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Fasting induces lipid accumulation in the liver, while the
mechanisms by which fasting dysregulates liver fatty acid
oxidation are not clear. Fatty acid ω-oxidation is induced in the
fasting state, and administration of dicarboxylic acids to fasting
animals decreases plasma ketone bodies. We hypothesized that
endogenous dicarboxylic acids might play a role in controlling
mitochondrial β-oxidation in fasting animals. A peroxisome
proliferator-activated receptor-alpha agonist and an inhibitor
for peroxisomal β-oxidation were administered to the fasting
rats to investigate the role of dicarboxylic acids in liver fatty acid
oxidation and lipid homeostasis. We observed that excessive β-
oxidation of endogenous dicarboxylic acids by peroxisomes
generated considerable levels of succinate in the liver. Excessive
succinate oxidation subsequently increased the mitochondrial
NADH/NAD+ ratio and led to an accumulation of 3-OH-CoA
and 2-enoyl-CoA intermediates in the liver. This further induced
feedback suppression of mitochondrial β-oxidation and pro-
moted hepatic lipid deposition and steatosis. Specific inhibition
of peroxisomal β-oxidation attenuated fasting-induced lipid
deposition in the liver by reducing succinate production and
enhancingmitochondrial fatty acid oxidation.We conclude that
suppression of mitochondrial β-oxidation by oxidation of
dicarboxylic acids serves as a mechanism for fasting-induced
hepatic lipid accumulation and identifies cross talk between
peroxisomal and mitochondrial fatty acid oxidation.

The regulation of ketogenesis by carbohydrate has been
established, and malonyl-CoA was identified to be the molecule
responsible for the inhibition of carnitine palmitoyltransferase-1a
(CPT1a), the critical enzyme in the transfer of long-chain fatty
acids into mitochondria, thereby inhibiting ketogenesis and
stimulating fatty acid synthesis (1, 2). However, it is striking to
note that under the condition of fasting when liver malonyl-CoA
is depleted and fatty acid synthesis is suppressed (3), excessive
uptake of free fatty acids (FFAs) induced lipid accumulation in the
liver (4–6); therefore, a mechanism might work for the suppres-
sion ofmitochondrial β-oxidation that is independent ofmalonyl-
CoA when the supply of carbohydrate is deficient.

To investigate the potential mechanism, we focused on
dicarboxylic acids (DCAs), the product of mono fatty acid that
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subjected to ω-oxidation as discovered in animals in the 1930s
(7). In mammalians, DCAs are generated from mono fatty
acids that are catalyzed firstly by CYP4A1, followed by alcohol
dehydrogenase and aldehyde dehydrogenase (8). It was re-
ported that exogenous administration of long-chain DCAs to
fasting rats rapidly and robustly decreased plasma ketone
body, although the mechanism of action is unclear (9–11),
indicating that endogenous DCAs might play a role in regu-
lating mitochondrial β-oxidation.

It is generally accepted that DCAs are almost exclusively
metabolized by peroxisomal β-oxidation system (12–14). Both
fatty acid ω-oxidation and peroxisomal fatty acid oxidation are
extensively induced in fasting animals (15–17), indicating
accelerated oxidation of endogenous DCAs under ketogenic
condition. Previous report indicated that peroxisomal β-
oxidation and mitochondrial fatty acid metabolism system are
mutually competitive, inhibition of peroxisomal β-oxidation
stimulated mitochondrial β-oxidation (18). We hypothesized
that peroxisomal oxidation of DCAs might suppress mito-
chondrial β-oxidation and lead to lipid accumulation in the
liver of the fasting animals.

This study investigated the effect of peroxisomal DCA
oxidation on mitochondrial β-oxidation as well as the potential
mechanism by which prolonged fasting induced hepatic lipid
accumulation.

Results

Generation of DCAs and peroxisomal β-oxidation were
induced in the liver of the fasting rats

Body weight of the rats decreased after 48-h fasting
(Fig. 1A). Liver FFAs and triacylglyceride (TAG) increased
significantly in the fasting rats (Fig. 1, B and C). The gene
expressions of the enzymes involved in fatty acids ω-oxida-
tion and peroxisomal β-oxidation were upregulated in the
livers of the fasting rats (Fig. 1D). Liver dicarboxylyl-CoA
(DC-CoA) increased considerably in the fasting rats (by
111% versus normal control) (Fig. 1E). Peroxisomal β-
oxidation was enhanced in fasting rats (by 69% versus
normal control) (Fig. 1F). The results indicated that in
fasting state the generation of DCAs and peroxisomal β-
oxidation were induced simultaneously, as DCAs showed
antiketogenic activity and were proposed to be metabolized
in peroxisomes, induction of peroxisomal β-oxidation of
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Figure 1. A, body weight loss in the fasting rats. B, liver free fatty acids were remarkably increased in the fasting rats. C, liver TAG increased significantly in
the fasting rats. D, gene expression of fatty acids ω-oxidation and peroxisomal β-oxidation in liver were upregulated by fasting. E, liver DC-CoA was
significantly higher in fasting rats. F, liver peroxisomal β-oxidation was robustly induced in fasting rats. ABCD1, peroxisomal ATP-binding cassette trans-
porter D; ACOX1, acyl-CoA oxidase-1; ACS, acyl-CoA synthetase; L-BP, L-bifunctional protein; LCADH, long-chain alcohol dehydrogenase; Thiolase, perox-
isomal 3-oxoacyl-CoA thiolase. Mean ± SEM, n = 8, *p < 0.05 by t-test between paired conditions.

Dicarboxylic acids and hepatic lipid accumulation
DCAs in the fasting animals might play a role in controlling
mitochondrial fatty acid oxidation.

DCAs are exclusively oxidized by peroxisomal β-oxidation
system

To get a conclusive proof on the cellular compartmenta-
tion of DCA oxidation, the kinetic constants of enzymes
involved in mitochondrial or peroxisomal β-oxidation for
DC12-CoA (mono-CoA thioester of dodecanedioic acid) and
C12-CoA (CoA thioester of dodecanoic acid) were summa-
rized in Figure 2A. For CPT1, the enzyme responsible for the
transportation of long-chain fatty acids into mitochondria,
its Vmax value for DC12-CoA was obviously lower than that
of C12-CoA. Moreover, its Km value for DC12-CoA was
much higher (97.5 μM versus 14.5 μM of C12-CoA). For
short-chain (SCAD), medium-chain (MCAD), and long-
Figure 2. A, kinetic parameters of key enzymes involved in peroxisomal an
Mean ± SEM, n = 3. B, liver peroxisomal and mitochondrial β-oxidation activiti
oxidase-1; CPT1, carnitine palmitoyltransferase-1; LCAD, long-chain acyl-CoA de
chain acyl-CoA dehydrogenase. Mean ± SEM, n = 6, *p < 0.05 by t-test betwe

2 J. Biol. Chem. (2021) 296 100622
chain acyl-CoA dehydrogenases (LCAD), which catalyze
the first step of mitochondrial β-oxidation, no significant
activities for DC12-CoA were observed. ACOX1, the rate-
limiting enzyme of peroxisomal β-oxidation, had compara-
ble Km and Vmax values for DC12-CoA and C12-CoA. Using
isolated liver peroxisomes and mitochondria, the capacity of
mitochondrial or peroxisomal β-oxidation for DC12- and
C12-CoA was studied (Fig. 2B). Peroxisomal β-oxidation
capacity for DC12-CoA was equivalent to that for C12-CoA,
whereas mitochondrial β-oxidation system showed no sig-
nificant activity toward DC12-CoA. The activities of perox-
isomal β-oxidation for both DC12- and C12-CoA were
completely abolished by pretreatment with TDYA-CoA, a
specific inhibitor for ACOX1 (18). These results confirmed
that DCAs are exclusively oxidized by peroxisomal β-
oxidation system.
d mitochondrial β-oxidation with C12-CoA and DC12-CoA as substrates.
es with C12-CoA and DC12-CoA as a substrate respectively. ACOX1, acyl-CoA
hydrogenase; MCAD, medium-chain acyl-CoA dehydrogenase; SCAD, short-
en paired conditions.



Dicarboxylic acids and hepatic lipid accumulation
Peroxisomal oxidation of DCAs suppressed mitochondrial
β-oxidation in liver homogenate

Since DCAs are endogenous substrates for peroxisomal fatty
acid β-oxidation (FAO), increased DCAs will be rapidly
metabolized by peroxisomes. Addition of dodecanedioic acid
(DCA12) into liver homogenates was used to study the effect of
DCA metabolism on mitochondrial β-oxidation and ketogen-
esis in vitro. Ketone body synthesis from hexanoate (C6) by
liver homogenate was suppressed by DCA12 in a dose-
dependent manner (Fig. 3A). Addition of DCA12 into liver
homogenates increased generation of hydrogen peroxide, a by-
product of peroxisomal β-oxidation, as reduced by TDYA-
CoA (Fig. 3B). The results supported the hypothesis that
peroxisomal β-oxidation of DCAs suppressed mitochondrial
β-oxidation and ketogenesis.

Peroxisomal oxidation of DCAs generated succinate and led to
accumulation of 3-OH-CoA/2-enoyl-CoA intermediates by
elevating mitochondrial NADH/NAD+ ratio

To address the mechanism by which DCAs caused dimin-
ished mitochondrial β-oxidation, we noted that mitochondrial
β-oxidation flux is controlled by mitochondrial NADH/NAD+

ratio, and high NADH/NAD+ ratio suppresses mitochondrial
β-oxidation (19, 20). It was striking to note that succinate is
the ultimate product of DCAs subjected to peroxisomal β-
oxidation (21, 22), and excessive succinate oxidation caused
robust elevation in mitochondrial NADH/NAD+ ratio and
suppression of mitochondrial fatty acid oxidation (19, 23–28).
Therefore, we proposed that the diminished mitochondrial β-
oxidation as caused by DCAs was attributed to generation of
excessive succinate and increased NADH/NAD+ ratio within
mitochondria. As expected, addition of DCA12 to liver ho-
mogenates generated succinate dose-dependently, as
completely abolished by the treatment with TDYA-CoA, a
specific inhibitor for peroxisomal β-oxidation (Fig. 4A). With
hexanoate as a substrate, addition of DCA12 strongly elevated
β-hydroxybutyrate (βOHB)/acetoacetate (AcAc) ratio (by
316% versus control), an indicator for mitochondrial NADH/
NAD+ ratio, as completely abolished by the pretreatment with
TDYA-CoA and malonate, a specific inhibitor for succinate
dehydrogenase (29) (Fig. 4B). The activity of mitochondrial 3-
Figure 3. A, ketone body synthesis by liver homogenate was suppressed
content in liver homogenate, as lowered by pretreatment with TDYA-CoA. M
compared with the control or t-test between paired conditions.
hydroxyacyl-CoA dehydrogenase is strongly dependent of
NADH/NAD+ ratio (30), which might cause accumulation of
fatty acid oxidation intermediates. Addition of DCA12 into
liver homogenates resulted in accumulation of 3-hydroxyacyl-
CoA (3-OH-CoA) and 2-enoyl-CoA intermediates in the
presence of hexanoate (Fig. 4, C and D), which were reduced
by pretreatment with TDYA-CoA or malonate. As 3-OH-CoA
and 2-enoyl-CoA are feedback inhibitors for mitochondrial β-
oxidation (31–33), DCA12 treatment also caused accumulation
of hexanoyl-CoA (C6-CoA) in liver homogenates with hex-
anoate as a substrate, as abolished by TDYA-CoA or malonate
(Fig. 4E). The results suggested that the diminished mito-
chondrial β-oxidation and ketogenesis caused by DCAs were
attributed to succinate generation, excessive succinate oxida-
tion robustly elevated mitochondrial NADH/NAD+ ratio and
led to accumulation of fatty acid oxidation intermediates.

Administration of DCAs suppressed ketogenesis and
exacerbated lipid deposition in the fasting rats

To increase hepatic peroxisomal dicarboxylic acid oxidation,
DCA12 was administered to fasting rats. Administration of
DCA12 to fasting rats caused a rapid and sharp decrease in
plasma ketone body (KB) (by 51% after treatment for 4-h), as
abolished by pretreatment with TDYA, while dodecanoic acid
(C12) treatment significantly elevated plasma KB in the fasting
rats (Fig. 5A). DCA12 significantly elevated plasma βOHB/
AcAc ratio (by 183% versus fasting control after treatment for
6-h), as decreased by TDYA, and no significant effect was
observed in C12-treated rats (Fig. 5B). Administration of
DCA12 exacerbated hepatic TAG accumulation in the fasting
rats (increased by 64% versus fasting control), as reduced by
pretreatment with TDYA, while no significant alteration in
C12-treated rats (Fig. 5C). The diameters of fat droplets in the
liver sections of fasting rats (1.34 ± 0.19 μm) were increased by
DCA12 treatment (3.87 ± 0.68 μm), as reduced by TDYA
(1.32 ± 0.17 μm) (Fig. 5D). Hepatic hydrogen peroxide content
in the livers of the fasting rats was significantly increased,
further elevated by DCA12 treatment (by 96% versus fasting
control), as reduced by TDYA (Fig. 5E). The administration of
exogenous DCA12 significantly elevated hepatic content of
DC-CoA (Fig. 5F). Peroxisomal β-oxidation was effectively
in the presence of DCA12. B, DCA12 addition elevated hydrogen peroxide
ean ± SEM, n = 6, *p < 0.05 by one-way ANOVA with Dunnett’s T3 test
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Figure 4. A, addition of DC12-CoA into liver homogenate generated succinate dose-dependently, as completely abolished by pretreatment with
TDYA-CoA. B, DCA12 addition elevated βOHB/AcAc ratio dose-dependently in liver homogenate. C and D, addition of DCA12 into liver homogenate led to
accumulation of 3-OH-CoA (C) and 2-enoyl-CoA (D) intermediates with hexanoate as a substrate, as reduced by pretreatment with TDYA-CoA or malonate.
E, addition of DCA12 into liver homogenates led to accumulation of hexanoyl-CoA (C6-CoA) with hexanoate as a substrate, as lowered by pretreatment with
TDYA-CoA or malonate. Mean ± SEM, n = 6, *p < 0.05 by one-way ANOVA with Dunnett’s T3 test compared with the control or t-test between paired
conditions.

Dicarboxylic acids and hepatic lipid accumulation
inhibited by TDYA, a specific inhibitor for the rate-limiting
enzyme ACOX1 (Fig. 5G). Liver succinate level was signifi-
cantly higher in the fasting rats compared with the fed rats,
DCA12 treatment greatly stimulated succinate formation in the
fasting rats while TDYA reduced liver succinate generation,
C12 treatment did not affect liver succinate level (Fig. 5H).
Liver βOHB/AcAc ratio was elevated significantly by fasting, as
further enhanced by DCA12 and decreased by TDYA (Fig. 5I).
Liver 3-OH-CoA and 2-enoyl-CoA contents were significantly
higher in the fasting rats than that of the fed rats, adminis-
tration of DCA12 caused accumulation of 3-OH-CoA and 2-
enoyl-CoA intermediates, which were reduced by TDYA,
while no significant alteration in C12-treated rats (Fig. 5, J and
K). The results suggested that excessive oxidation of DCAs
suppressed mitochondrial β-oxidation and led to lipid depo-
sition in the fasting rats through generation of succinate and
elevation in βOHB/AcAc ratio, which caused accumulation of
fatty acid oxidation intermediates.

Peroxisomal oxidation of endogenous DCAs led to hepatic
lipid deposition in the fasting rats

Under ketogenic conditions such as fasting, the hepatic uptake
of FFA was remarkably enhanced. To enhance the endogenous
generation and oxidation of DCA, Clofibrate (CFB) as a
classic peroxisome proliferator-activated receptor α (PPARα)
agonist was administered to the fasting rats to induce fatty
acid ω-oxidation and peroxisomal β-oxidation (34–37).
4-Methypyrazole (4-MP), an inhibitor for alcohol dehydrogenase
(38), was administered to inhibit endogenous DCA generation.

Liver DC-CoA content in the fasting rats was increased by
CFB treatment and decreased by the treatment with 4-MP
4 J. Biol. Chem. (2021) 296 100622
(Fig. 6A). Peroxisomal β-oxidation was robustly elevated in
fasting rats receiving CFB (by 116% versus fasting control)
and lowered by TDYA (Fig. 6B). Liver succinate increased
significantly in the fasting rats treated with CFB, as reduced
by the 4-MP or TDYA (Fig. 4C). CFB treatment robustly
increased plasma βOHB/AcAc ratio in the fasting rats (by
285% versus fasting control), as reduced by 4-MP or TDYA
(Fig. 6D). Liver 3-OH-CoA and 2-enoyl-CoA contents were
significantly higher after CFB treatment, as reduced by TDYA
or 4-MP (Fig. 6, E and F). Administration of TDYA or 4-MP
to the fasting rats led to increased KB formation, CFB
treatment strongly decreased plasma KB in the fasting rats
(by 70% versus control rats), as recovered by TDYA or 4-MP
(Fig. 6G). Liver long-chain acyl-CoAs were further elevated in
CFB treated rats and reduced by the treatment with 4-MP or
TDYA (Fig. 6H). Liver TAG seriously accumulated after
treatment with CFB (increased by 148% versus fasting con-
trol), as reduced by pretreatment with TDYA or 4-MP
(Fig. 6I). The densities of fat droplets in the liver sections
of fasting rats (5.2 ± 0.9/1000 μm2) were increased by CFB
treatment (22.4 ± 4.1/1000 μm2), as reduced by TDYA or 4-
MP (13.5 ± 1.3/1000 μm2 and 14.7 ± 1.5/1000 μm2 for
F+CFB + TDYA and F+CFB+4-MP group, respectively). Liver
lipid droplets in CFB-treated group were mainly macro-
vascular (with average diameters of 4.74 ± 1.32 μm) while the
lipid droplets of 4-MP or TDYA-treated rats were micro-
vascular (with average diameters of 1.79 ± 0.32 and 1.64 ±
0.21 μm for F+CFB+4-MP and F+CFB + TDYA group,
respectively) (Fig. 6J). VLDL-TAG secretion rate increased
significantly in the fasting rats treated with CFB (Fig. 6K),
which led to elevated plasma TAG (Fig. 6L), 4-MP or TDYA



Figure 5. A, changes in plasma ketone body after treatment with DCA12, C12, and TDYA in fasting rats. B, DCA12 robustly elevated plasma βOHB/AcAc
ratio in the fasting rats, as reduced by TDYA. C, DCA12 treatment exacerbated hepatic TAG accumulation in the fasting rats, as reduced by TDYA. D, effects of
DCA12 or TDYA upon liver histological changes induced by fasting. Magnification: 200×. Scale bar = 20 μm. E, DCA12 treatment increased hydrogen peroxide
generation in the livers of the fasting rats, as decreased by TDYA. F, DCA12 treatment increased liver DC-CoA content in the fasting rats. G, liver peroxisomal
β-oxidation was strongly suppressed by TDYA in the fasting rats. H, liver succinate increased in the fasting rats, as further elevated by treatment with DCA12
and reduced by TDYA. I, fasting significantly elevated liver βOHB/AcAc ratio compared with the fed rats, DCA12 treatment further enhanced βOHB/AcAc
ratio in the liver of the fasting rats, as lowered by TDYA. J and K, DCA12 treatment led to hepatic accumulation of fatty acid oxidation intermediates 3-OH-
CoA (J) and 2-enoyl-CoA (K), as reduced by pretreatment with TDYA. Mean ± SEM, n = 8, *p < 0.05 by t-test between paired conditions.

Dicarboxylic acids and hepatic lipid accumulation
treatment decreased VLDL-TAG secretion rate and plasma
TAG level in the fasting rats. Administration of CFB stimu-
lated hydrogen peroxide generation in the livers of fasting
rats, as abolished by pretreatment with 4-MP or TDYA
(Fig. 6M). Liver lipid peroxidation estimated by thiobarbituric
acid reactive substances (TBARS) was increased by CFB and
reduced by the treatment with 4-MP or TDYA (Fig. 6N). The
results indicated that peroxisomal oxidation of endogenous
DCAs suppressed mitochondrial β-oxidation and led to he-
patic lipid deposition in the fasting rats.
CFB treatment further reduced the plasma glucose level of
fasting rats (48-h) while no significant alteration for TDYA
(Fig. 7A). Plasma insulin and FFAs were not significantly
altered in fasting rats after treatment with CFB, DCA12, or
TDYA (Fig. 7, B and C). In the meantime, hepatic citrate or
malonyl-CoA content was not significantly altered by DCA12

or CFB treatment (Fig. 7, D and E), which suggested that
malonyl-CoA was not involved in DCA-induced suppression
of mitochondrial β-oxidation and lipid accumulation. Liver
acetyl-CoA increased significantly in the fasting rats,
J. Biol. Chem. (2021) 296 100622 5



Figure 6. A, liver DC-CoA content was increased by CFB treatment in the fasting rats, as reduced by 4-MP. B, liver peroxisomal β-oxidation activity was
enhanced by the treatment with CFB and inhibited by TDYA. C, CFB treatment increased succinate generation in the liver of the fasting rats, as reduced by
4-MP or TDYA. D, CFB robustly elevated plasma βOHB/AcAc ratio in the fasting rats, as reduced by 4-MP or TDYA. E and F, CFB treatment resulted in hepatic
accumulation of 3-OH-CoA (E) and 2-enoyl-CoA (F) intermediates in the fasting rats, as reduced by treatment with 4-MP or TDYA. G, TDYA or 4-MP treatment
stimulated ketone body formation in the fasting rats, while CFB decreased plasma ketone body. H, liver LC-acyl-CoA was significantly higher in CFB treated
rats and reduced by the treatment with 4-MP or TDYA. I, CFB treatment led to hepatic TAG accumulation in the fasting rats, as reduced by 4-MP or TDYA.
J, Effects of CFB, 4-MP or TDYA upon hepatic steatosis in the fasting rats. Magnification: 200×. Scale bar = 20 μm. K, CFB treatment increased VLDL-TAG
secretion rate in the fasting rats, as reduced by the treatment with 4-MP or TDYA. L, CFB treatment increased plasma TAG level in the fasting rats, as
reduced by 4-MP or TDYA. M, CFB treatment increased hydrogen peroxide generation in the liver of the fasting rat, as reduced by 4-MP or TDYA. N, liver
TBARS content increased significantly by CFB and reduced by the treatment with 4-MP or TDYA. Mean ± SEM, n = 8, *p < 0.05 by t-test between paired
conditions.

Dicarboxylic acids and hepatic lipid accumulation
administration of CFB or DCA12 remarkably reduced acetyl-
CoA generation in the liver of the fasting rats, as increased
by pretreatment with 4-MP or TDYA (Fig. 7F). Liver free CoA,
malate, alanine, aspartate, and glutamate levels in the fasting
rats were not significantly altered after treatment with CFB,
DCA12, 4-MP, or TDYA (Fig. 7, G–K).

Peroxisomal β-oxidation of DCA generated free acetate as the
major final product

Liver acetate was significantly higher in the fasting rats
(increased by 88% versus normal rats), as further elevated in
DCA12 and CFB-treated rats and reduced by the treatment with
TDYA (Fig. 8A), which suggested that peroxisomal metabolism
of DCAs stimulated acetate formation. To address whether
peroxisomal β-oxidation generated free acetate, liver peroxi-
somes were incubated with DC12-CoA, C12-CoA, or acetyl-
CoA, the results indicated that acetate rather than acetyl-
6 J. Biol. Chem. (2021) 296 100622
carnitine was the major final product after peroxisomal β-
oxidation of DC12-CoA and C12-CoA, nearly 85% of the added
acetyl-CoA was converted to acetate, while acetyl-carnitine
level was much lower (Fig. 8B). Peroxisomal carnitine acetyl-
transferase (CAT) and acetyl-CoA hydrolase (ACOT12) activ-
ities were assayed (Fig. 8C). ACOT12 activity was markedly
induced by fasting and the activity of ACOT12 was much
higher than that of CAT (by 58-fold). Gene expression of
ACOT12 was upregulated in the livers of the fasting rats (235%
versus normal rats) (Fig. 8D). Therefore, due to the high acetyl-
CoA hydrolase activity in peroxisomes, most of the acetyl-CoA
generate from peroxisomal β-oxidation of DCAs was hydro-
lyzed to free acetate and released into the cytosol.

Discussion

This research revealed a novel mechanism by which liver
mitochondrial β-oxidation was regulated when the supply of



Figure 7. (A), Plasma glucose, (B) insulin, and (C) free fatty acids levels in the fasting rats after treatment with CFB, DCA12, 4-MP, and TDYA. D, liver
citrate and (E) malonyl-CoA content were not significantly altered in the fasting rats after treatment with CFB, DCA12, 4-MP, and TDYA. F, liver acetyl-CoA
content was reduced in the fasting rats after treatment with CFB or DCA12. (G) Liver free CoA, (H) malate, (I) alanine, (J) aspartate, and (K) glutamate levels in
the fasting rats were not significantly altered after treatment with CFB, DCA12, 4-MP, or TDYA. Mean ± SEM, n = 8, *p < 0.05 by t-test between paired
conditions.

Dicarboxylic acids and hepatic lipid accumulation
carbohydrate was deficient and established a cross talk be-
tween peroxisomal and mitochondrial fatty acid oxidation. The
proposed mechanism was shown in Figure 9. In fasting rats,
plasma FFAs elevated significantly due to the accelerated
lipolysis, increased hepatic fatty acids uptake resulted in acti-
vation of PPARα, and the gene expressions involved in fatty
acid ω-oxidation and peroxisomal β-oxidation were exten-
sively induced. Excessive β-oxidation of DCAs by peroxisomes
generated considerable succinate in the liver, which remark-
ably increased mitochondrial NADH/NAD+ ratio and led to
accumulation of 3-OH-CoA and 2-enoyl-CoA intermediates in
the liver, thereby suppressing mitochondrial β-oxidation.
Specific inhibition of peroxisomal β-oxidation reduced liver
succinate formation and enhanced mitochondrial fatty acid
oxidation and attenuated fasting-induced liver lipid deposition.

The results also demonstrated the potential physiological
function of fatty acid ω-oxidation. It was reported that 10%
fatty acids were subjected to ω-oxidation, which further
proposed that the generation of DCAs may facilitate the
oxidation (39). DCAs were also considered to be gluconeo-
genic precursors through generation of succinate in rats (10,
11). Our results suggested that the physiological role of fatty
J. Biol. Chem. (2021) 296 100622 7



Figure 8. A, liver acetate generation was stimulated by CFB or DCA12 treatment and reduced by TDYA in the fasting rats. Mean ± SEM, n = 8, *p <
0.05 by t-test between paired conditions. B, generation of acetate and acetyl-carnitine with C12-CoA, DC12-CoA or acetyl-CoA as a substrate by isolated
peroxisomes. Mean ± SEM, n = 6, *p < 0.05 by t-test between paired conditions. C, peroxisomal activity of ACOT12 was increased in the livers of the fasting
rats. D, gene expression of liver ACOT12 was upregulated by fasting. Mean ± SEM, n = 8, *p < 0.05 by t-test between paired conditions.

Dicarboxylic acids and hepatic lipid accumulation
acid ω-oxidation was to provide substrates for oxidation in
peroxisomes for the purpose of generating succinate and
regulating mitochondrial fatty acid oxidation under starvation
condition.

As mitochondrial β-oxidation is under the control of the
redox state of NAD+ (30), elevation in mitochondrial NADH/
NAD+ ratio leads to suppression of mitochondrial fatty acid
oxidation (19, 25–28). Our results indicated that metabolism
of endogenously generated DCAs negatively regulated mito-
chondrial β-oxidation by elevating mitochondrial NADH/
NAD+ ratio and inducing accumulation of 3-OH-CoA/2-
enoyl-CoA intermediates. The elevated mitochondrial
NADH/NAD+ ratio as caused by DCAs was attributed to
generation of succinate from oxidation of DCAs (19, 25–28).
Previous reports indicated that peroxisomal oxidation of long-
chain DCAs generated succinate as the final product (21, 22),
our results confirmed this both in vitro and in vivo. Excessive
succinate oxidation causes robust reduction of mitochondrial
NAD+ by blocking the electron flow from the NADH to the
cytochromes as extensively studied by Chance and Krebs (23,
24), which caused accumulation of 3-OH-CoA/2-enoyl-CoA
intermediates and suppression of mitochondrial fatty acid
oxidation (31–33). It was reported that CFB treatment mildly
but significantly increased NADH/NAD+ ratio in fed rats (40),
the results in this research indicated that CFB robustly
enhanced mitochondrial redox state of NAD+ in the fasting
rats, indicating that the supply of DC-CoA for peroxisomal
β-oxidation and subsequent succinate generation was critical
for the control of mitochondrial NADH/NAD+ ratio and
β-oxidation.
8 J. Biol. Chem. (2021) 296 100622
Both clinical and preclinical data indicate that intermittent
fasting improves lipid metabolism and ameliorates hepatic
steatosis in human subjects as well as animal models (41, 42).
However, our results suggested that acute fasting induced
hepatic lipid accumulation by stimulating DCA oxidation in
rodents. There are two possible causes that lead to the
discrepancy between a single acute fast in this study and
intermittent fasting. First, the duration of fasting is different.
The duration of normal intermittent fasting in human subjects
is less than 16 h, plasma FFA and ketone body elevated mildly
(43). However, plasma FFA and liver dicarboxylic acid oxida-
tion elevated significantly in human subjects after prolonged
fasting (>24-h). For example, it was reported that in human
subjects, fasting for 12 h did not lead to significant elevation in
plasma FFA and lipid deposition in the liver, while plasma FFA
elevated remarkably and significantly hepatic steatosis was
observed after 36-h fasting (4). Our results also showed that
liver TAG content did not increase significantly in rats after
12-h fasting, while elevated significantly after 24-h fasting
(unpublished observation). Therefore, the duration in inter-
mittent fasting is an important factor for consideration in
practice, and longer-time fasting (>16 h) might cause hepatic
steatosis and liver oxidative injury especially in severe obesity
and diabetes when plasma FFA is already very high. Second,
the physiological response and metabolic alterations in inter-
mittent fasting (with repeated fasting–refeeding cycles) and a
single acute fast are different. It was reported that acute fasting
imposed systemic metabolic stress in animals (44), our results
suggested that acute fasting exerted redox stress on mito-
chondria and led to diminished mitochondrial fatty acid



Figure 9. Proposed mechanism by which peroxisomal oxidation of
dicarboxylic acids suppresses mitochondrial β-oxidation and induces
hepatic lipid accumulation in fasting animals.

Dicarboxylic acids and hepatic lipid accumulation
oxidation in liver by stimulating metabolism of DCAs. How-
ever, fasting followed by refeeding led to metabolic reprog-
ramming and restored metabolic homeostasis in liver, which
was accompanied by metabolic alterations that protect against
subsequent periods of food deprivation in humans and animals
(44).

PPARα agonists such as fibrate have been developed and
used as clinical drugs in treating hyperlipidemia and nonal-
coholic fatty liver disease (NAFLD) in humans (45). Under
ketogenic conditions, excessive hepatic uptake of fatty acids
results in activation of PPARα because long-chain fatty acids
are identified to be endogenous ligands for PPARα and triggers
downstream transcription of the target genes, including the
genes involved in mitochondrial fatty acid oxidation, fatty acid
ω-oxidation, and peroxisomal β-oxidation in rodents (17). Our
results suggested that a potential regulatory mechanism exis-
ted for the control of mitochondrial β-oxidation and keto-
genesis by metabolism of DCAs in fasting animals. Activation
of ω-oxidation and peroxisomal β-oxidation under ketogenic
conditions greatly stimulated DCAs turnover in peroxisomes.
CFB as a classical activator for PPARα extensively induced
fatty acids ω-oxidation and peroxisomal β-oxidation. However,
we noted that CFB treatment did not suppress mitochondrial
fatty acid oxidation and cause significant hepatic steatosis in
the fed state, while mitochondrial β-oxidation was seriously
inhibited in fasting rats, indicating that excessive fatty acids
supply was another critical factor. When plasma FFAs are
elevated under ketogenic conditions such as fasting and dia-
betes, administration of hypolipidemic drugs will greatly
stimulate DCA oxidation and lead to excessive succinate for-
mation, cause strong suppression of mitochondrial β-oxida-
tion, suggesting a risk of fatty liver in rodents and possibly in
humans.

It is interesting to note that CFB as well as DCAs treatments
resulted in hypoglycemia in fasting rats, which might be caused
by the lack of acetyl-CoA for the activation of pyruvate
carboxylase, the key enzyme in gluconeogenesis in fasting rats
due to the diminished mitochondrial β-oxidation. On the other
hand, the importance of fatty acids and ketone bodies as
sources of energy was well established. When fatty acids
oxidation, as well as ketogenesis, is inhibited, compensatory
glucose uptake and utilization are often observed to fix the
energy shortage of extrahepatic tissues under the condition of
fasting, led to the so-called hypoketotic hypoglycemia in ani-
mals as well as humans (46–49). However, it was reported that
there were great differences in PPARα activation on tran-
scription of its target genes between rodents and humans (50).
In rodents, PPARα is highly expressed in the liver and acti-
vation of PPARα induces large number of genes involved in
various metabolic pathways. Compared with rodents, a much
lower expression of PPARα in the human liver is observed, and
PPARα agonists such as fibrates have only a minor effect on
peroxisome proliferation in humans (50, 51). Therefore, it
should be noted that PPARα-induced metabolic disorder in
this study may not work in the same manner in humans.
Clinical investigations are required to make sure whether
administration of PPARα agonists to humans under ketogenic
conditions contributes to fatty liver and hypoglycemia.

Peroxisomal oxidation of DCAs considerably suppressed
ketone body generation, we therefore assumed that the acetyl-
CoA generated from peroxisomal oxidation of DCAs was
nonketogenic. Because peroxisomes are not permeable to
acetyl-CoA (52), it is well accepted that there are two pathways
for acetyl-group transfer from peroxisome to the cytosol, one
way is to hydrolyze acetyl-CoA to acetate via peroxisomal
acetyl-CoA hydrolase, the other way is to transform the acetyl-
CoA to acetyl-carnitine via CAT (53). We analyzed the final
product of DCAs that subjected to peroxisomal β-oxidation,
the results clearly indicated that peroxisomal oxidation of
DCAs as well as mono-carboxylic acid generated free acetate
as the predominant product, which were in well agreement
with previous report (9). The formation of acetate from acetyl-
CoA was attributed to high level of expression and activity of
ACOT12 in rat liver. On the other hand, the activity of CAT
was very low in rat liver, while its expression and activity were
high in the heart and muscle (54). Cytosolic free acetate could
not be effectively metabolized in the liver due to lack of a
specific acetyl-CoA synthetase in liver mitochondria (55). The
acetate that released from peroxisomal β-oxidation of DCAs
may be used for biosynthesis such as de novo fatty acid syn-
thesis or cholesterol biosynthesis (56). It was reported that
J. Biol. Chem. (2021) 296 100622 9
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administration of PPARα agonist stimulated hepatic fatty acid
synthesis (57). In this circumstance, we noted the fact that
acetate generated from ethanol oxidation stimulated liver fatty
acid synthesis and led to significant hepatic steatosis (58).

It was reported that liver generation of DCAs and peroxi-
somal β-oxidation were upregulated under the condition of
high fat diet feeding or obesity in animals (59–61), indicating
accelerated liver DCA turnover and succinate formation in
obesity. Therefore, the DCA–succinate–fatty liver axis might
be considered as a mechanism for obesity-induced fatty liver.
Insufficient ketogenesis has been well considered to be an
important cause that leads to NAFLD and related metabolic
disorder (62). Evidences show that liver βOHB/AcAc ratio and
3-OH-CoA/2-enoyl-CoA increase significantly in NAFLD pa-
tients (63), and specific inhibition of peroxisomal β-oxidation
significantly enhances mitochondrial fatty acid oxidation and
improves hepatic steatosis in high fat diet–fed rats (18), which
well supports the proposed mechanism. It is well accepted that
hepatic lipid plays a critical role in the development of insulin
resistance and related metabolic diseases (64). Small molecules
specifically targeting peroxisomal β-oxidation such as TDYA
or fatty acid ω-oxidation might be promising agents in treating
obesity-induced NAFLD and related metabolic diseases by
reducing succinate generation and enhancing mitochondrial β-
oxidation.

Experimental procedures

Materials

Palmitoyl-L-carnitine, malonate, L-carnitine, acyl-CoAs
(C12:0), coenzyme A sodium salt, Percoll, cytochrome c, 5,5-
dithio-bis(2-nitrobenzoic acid) (DTNB), and defatted bovine
serum albumin (BSA) were purchased from Sigma (St Louis,
MO., USA). Clofibrate (CFB), 10,12-tricosadiynoic acid
(TDYA), 4-methylpyrazole (4-MP), dodecanedioic acid
(DCA12), and dodecanoic acid (C12) were from Tokyo
Chemical Industry (Tokyo, Japan). The mono-CoA thioesters
of dodecanedioic acid (DC12-CoA) and dodecanoic acid (C12-
CoA) were enzymatically prepared by a microsomal acyl-CoA
synthetase and purified by high-performance liquid chroma-
tography as previously described (65, 66). TDYA-CoA as an
irreversible inhibitor for peroxisomal acyl-CoA oxidase-1
(ACOX) was prepared according to the method of Li et al. (67,
68). All other chemical reagents used were of analytical grade
or better.

Animal studies

Male Sprague-Dawley (SD) rats were purchased from Slac
Laboratory Animal Co Ltd (Changsha, China). Standard ro-
dent diet (12% fat by calories) was supplied by Slac Laboratory
Animal Co Ltd (Changsha, China). All animals were housed in
single cage with free access to food and water under controlled
temperature (22 �C) and light (12 h of light and 12 h of dark).

For fasting experiments, male SD rats at the age of 8 weeks
(200–220g) were deprived of food for 48-h with free access to
water. For the study of acute effect of DCA12 on liver fatty acid
oxidation, the rats after a 48-h fast were treated with DCA12 at
10 J. Biol. Chem. (2021) 296 100622
a dose of 2 g/kg by gavage, blood samples were collected at
indicated time. For inhibitor intervention, TDYA (200 mg/kg)
was administered to rats 120 min prior to DCA12 dosing. For
the study of endogenous DCAs on liver fatty acid metabolism,
fasting animals were treated with CFB (200 mg/kg) or TDYA
(200 mg/kg) by gavage twice per day and 4-MP (100 mg/kg) by
intraperitoneal injection once per day. Normal group (N) was
fed standard rodent diet throughout the study. After the ex-
periments, all the rats were bled from the eyes and then
sacrificed at indicated time as shown in the figures. Livers from
48-h fasted rats and normal rats were removed quickly and
stored in liquid nitrogen immediately.

All the animal studies were approved by the Animal Care
Committee of Hunan University of Science and Technology.

Histological analysis

Definite parts of right lobe were cut quickly from of the
livers of the killed rats and immediately fixed with 4% para-
formaldehyde. Paraffin sections were prepared and cut into
5–7 μm-thick sections and stained by hematoxylin-eosin (HE).
Hepatic steatosis was observed by optical microscope, four
samples were used for each group to observe the lipid droplets
in liver tissues.

Isolation of liver subcellular fractions

Mitochondria from rat liver were isolated by differential
centrifugation in 0.25 M sucrose as described previously (69),
the mitochondrial pellet was washed three times in 0.25 M
sucrose at 4 �C and finally suspended in the same medium at a
concentration of �40 mg/ml for subsequent analysis. The
integrity of isolated mitochondria was examined by a com-
mercial mitochondrial staining kit from Sigma. For the isola-
tion of peroxisomes, light mitochondrial fraction (L) after
differential centrifugation was further isolated by a Percoll
gradient according to the method described before (61). In
total, 15 mg of L fraction sample was layered on 5 ml of a 50%
(v/v) solution of Percoll containing 250 mM sucrose, 2 mM
Mops, 1 mM EGTA, and 0.1% (v/v) ethanol at pH 7.2. After
centrifugation at 85,000g for 30 min on a Beckman Optima
MAX-XP ultracentrifuge with a MLN80 rotor, the fractions
were collected for catalase activity assay. The pooled peak
fractions were diluted with 250 mM sucrose and centrifuged at
35,000 g for 15 min to recover sediment containing purified
peroxisomes.

Characteristics of the enzymes involved in DCA β-oxidation

Mitochondrial medium-chain acyl-CoA dehydrogenase
(MCAD), LCAD, and peroxisomal acyl-CoA oxidase-1 (ACOX)
were expressed in Escherichia coli and purified by nickel metal
affinity chromatography according to conventional methods.
Mitochondrial carnitine palmitoyltransferase-1 (CPT1) was
expressed in Saccharomyces cerevisiae and purified as described
before (70). Acyl-CoA dehydrogenases were measured as
described previously using 2,6-dichloroindophenol (DCIP) as
the final electron receptor (71). ACOX1 activity was assayed
spectrophotometrically by directly measuring the formation of
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H2O2 product (18). CPT1 activity was assayed by measuring the
formation of free CoA by a DTNB method (70).

Measurement of peroxisomal and mitochondrial β-oxidation

Mitochondrial β-oxidation was determined spectrophoto-
metrically by the method of Osmundsen and Bremer (72), with
100 μM palmitoyl-L-carnitine as a substrate. When using
100 μM DC12-CoA or C12-CoA as substrate, 2.5 mM L-
carnitine was added to the reaction solution along with acyl-
CoAs. Peroxisomal β-oxidation was assayed by acyl-CoA-
dependent NAD+ reduction in the presence of KCN as
developed by Lazarow PB (73), with 100 μM DC12-CoA or
C12-CoA as a substrate.

Measurement of hepatic DC-CoAs

Extraction of DC-CoAs from liver homogenate was per-
formed as described before (74). The extracts were combined
and dried under N2 for assay. DC-CoAs were transformed to
succinyl-CoA by a multienzyme reaction system containing 10
U/ml recombinant rat liver ACOX1, 5 U/ml recombinant rat
L-bifunctional protein (L-BP), 5 U/ml recombinant rat 3-
oxoacyl-CoA thiolase, 5 U/ml catalase (Sigma), 10 U/ml
acetyl-CoA hydrolase, and 18 U/ml lactate dehydrogenase
(Sigma). The reaction medium contained 50 mM Hepes, pH
7.4, 1 mM NAD+, 5 mM pyruvate, 2 mM CoA, 0.5 mg/ml BSA,
10 mMMgCl2, and 50 μM FAD in a total volume of 1 ml. After
incubation at 37 �C for 30 min, the mixture was deproteinized
by adding 0.1 m ice-cold perchloric acid (70%, w/v). After
neutralization, succinyl-CoA was assayed based on the reac-
tion of DTNB with CoA liberated from succinyl-CoA in the
presence of succinyl-CoA synthetase and monitored the
absorbance at 412 nm (75). The amount of succinyl-CoA
represented the sum of DC-CoAs in the sample.

Ketone body synthesis by liver homogenate in the presence of
DCA12

Preparation of rat liver homogenate and ketone body syn-
thesis by liver homogenate with hexanoate as a substrate were
performed as described by McGarry (76). The reaction
mixture contained 0.1 M Tris-HCl (pH 8.5), 5 mM MgCl2,
5 mM ATP, 0.3 mM CoA, 0.66 mM NAD+, 0.5 mg/ml defatted
BSA, 2 mM hexanoate, 0.5–2 mM DCA12, and 0.5 ml liver
homogenate in a total volume of 2 ml. In some cases, just
before DCA12 treatment, 100 μM of TDYA-CoA was added to
inhibit peroxisomal oxidation of DCA12. After reaction for
10 min at 37 �C, the mixture was deproteinized by adding
0.1 ml ice-cold perchloric acid (70%, w/v), the neutralized
supernatant-contained 3-hydroxybutyric acid (βOHB) and
acetoacetate (AcAc) were analyzed enzymatically.

Studies of DCA12 on mitochondrial β-oxidation in liver
homogenate

The reaction mixture contained 50 mM Hepes, pH 7.4,
1 mMNAD+, 5 mM pyruvate, 2 mM CoA, 5 mM ATP, 0.5 mg/
ml defatted BSA, 10 mM MgCl2, 50 μM FAD, 20 mg liver
homogenate, and DCA12 at a concentration of 0.5 mM,
1.0 mM, and 2.0 mM, respectively. In some cases, just 5 min
before DCA12 treatment, 100 μM of TDYA-CoA was added to
inhibit peroxisomal oxidation of DCA12. After reaction at 37
�C for 30 min, mitochondria were isolated from the homog-
enate and β-oxidation was then analyzed.

Measurement of 3-OH-CoA and 2-enoyl-CoA intermediates of
β-oxidation

Mitochondria were isolated from the tissue homogenate and
reaction mixture by differential centrifugation as described
above. The isolated mitochondria were resuspended in 50 mM
potassium phosphate, pH 7.2 contained 50 % (v/v) iso-
propanol. After acidification with acetate (to a final concen-
tration of 3 %, v/v), the solution was extracted with petroleum
ether saturated with 50 % aqueous isopropanol. After phase
separation, saturated (NH4)2SO4 was added and acyl-CoAs
were extracted by chloroform/methanol (1:2; v/v). After
centrifugation, the pellet was washed with chloroform/meth-
anol and the supernatants were combined and evaporated. The
residue was redissolved in 50 mM potassium phosphate, pH
7.2, and 0.05 % Triton X-100 and added to the reaction
mixture contained 80 mM Tris-HCl, pH 9.0, 1 mM NAD+, 10
mU recombinant rat 3-hydroxyacyl-CoA dehydrogenase in a
total volume of 0.2 ml (77). For the assay of 2-enoyl-CoA, extra
1.2 mU recombinant rat 2-enoyl-CoA hydratase was needed
(78). After incubation at 25 �C for 60 min, 20 μl of 0.6 M
NaOH was added and another incubation at 80 �C for 60 min
was performed. After partially neutralization by 20 μl of 0.5 M
HCl, 20 μl reaction solution was added to cycling solution
contained 197 mM Tris-HCl, pH 8.0, 1.75 mM oxaloacetate,
0.29 M ethanol, 2.8 μM bovine serum albumin, 17.5 U/ml
alcohol dehydrogenase, and 8.5 U/ml malic dehydrogenase
(Sigma) in a total volume of 0.2 ml. 3-OH-CoA and 2-enoyl-
CoA in samples are in linear correlation with the amount of
malate formed, which could be assayed by the coupled reaction
of malic dehydrogenase and glutamic-oxaloacetic trans-
aminase (79).

Quantitative real-time PCR

Total RNA was extracted from liver tissues with TRIzol re-
agent (Life Technologies Corporation, Carlsbad, CA). RNA was
reverse-transcribed with standard reagents (High Capacity
Reverse Transcription Kits, Applied Biosystems) using random
primers. ComplementaryDNAwas amplified in a 7500Fast Real-
time PCR System using 2×SYBR Green Supermix (Applied Bio-
systems). The following primers were used: CYP4A1, 5’-
CCCGACACAGCCACTCATTC-3’(F) and 5’-CCTTCAGCTC
TTCATGGCAAAC T-3’ (R); ACOX1, 5’-TGGAGAGCC
CTCAGC TATGG-3’ (F) and 5’-CGTTTCACCGCCTC
GTAAG-3’ (R); LCADH, 5’-GGCTGGTT AAGTGATCTCGT-
GAT-3’ (F) and 5’-TCTCC ACCAAAAAGAGGCTAATG -3’
(R); ACS, 5’-GGCTCTAGGAGTAAAGGCTGACGT-3’ (F) and
5’-TCCTTTCGTTCTAGCTAGCTCCGT-3’(R); L-BP, 5’-
AAATACAGAGATACCAGAAGCCG-3’ (F) and 5’-AAGAAT
CCCCAGTGTGACTTC-3’(R); Thiolase, 5’- CCTGACATC
ATGGGCATCG-3’ (F) and 5’-A GTCAGCCCTGCTTTCT
J. Biol. Chem. (2021) 296 100622 11
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GCA-3’(R); ABCD1, 5’-GGGCCTAAAGCAAC AGTCTCA-3’
(F) and 5’-GGGCAACATACACAGACAGGAA-3’(R); ACOT12,
5’-GGAGATTACCACCACC TTGG-3’ (F) and 5’-TTCAACCT
TAACAG ATATGGCATC3’(R); 18S rRNA, 5’-GTTATGGTC
TTTGGTCGC-3’ (F) and 5’-CGTCTGCCCTATCAACTTTC-3’
(R). mRNA expression levels normalized to 18S rRNA were
expressed using the comparative delta CT method.

Biochemical analysis

Plasma FFA concentration was determined using a colori-
metric kit based on ACS-ACOX method (Wako Pure Chem-
ical Corporation, Osaka, Japan). Plasma TAG was determined
by a commercial kit (Wako, Osaka, Japan). Liver long-chain
acyl-CoAs were extracted and determined by the method of
Tubbs and Garland (80). Liver TAG was extracted by the
method of Bligh and Dyer (81) and determined using a com-
mercial kit (Wako, Osaka, Japan). Liver VLDL-TAG secretion
rate was determined by the method as described previously
(82). Briefly, rats were injected intravenously with Triton
WR1339 at 500 mg/kg, then blood samples were taken at 0, 1,
2, 3, and 4 h after injection and plasma TAG was measured,
liver VLDL-TAG secretion rate was calculated from the slope
of the curve and expressed as μmol/h/kg. Plasma and liver
βOHB and AcAc were determined enzymatically (83), total
ketone body was expressed as the sum of βOHB and AcAc.
Liver acetate, alanine, malate, aspartate, glutamate, succinate,
and citrate were determined using commercial kits according
to the manufacturer’s instructions (Sigma, St Louis, MO).
Liver malonyl-CoA was analyzed by HPLC as described pre-
viously (84). Liver hydrogen peroxide and TBARS were
measured by assay kits from Sigma. Plasma glucose was
measured using a glucometer (Lifescan, Johnson and Johnson).
Liver acetyl-CoA was determined enzymatically using com-
mercial assay kit (Solarbio, Beijing). Liver acetyl-carnitine was
assayed by a combined reaction catalyzed by carnitine acetyl
transferase, L-malate dehydrogenase, and citrate synthase (85).
Liver free CoA content was assayed by a 2-oxoglutarate de-
hydrogenase method according to Tubbs and Garland (86).
Plasma insulin was measured by a rat/mouse insulin ELISA
kits from Merck Millipore (Billerica, MA., USA). Protein
concentration was measured by Bio-Rad DC protein assay kit
(Hercules, CA., USA). C6-CoA was measured by UPLC-MS/
MS as described before (87).

Peroxisomal acetyl-CoA thioesterase (ACOT12) was
measured spectrophotometrically by a DTNB assay using
isolated peroxisomes (88), with acetyl-CoA as a substrate at a
concentration of 100 μM. Peroxisomal CAT activity was
assayed as described before using acetyl-carnitine as substrate
at a concentration of 100 μM (87).

Statistical analysis

Data are presented as mean±SEM. n=6 to 8 for all the
groups. The significance of differences was evaluated using one
way ANOVA with Dunnett’s T3 test or Student’s t-test by
SPSS 18.0. p < 0.05 was considered statistically significant.
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