generate His-tagged mouse LCAD (mLCAD), human LCAD (hLCAD),
mouse VLCAD (mVLCAD), and human VLCAD (hVLCAD). Among the
four enzymes, hLCAD exhibited the lowest palmitoyl-CoA dehy-
drogenase activity (Fig. 2A) but the highest rate of H2O2 formation
(Fig. 2B). mLCAD, which is 88% identical in amino acid sequence,
produced only half as much H2O2 as hLCAD but was twice as active as a
dehydrogenase. Enzyme kinetics were used to evaluate the palmitoyl-
CoA oxidase capacity of hLCAD as compared to hVLCAD and re-
combinant human ACOX1, a bona fide peroxisomal palmitoyl-CoA
oxidase. The oxidase activity of hLCAD followed sigmoidal allosteric
kinetics, with a Hill coefficient of 2.2 which indicates cooperativity
across hLCAD subunits (Fig. S1A). The hVLCAD data could not be fit
with the allosteric model, but rather adhered more closely to the Mi-
chaelis-Menten model (Fig. S1B). ACOX1 exhibited allosteric kinetics
with a Hill coefficient similar to that of hLCAD (Fig. S1C). The max-
imum velocity of hLCAD as a palmitoyl-CoA oxidase (Vmax) was 15-fold
higher than that of hVLCAD, yet 54-fold lower than ACOX1. ACOX1
had no detectable activity as a dehydrogenase.

Fig. 1. LCAD is the source of FA-driven H2O2 in mouse liver while VLCAD links FAO to mitochondrial respiration. A, B) Palmitoylcarnitine (PC)-stimulated
H2O2 release from heavy liver mitochondria isolated from VLCAD−/− and LCAD−/− mice compared to wild-type controls (N = 6), *P<0.05. H2O2 release was
normalized to protein concentration and then scaled to wild-type controls. C,D) Representative oxygen consumption trace for VLCAD−/− and LCAD−/− heavy
mitochondria using Oroboros high-resolution respirometry; arrows indicate time of addition of the indicated substrates. Mal = malate, Pyr = pyruvate,
Glut = glutamate, Succ = succinate. E) Summary data for N = 6 respirometry runs of LCAD−/− and VLCAD−/− heavy mitochondria versus their respective
controls. Data were normalized to protein concentration and then scaled to wild-type controls, which were set = 1.0. *P<0.01. F) Anti-LCAD immunoblot in
VLCAD−/− versus wildtype control mouse liver homogenates (left); anti-VLCAD immunoblot in LCAD−/− versus wildtype control mouse liver homogenates
(right). Hsp60 is used as a matrix loading control and Tim23 as a membrane loading control for LCAD and VLCAD, respectively. All bar graphs represent means and
standard deviations.
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The proclivity of hLCAD for H2O2 production was further studied
over a range of saturated and unsaturated (oleoyl-CoA, linoleoyl-CoA)
acyl-CoA species (Fig. 2C). There was a clear peak in activity with
stearoyl-CoA (C18:0). Kinetically, H2O2 production was twice as fast
with stearoyl-CoA compared to palmitoyl-CoA but with the same Khalf

of 2.1 μM (Table 1). As a dehydrogenase, the activity of hLCAD with
palmitoyl-CoA and stearoyl-CoA followed Michaelis-Menten kinetics.
Interestingly, the Vmax of hLCAD as a dehydrogenase with stearoyl-CoA
was nearly twice that of palmitoyl-CoA, but the Km was also much
higher (19.7 versus 6.8 μM). Turnover rates were calculated from both
the oxidase and dehydrogenase kinetic data; comparing these values
indicated that hLCAD leaks electrons to oxygen at a rate that is ap-
proximately 0.5–1% that of its turnover rate as a dehydrogenase
(Table 1).

Electron leakage to oxygen by hLCAD may be due to impaired
charge-transfer complex formation. The high rate of H2O2 formation
by hLCAD with stearoyl-CoA, coupled with its unusual dehydrogenase
kinetics with this substrate (i.e., high Vmax but high Km), led us to ex-
amine the oxidative half-reaction of hLCAD with stearoyl-CoA. In the
oxidative half-reaction ACAD enzymes convert acyl-CoA substrate to
enoyl-CoA product and the FAD becomes reduced, but the product stays
bound in the active site to aid in preventing electron leakage to oxygen.
The oxidative half-reaction was measured by titrating the recombinant
hLCAD and mLCAD enzymes under anaerobic conditions with in-
creasing amounts of stearoyl-CoA (Fig. 2D). As the LCAD-bound FAD
takes on electrons, its absorbance peak at 443 nm quenches while a
broad new peak representing the charge-transfer complex forms at
~570 nm [20]. The strength of the charge-transfer complex is de-
termined by the enoyl-CoA product aligning in parallel with the FAD
rings [20–22]. The two LCAD proteins showed similar rates of FAD
quenching but hLCAD demonstrated a significantly weaker charge-
transfer complex (Fig. 2E and F). This may be due to a non-optimal
alignment of the FAD rings with the enoyl-CoA product in the hLCAD
active site, which under aerobic conditions could allow greater access
of oxygenated solvent to the FAD and thus greater H2O2 formation.

LCAD is expressed in human liver. LCAD is widely expressed in
rodents, while human LCAD expression is more restricted. Human type
II pneumocytes of the lung express LCAD [23], while key FAO-reliant
tissues such as heart and muscle do not [14,15]. LCAD mRNA has been
observed in several human tissues including breast, kidney, liver, lung,
pancreas, prostate, and thyroid, but expression at the protein level has
not been confirmed [24,25]. To determine which human tissues may
experience LCAD-driven H2O2 in vivo, we obtained a panel of com-
mercially prepared human tissue lysates representing mRNA-positive
tissues and probed it for LCAD antigen by immunoblot. Among the
tissues tested, hLCAD protein levels were clearly the highest in liver
followed by kidney, lung, pancreas, and prostate, while thyroid and
breast were negative for hLCAD (Fig. 3A). LCAD expression in human
liver was confirmed by immunoblotting primary human and mouse
hepatocytes (Fig. 3B). The anti-rat LCAD antibody used for this ex-
periment demonstrated similar reactivity to both mouse and human
recombinant LCAD proteins (Fig. 3C); subsequent densitometric ana-
lysis of the immunoblot in Fig. 3B indicated that LCAD abundance in
human hepatocytes is about one-third that of mouse hepatocytes
(Fig. 3D). The inter-species difference in LCAD antigen was corrobo-
rated by enzyme activity assays in liver homogenates using the LCAD-
specific substrate 2,6-dimethylheptanoyl-CoA [26], which revealed 2.5-
fold less activity in human liver compared to mouse (Fig. 3E). Together
these data indicate a larger role for LCAD in human liver than pre-
viously thought [14,15]. hLCAD may therefore contribute to mi-
tochondrial H2O2 production in human liver.

hLCAD increases H2O2 in a human liver cell line. Commonly used
human liver cell lines such as HepG2 are derived from hepatocellular
carcinomas (HCCs) which have been reported to downregulate LCAD
mRNA [16,17]. To mechanistically interrogate the ability of hLCAD to
generate H2O2 in human cells, the expression of hLCAD was restored in

Fig. 2. Human LCAD generates more H2O2 than VLCAD or mouse LCAD.
Purified recombinant mouse (m) and human (h) LCAD and VLCAD were com-
pared for enzymatic activity as A) palmitoyl-CoA dehydrogenases and B) pal-
mitoyl-CoA oxidases, respectively, with 25 μM substrate; *P< 0.001. Bars re-
present means and standard deviations of quadruplicate assays. C)
Recombinant hLCAD was assayed as oxidase in quadruplicate across a panel of
acyl-CoA substrates. D) Compared to recombinant mLCAD, recombinant hLCAD
generates significantly more H2O2 when incubated with stearoyl-CoA (C18:0);
bars represent means and standard deviations of quadruplicate assays,
**P< 0.001. E,F) Anaerobic titration of 1 mg/ml recombinant mLCAD and
hLCAD proteins with stearoyl-CoA similarly reduces the FAD absorbance peak
(E), but hLCAD forms a weaker charge-transfer complex with the enoyl-CoA
product than mLCAD (F).

Table 1
Kinetic parameters of hLCAD oxidase/dehydrogenase activities.

hLCAD Activity Substrate Khalf or Km (μm
Palmitoyl-CoA)

Vmax (nM
Per min)

Turnover
(min−1)

Oxidase Palmitoyl-CoA 2.1 35.1 0.2
Dehydrogenase Palmitoyl-CoA 6.8 560 45.2
Oxidase Stearoyl-CoA 2.1 94.1 0.5
Dehydrogenase Stearoyl-CoA 19.7 932 55.8
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the HepG2 cell line using an hLCAD-Flag expression vector. Palmitoyl-
CoA dehydrogenase activity in HepG2 lysates, representing the com-
bined activities of hLCAD and hVLCAD, was significantly increased
after hLCAD-Flag transfection (Fig. 4A), and correspondingly, so was
total FAO flux measured with 3H-palmitate (Fig. 4B). Enzyme activity
with octanoyl-CoA, the preferred substrate of medium-chain acyl-CoA
dehydrogenase (MCAD), was measured as a negative control and was
not different between empty vector and hLCAD-Flag transfected cells
(Fig. 4A). hLCAD-Flag transfected HepG2 cells displayed significantly
higher basal production of H2O2 and this difference was exacerbated by
a 1-h incubation with 20 μM palmitoylcarnitine plus CoA (Fig. 4C).
Similarly, incubation with 20 μM palmitate-BSA significantly increased
H2O2 in hLCAD-Flag transfected cells, indicating that free fatty acids
can also induce H2O2 through hLCAD (Fig. S2A).

While LCAD-Flag transfection was sufficient to increase FAO-driven
H2O2 in HepG2 cells, it is possible that the downstream enzymes may be
contributing to the observed H2O2. Re-expression of hLCAD in HepG2
cells did not alter expression of VLCAD, ETF, or ETFDH (Fig. 4D);
however, increased electron flux through ETF/ETFDH may have con-
tributed to H2O2 production, which could not be experimentally dis-
tinguished from LCAD-generated H2O2 in the HepG2 model. In vitro, we
observed that a mixture of purified recombinant human ETF, re-
combinant hLCAD, and palmitoyl-CoA produced significantly more
H2O2 than a mixture of hLCAD and palmitoyl-CoA without ETF
(Fig. 4E). Thus, LCAD and ETF may synergize to produce H2O2 in the
HepG2 model. Regarding the electron transport chain, HepG2 cells
transfected with LCAD-Flag had the same basal oxygen consumption
rate (OCR) as control HepG2 cells (Fig. S2B). There was a non-
significant trend toward higher “spare reserve capacity” in LCAD-Flag
expressing cells, defined as the OCR after addition of the uncoupler
FCCP. The contribution of Complex III to H2O2 formation, which re-
ceives the electrons from the LCAD-ETF-ETFDH axis, was determined
using the inhibitor S3QEL2. S3QEL2 eliminates superoxide from Com-
plex III without blocking oxidative phosphorylation [27]. S3QEL2 in-
hibited H2O2 release by 65–70% in both control and LCAD-Flag

transfected HepG2 cells incubated with palmitoylcarnitine + CoA, but
H2O2 production still remained significantly higher in hLCAD-Flag ex-
pressing cells (Fig. 4F).

3. Discussion

Several recent investigations have confirmed the existence of an
electron transport chain-independent, matrix-localized source of FAO-
driven mitochondrial H2O2 [3,5–7]. This matrix source is ascribed to
ETFDH, ETF, and/or the ACAD enzymes that use ETF as a common
electron acceptor. In vitro, ETF and VLCAD have been shown to leak
electrons to oxygen [13,28]. Here, we add LCAD to the list of H2O2-
generating ACAD enzymes and show that it generates ~15-fold more
H2O2 than VLCAD. Our loss-of-function (LCAD−/− liver mitochon-
dria) and gain-of-function (LCAD-Flag transfected HepG2 cells) ex-
periments indicate that the presence/absence of LCAD can significantly
alter the rate of H2O2 generation in complex systems. However, we
could not definitively discern between direct LCAD-generated H2O2 and
H2O2 produced downstream by ETF, ETFDH, and the respiratory chain.
Evidence supporting electron leakage from ETF is currently limited to
data generated with purified ETF protein. For ETFDH, the evidence is
strictly circumstantial, based on data indicating that there is super-
oxide/H2O2 formation somewhere upstream of Complex III, which
could be either the ACADs, ETF, ETFDH, or all of these working in
concert [3,5–7]. Arguing against as significant role for ETFDH is the
observation that, while mutant forms of ETFDH produce oxidative
stress when overexpressed in cultured cells, the wildtype enzyme does
not [29]. Future loss-of-function and gain-of-function studies for the
ACADs, ETF, and ETFDH, alone and in combination, are needed in
order to elucidate the relative roles of these enzymes in producing re-
active oxygen species in vivo.

Further complicating matters is the fact that the specific sites of
FAO-driven mitochondrial H2O2 formation appear to differ widely
across tissue types, particularly with regards to the electron transport
chain [6,30,31]. Here, we focused exclusively on liver, using either

Fig. 3. LCAD is highly expressed in human liver. A) 25 μg of protein from commercially sourced human tissue lysates were immunoblotted for LCAD and VLCAD.
B) 25 μg of primary hepatocyte lysates from three humans and three mice were immunoblotted for LCAD and VLCAD (note that the samples were run on the same gel,
but the image was cropped for clarity of presentation). C) A concentration series (1–10 ng) of recombinant mLCAD and hLCAD were blotted with anti-rat LCAD
antibody to demonstrate that the antibody equally recognizes both species of LCAD protein. D) densitometry was used to compare the intensity of the LCAD bands in
panel B to compare LCAD protein expression across species. **P< 0.001. E) hLCAD enzymatic activity detected in human versus mouse liver lysates using the LCAD-
specific substrate 2,6-dimethylheptanoyl-CoA. N = 3 liver lysates were assayed in duplicate, **P< 0.001. All bar graphs represent means and standard deviations.
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isolated mouse liver mitochondria or the liver-derived human cancer
cell line HepG2. Tahara et al. [30] demonstrated no effect of respiratory
chain inhibitors on palmitoylcarnitine-induced H2O2 release from rat
liver mitochondria. In contrast, the study of Schonfeld et al. [31] im-
plicated Complex III as source of palmitoylcarnitine-induced H2O2 in
liver mitochondria based on a significant increase in the presence of
antimycin-A. The primary difference between these two studies was the
inclusion of malate with palmitoylcarnitine in the Schonfeld study,
which would drive FAO-generated acetyl-CoA into the TCA cycle and
thus produce a more reduced state of the electron transport chain. In
the present study, our mouse liver mitochondria experiment more
closely followed the conditions of Tahara et al. [30], with no addition of
malate. In the whole-cell studies, we chose to use S3QEL2 as a Complex
III inhibitor, as this inhibitor can inhibit superoxide production without
blocking oxidative phosphorylation [27]. S3QEL2 reduced palmi-
toylcarnitine-induced H2O2 formation by about two-thirds regardless of
LCAD-Flag expression. However, the presence of LCAD-Flag still dou-
bled H2O2 release even with Complex III inhibited. Based on this, we
propose that LCAD-Flag is directly contributing to the H2O2 rather than
merely driving more reducing equivalents into the respiratory chain.
This effect may involve amplification of H2O2 generation by ETF.

In summary, we have shown that LCAD, whose physiological role in
humans remains controversial [14,15], produces H2O2 in response to
long-chain fatty acids. We further show that LCAD is co-expressed with

VLCAD in human liver. There is evidence that VLCAD binds to cardi-
olipin on the inner mitochondrial membrane and interacts with the
electron transport chain in a higher-order FAO complex [32]. LCAD,
being outside of this complex, may occupy a unique niche as a gen-
erator of mitochondrial metabolic H2O2 for signaling purposes. This
signaling role could explain why expression of LCAD, but not other
ACAD family members or other mitochondrial FAO enzymes, is speci-
fically lost in several cancers including HCC [16,17]. In one recent
study, re-expressing hLCAD in HCC was shown to increase oxidative
stress and slow proliferation [17]. Future work will focus on delineating
the signaling role of hLCAD in vivo and further explore the utility of
LCAD re-expression as a therapeutic target for driving metabolic H2O2

signaling.

4. Materials & Methods

Animals—The mouse strains used have been previously described
[23,33]. All breeding and experimental protocols were approved by the
University of Pittsburgh Institutional Animal Care and Use Committee.
Animals used were males age 6–10 weeks.

Isolation of mitochondria—Fresh tissue was mince and homogenized
in 0.2 M mannitol, 50mM sucrose, 10mM KCl, 1 mM EDTA, 2.5 mM
fatty acid-free BSA, 10mM Hepes, pH 7.4. Unbroken cells were cleared
by centrifugation at 1000×g, then the heavy mitochondrial fraction

Fig. 4. LCAD increases H2O2 in a human liver cell line. A) HepG2 cells were transiently transfected with either empty vector or hLCAD-Flag and tested in
quadruplicate for palmitoyl-CoA (C16-CoA) and octanoyl-CoA (C8-CoA) dehydrogenase activities. hLCAD-Flag transfection increased long-chain but not medium
chain activity. B) hLCAD-Flag expressing cells have higher flux through the mitochondrial long-chain FAO pathway measured with 3H-palmitate-BSA. Data shown
represent five wells of transfected cells. C) hLCAD-Flag expressing cells displayed significantly higher H2O2 release to the media at baseline and after stimulation for
1 h with 20 μM palmitoylcarnitine (PC) plus free coenzyme-A. D) Immunoblotting of HepG2 cellular lysates confirmed the re-expression of hLCAD after hLCAD-Flag
transfection. hLCAD-Flag transfection did not alter expression of other flavoproteins in the long-chain FAO pathway. Shown are representative blots. Blots were
repeated either three times (VLCAD, ETF) or twice (ETFDH) with different protein loading amounts. Densitometry was used to calculate mean expression values in
LCAD-Flag cells relative to vector-only control, which were 0.99, 1.00, and 0.99 for VLCAD, ETF, and ETFDH, respectively. Heat-shock protein-60 (HSP60) served as
loading control. E) H2O2 generation by a concentration series (0–400 nM) of recombinant hLCAD incubated with 25 μM palmitoyl-CoA ± 1.5 μM recombinant
human ETF. F) Vector-only control and hLCAD-Flag transfected HepG2 cells were incubated with 20 μM PC+ CoA for 1 hr ± the Complex III inhibitor S3QEL2, and
H2O2 assayed with Amplex red. The experiment measured 4 wells of cells per condition. All bars in this figure represent means and standard deviations; *P< 0.01.
All cell culture experiments were repeated 2–3 times with similar results. (For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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was pelleted by centrifugation at 3000×g. The resulting pellet was
dispersed in MiR05 mitochondrial respiration buffer [34] and im-
mediately used.

Oroboros respirometry— Mitochondrial respiration was measured in
an Oroboros Oxygraph-2K [34]. Substrate additions were palmi-
toylcarnitine (25 μM), coenzyme-A (25 μM), and malate (2 mM) all
together, followed by 5 mM ADP to stimulate state 3 respiration. Next,
5 mM pyruvate and 10 mM glutamate (10 mM) were added to drive
Complex I and 10 mM succinate to assess the combined activity of
Complex I + II. Oxygen consumption rates were first normalized to
protein content, and then rates for the knockout mitochondria scaled to
wild-type.

Recombinant protein expression—The four recombinant ACADs and
human ETF were expressed in E coli and purified as described
[33,35,36]. The vector for human ACOX1 was a kind gift of Dr. Mus-
tapha Cherkaoui-Malki (University of Burgundy, Dijon, France) [37].

H2O2 generation—For recombinant proteins, 1 μg of protein was
added to 50mM phosphate buffer pH 7.0 containing HRP (1 U/ml) and
Amplex UltraRed (50 μM) at 30 °C. Reactions were started by addition
of acyl-CoA substrate and fluorescence was monitored for 30min. For
mitochondria, 100 μM phenylmethylsulfonyl fluoride was added to in-
hibit mitochondrial carboxylesterase [38], 1 μM 10, 12-tricosadiynoic
acid (TDYA) to inhibit peroxisomal acyl-CoA oxidase [39], and 5mM 3-
amino-1,2,4-triazole (3-AT) to inhibit catalase [40].

ETF fluorescence reduction assay—The anaerobic electron transfer
flavoprotein (ETF) fluorescence reduction assay was used to measure
dehydrogenase activities [35] with either 150 ng of purified re-
combinant protein or 200 μg of total liver protein. All acyl-CoA sub-
strates were from Sigma (St. Louis, MO) except for 2,6-di-
methylheptanoyl-CoA (Toronto Research Chemicals, Toronto, ON).

Anaerobic substrate titration— Titrations were done as described in
stoppered, degassed quartz cuvettes using a Jasco V-650 spectro-
photometer [35]. The protein concentration was 1mg/ml.

Western blotting—Human breast, kidney, liver, lung, pancreas,
prostate, and thyroid lysates were purchased from G-Biosciences (St.
Louis, MO). Primary mouse hepatocyte lysates and primary human
hepatocyte lysates were gifts of Drs. Edward Prochownik and Henry
Dong, respectively (Children's Hospital of Pittsburgh). Rabbit anti-sera
raised against native rat LCAD, ETF, and recombinant human VLCAD
were gifts of Dr. Jerry Vockley (Children's Hospital of Pittsburgh) and
were used at 1:2000 dilution. Anti-actin (Proteintech HRP60008), anti-
Tim23 (BD Biosciences 611222), anti-HSP60 (Cell Signaling 12165),
and anti-ETFDH (Sigma SAB1303142) were used at the manufacturers'
recommended dilutions.

Expression of hLCAD in HepG2 cells. Expression of flag-tagged human
LCAD in the vector pcDNA3.1 has been previously described [41].
Empty pcDNA3.1 vector served as control. Transfected cells were used
for acyl-CoA dehydrogenase assays as described above and for whole-
cell 3H-palmitate oxidation according to our protocol [42]. The Sea-
horse assay was done in a Seahorse XF96 analyzer, with 15,000 cells
plated per well the day before the assay. Cells were exposed to 20 μM
palmitoyl-L-carnitine and 20 μM free CoA for 1 h in standard Seahorse
basal medium (10mM Glucose, 1 mM sodium pyruvate, 2 mM L-Glu-
tamine in DMEM without phenol red), and then were immediately as-
sayed in this same medium. Inhibitor injected during Seahorse assay
were oligomycin (1 μM), FCCP (1 μM), 2-deoxyglucose (50mM), and
rotenone (0.5 μM). Six wells were analyzed for each vector-transfected
and LCAD-Flag transfected cells and normalized to protein content to
control for inter-well variations in plating of HepG2 cells, which tend to
form clumps during passaging.

For H2O2 generation, the transfected cells were treated with 20 μM
palmitoyl-L-carnitine and 20 μM free CoA for 1 h in the presence of 3-AT
and TDYA to inhibit catalase and ACOX1, respectively. In some ex-
periments 9 μM of the Complex III inhibitor S3QEL2 was also added
[27]. At the end of the 1-h incubation the cells were lysed and assayed
for H2O2 generation as described above for mouse liver mitochondria.

Data analysis and statistics— All curve-fitting of kinetic data and
subsequent determination of Vmax, Km, Khalf, and Hill coefficients was
done using GraphPad Prism 7.0. Catalytic efficiency was calculated as
described [43]. Pairwise comparisons were made by t-test using
Graphpad Prism 7.0.
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