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Peroxisomal B-oxidation stimulates cholesterol biosynthesis

in the liver in diabetic mice
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Although diabetes normally causes an elevation of choles-
terol biosynthesis and induces hypercholesterolemia in animals
and human, the mechanism linking diabetes to the dysregula-
tion of cholesterol biosynthesis in the liver is not fully under-
stood. As liver peroxisomal B-oxidation is induced in the
diabetic state and peroxisomal oxidation of fatty acids gener-
ates free acetate, we hypothesized that peroxisomal -oxidation
might play a role in liver cholesterol biosynthesis in diabetes.
Here, we used erucic acid, a specific substrate for peroxisomal
B-oxidation, and 10,12-tricosadiynoic acid, a specific inhibitor
for peroxisomal B-oxidation, to specifically induce and sup-
press peroxisomal B-oxidation. Our results suggested that in-
duction of peroxisomal B-oxidation increased liver cholesterol
biosynthesis in streptozotocin-induced diabetic mice. We
found that excessive oxidation of fatty acids by peroxisomes
generated considerable free acetate in the liver, which was used
as a precursor for cholesterol biosynthesis. In addition, we
show that specific inhibition of peroxisomal [-oxidation
decreased cholesterol biosynthesis by reducing acetate forma-
tion in the liver in diabetic mice, demonstrating a crosstalk
between peroxisomal B-oxidation and cholesterol biosynthesis.
Based on these results, we propose that induction of peroxi-
somal B-oxidation serves as a mechanism for a fatty acid-
induced upregulation in cholesterol biosynthesis and also
plays a role in diabetes-induced hypercholesterolemia.

Numerous reports demonstrated that uncontrolled diabetes
is associated with hypercholesterolemia, which greatly increases
the risk of atherosclerosis and related cardiovascular diseases
(1-3). However, the mechanisms by which diabetes cause
elevation in plasma cholesterol level are not fully demonstrated.
As liver cholesterol biosynthesis is enhanced in the diabetic
animals (4, 5), the dysregulated cholesterol biosynthesis might
play a role in diabetes-induced hypercholesterolemia. It is well-
known that free fatty acid (FFA) stimulates hepatic cholesterol
biosynthesis (6—8), and liver-FFAs increased significantly under
the condition of diabetes. Therefore, the increased supply of
fatty acids might lead to elevated cholesterol synthesis and very
low density lipoprotein-cholesterol (VLDL-C) secretion in the
diabetic animals.

* For correspondence: Jia Zeng, zengj@hnu.edu.cn.
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To explore the potential roles of fatty acids in cholesterol
biosynthesis and hyperlipidemia in diabetes, we focused on
peroxisomal B-oxidation, a fatty acid oxidation (FAO) system
that acted on long-chain fatty acids (9). Although the crosstalk
between peroxisomal B-oxidation and cholesterol biosynthesis
is not established so far, we noted that peroxisomal FAO is
induced in the liver of diabetic animals (10-13), and peroxi-
somal [B-oxidation generated free acetate as the ultimate
product (14-16). It was reported that cholesterol biosynthesis
from acetate is increased in the liver of diabetic animals
(17-19), and [1-'*C]-acetate incorporation into cholesterol by
liver slices was much greater in animals fed erucic acid than in
those fed palmitic, stearic, oleic, or linoleic acid (20).
Furthermore, direct measurement of cholesterol synthesis
from [1-'*C]-lignoceric acid suggested that the acetyl-CoA
generated from peroxisomal P-oxidation was preferentially
used for biosynthesis of cholesterol (21). We hypothesized that
peroxisomal oxidation of endogenous fatty acids might play a
role in liver cholesterol biosynthesis and induce elevation in
plasma cholesterol in the diabetic animals. Erucic acid (C22:1)
as a specific substrate for peroxisomal [B-oxidation was used to
induce peroxisomal B-oxidation flux (16, 22), and 10,12-
tricosadiynoic acid (TDYA), a specific inhibitor for peroxi-
somal P-oxidation, was applied to suppress peroxisomal [3-
oxidation (23).

This study investigated the role and potential mechanism of
peroxisomal p-oxidation in liver de novo cholesterol biosyn-
thesis in streptozotocin (STZ)-induced diabetic mice.

Results

Peroxisomal B-oxidation was induced in liver of the
STZ-induced diabetic mice

The gene expressions of the enzymes involved in peroxi-
somal [B-oxidation were upregulated in livers of the STZ-
induced diabetic mice (Fig. 1A4). Peroxisomal B-oxidation
increased significantly in the liver of the diabetic mice
(increased by 69% versus normal control) (Fig. 1B). Plasma
glucose was elevated remarkably in the STZ-treated mice
(Fig. 1C). Liver-FFAs content increased significantly in the
diabetic mice (by 152% versus normal control) (Fig. 1D). Long-
chain fatty acids are identified to be endogenous ligands for
peroxisome proliferator activator receptor a isoform; excessive
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Figure 1. Peroxisomal B-oxidation was enhanced in livers of the STZ-induced diabetic mice. A, gene expressions of enzymes in peroxisomal
[B-oxidation were upregulated in livers of the STZ-induced diabetic mice. B, peroxisomal 3-oxidation was enhanced in liver of the STZ-induced diabetic mice.
G, plasma glucose was elevated remarkably in the STZ-induced diabetic mice. D, liver-free fatty acids increased significantly in the STZ-induced diabetic
mice. E, liver LC-acyl-CoA increased significantly in the STZ-induced diabetic mice. ABCD1, peroxisomal ATP-binding cassette transporter D; ACOX1, acyl-CoA
oxidase-1; ACS, acyl-CoA synthetase; ACSL1, long-chain acyl-CoA synthetase-1; L-BP, L-bifunctional protein; STZ, streptozotocin. Mean + SEM, n = 6,

*p < 0.05 by t test between paired conditions.

hepatic uptake of fatty acids in diabetic mice resulted in acti-
vation of peroxisome proliferator activator receptor o isoform
and triggered downstream transcription of the genes involved
in peroxisomal -oxidation (9, 24). Liver long-chain acyl-CoA
(LC-acyl-CoA) increased considerably in the diabetic mice (by
168% versus normal control) (Fig. 1E), which provided suffi-
cient substrates for peroxisomal [-oxidation.

Excessive fatty acid flux through peroxisomal -oxidation
stimulated cholesterol biosynthesis in the diabetic mice

To address the role of peroxisomal B-oxidation in choles-
terol biosynthesis, erucic acid (C22:1) was acutely adminis-
tered to STZ-induced diabetic mice to increase fatty acid flux
through peroxisomal B-oxidation system, and decanoic acid
(C10), a medium-chain fatty acid that is preferentially
metabolized in mitochondria was used as a control to deter-
mine whether mitochondrial FAO was also involved in
cholesterol biosynthesis. The results indicated that peroxi-
somal content of acetyl-CoA, final products of B-oxidation,
was increased by the administration of C22:1 (by 49% versus
STZ control) and reduced by TDYA, whereas there was no
alteration for C10-treated group (Fig. 2A). Hydrogen peroxide,
a byproduct for peroxisomal -oxidation, was also significantly
increased in liver after C22:1 treatment (by 139% versus STZ
control), as reduced by TDYA (Fig. 2B). Liver cholesterol
content increased significantly by administration of C22:1 (by
55% versus STZ control), as reduced by TDYA, whereas
administration of C10 had no significant effect on cholesterol
level (Fig. 2C). Liver triacylglycerol (TAG) content was not
significantly affected after treatment of C22:1 or C10 (Fig. 2D).
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Plasma VLDL-C and low density lipoprotein-cholesterol
increased by the treatment of C22:1 (by 128% and 46%
versus STZ control, respectively) (Fig. 2, E and F). Serum
cholesterol level also increased after treatment of C22:1 (by
39% versus STZ control), and reduced by TDYA, whereas there
was no alteration for C10 (Fig. 2G). Liver content of mevalonic
acid (MVA), a key intermediate in cholesterol biosynthesis,
increased by 45% in C22:1 treated group versus STZ control
group, as reduced by TDYA, and there was no alteration in
C10 treated group (Fig. 2H). Plasma MVA as a measure of liver
cholesterol biosynthesis was also significantly elevated in C22:1
treated mice (by 42% versus STZ control), which was reduced
by TDYA and C10 treatment showed no significant change
(Fig. 21). Liver content of squalene, another key intermediate in
cholesterol synthesis, increased by 59% in C22:1 treated mice
versus STZ control group (Fig. 2J), whereas there was no
alteration in C10 treated group. The results provided evidence
that peroxisomal B-oxidation rather than mitochondrial FAO
stimulated cholesterol biosynthesis in the liver of the STZ-
induced diabetic mice, which resulted in increased VLDL-C
secretion and might play a role in diabetes-induced
hypercholesterolemia.

Chronic feeding of HRO increased cholesterol biosynthesis in
the diabetic mice

To further determine whether chronic alteration of perox-
isomal FAO might affect cholesterol biosynthesis, the diabetic
mice were fed a diet with high erucic acid rapeseed oil (HRO),
and a diet with high olive oil (OO) was used as a control.
10,12-tricosadiynoic acid was administered to specifically
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Figure 2. Increased substrate flux through peroxisomal B-oxidation stimulated biosynthesis of cholesterol in livers of the STZ-induced diabetic
mice. A, changes in peroxisomal acetyl-CoA content after treatment of C10, C22:1, and TDYA in the diabetic mice. B, C22:1 treatment significantly increased
hydrogen peroxide content in liver of the STZ-induced diabetic mice, which was reduced by pretreatment of TDYA. C, C22:1 treatment increased hepatic
cholesterol content in the diabetic mice, as reduced by TDYA. D, C22:1 treatment showed no significant increase in liver TAG in the diabetic mice. E-G, C22:1
treatment significantly elevated plasma levels of VLDL-C (E), LDL-C (F), and serum cholesterol (G) in the STZ-induced diabetic mice, as abolished by
pretreatment with TDYA. H and /, C22:1 treatment significantly increased liver (H) and plasma (/) MVA level, as reduced by pretreatment with TDYA. J, C22:1
treatment significantly increased liver squalene content in the diabetic mice, as reduced by TDYA. Mean + SEM, n = 8, *p < 0.05 by t test between paired
conditions. LDL-C, low density lipoprotein-cholesterol; MVA, mevalonic acid; STZ, streptozotocin; TAG, triacylglycerol; TDYA, 10,12-tricosadiynoic acid;

VLDL-C, very low density lipoprotein-cholesterol.

suppress peroxisomal [-oxidation. Peroxisomal p-oxidation
was induced in livers of the STZ-induced diabetic mice
compared to the normal group, as further enhanced by HRO
feeding (by 28% versus STZ control) and strongly suppressed
by TDYA, whereas there was no alteration by OO feeding
(Fig. 3A). Liver hydrogen peroxide increased significantly in
the diabetic mice fed HRO, as reduced by the treatment of
TDYA (by 53% versus STZ + HRO control) and no significant

SASBMB

changes in the mice feeding OO diet (Fig. 3B). The results
suggested that chronic HRO feeding increased substrate flux
through peroxisomal pB-oxidation in the diabetic mice. Liver
and plasma levels of MVA increased by HRO feeding, as
significantly reduced by TDYA whereas there were no signif-
icant alterations in the OO feeding group (Fig. 3, C and D).
Liver cholesterol content was significantly higher in the dia-
betic mice (by 67% versus normal control), and further
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Figure 3. Chronic feeding of HRO increased liver cholesterol biosynthesis and elevated serum cholesterol level in the STZ-induced diabetic mice.
A, peroxisomal -oxidation was enhanced in livers of the diabetic mice fed HRO and suppressed by the treatment with TDYA. B, hydrogen peroxide content
was increased in liver of the diabetic mice, as further elevated after HRO feeding and reduced by TDYA. C and D, liver (C) and plasma MVA (D) levels were
elevated in diabetic mice, as further increased after HRO feeding and reduced by TDYA. E, liver cholesterol was significantly higher in the diabetic mice, as
further increased by HRO feeding and reduced by TDYA. F, very low density lipoprotein-cholesterol secretion rate was upregulated in STZ-induced diabetic
mice, as further elevated after HRO feeding and reduced by TDYA. G, high erucic acid rapeseed oil feeding significantly increased VLDL-TAG secretion rate in
STZ-induced diabetic mice, which was suppressed by the treatment of TDYA. H, plasma LDL-C was significantly higher in the diabetic mice compared to the
normal control, which was further elevated after HRO feeding and lowered by TDYA. /, serum cholesterol level was significantly higher in the diabetic mice
compared to normal group, as further elevated by HRO feeding and reduced by the treatment of TDYA. J-L, plasma glucose (J), plasma insulin (K), and
plasma-free fatty acids (L) were not significantly altered in the STZ-induced diabetic mice treated with HRO or TDYA. Mean + SEM, n = 8, *p < 0.05 by t test
between paired conditions. HRO, high erucic acid rapeseed oil; LDL-C, low density lipoprotein-cholesterol; MVA, mevalonic acid; OO, olive oil; STZ,

streptozotocin; TAG, triacylglycerol; TDYA, 10,12-tricosadiynoic acid.

increased by HRO feeding (by 59% versus diabetic control), as
reduced by the treatment with TDYA (Fig. 3E), whereas OO
feeding showed no significant effect on liver cholesterol level
in the diabetic mice. Very low density lipoprotein-cholesterol
secretion rate was also measured, and the results indicated
that VLDL-C secretion rate increased significantly in diabetic
mice (by 119% versus normal control), as further enhanced by

4 Biol. Chem. (2022) 298(2) 101572

HRO feeding (by 31% versus STZ control), and reduced by
TDYA (Fig. 3F). In the meantime, HRO feeding significantly
increased VLDL-TAG secretion rate in STZ-induced diabetic
mice, which was suppressed by the treatment of TDYA
(Fig. 3G). The results suggested that the increase in cholesterol
biosynthesis as induced by peroxisomal -oxidation stimulated
VLDL secretion in the diabetic mice, whereas suppression of
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peroxisomal [-oxidation lowered cholesterol synthesis and
VLDL secretion, which was in well agreement with previous
reports that the suppression of cholesterol biosynthesis by
HMG-CoA reductase inhibitors reduced VLDL secretion in
animals and man (25, 26). Plasma level of low density
lipoprotein-cholesterol  increased remarkably in the
STZ-induced diabetic mice fed HRO (by 63% versus STZ
control), as decreased by TDYA (Fig. 3H). Serum cholesterol
was significantly higher in the STZ-induced diabetic mice fed
HRO compared to the STZ control, whereas administration of
TDYA decreased serum cholesterol level in the diabetic mice
(Fig. 31). Blood glucose, plasma-FFA, and plasma insulin were
measured, and administration of erucic acid or TDYA did not
cause significant alteration of the body weight, plasma blood
glucose, FFA, or insulin in the diabetic mice, as shown in
Figure 3, J-L. Therefore, all the results suggested that feeding
HRO to the diabetic mice enhanced peroxisomal FAO and
significantly increased liver cholesterol biosynthesis, which
resulted in increased VLDL-C secretion and elevated serum
cholesterol level, as abolished by administration of a specific
inhibitor for peroxisomal p-oxidation.

The enzymes involved in cholesterol biosynthesis were not
altered after induction of peroxisomal B-oxidation

The enzyme activities involved in cholesterol biosynthesis
were analyzed to determine whether the enhanced choles-
terol biosynthesis as caused by C22:1 or HRO was attributed
to alteration in the enzymatic turnover rate. Liver AcAc-CoA
(acetoacetyl-CoA) thiolase and HMG-CoA (3-hydroxy-3-
methyl glutaryl coenzyme A) synthase were not signifi-
cantly altered among all the groups (Fig. 4, A and B).

Moreover, the activity of HMG-CoA reductase, the rate-
limiting enzyme in cholesterol synthesis, was also no signif-
icantly changed in the diabetic mice treated with C22:1 or
HRO (Fig. 4C). Liver HMG-CoA lyase activity was slightly
increased in the STZ-induced diabetic mice compared to the
normal group, whereas there was no significant alteration
after treatment with C22:1, OO, HRO, or TDYA (Fig. 4D).
Furthermore, liver squalene synthase activity was not
significantly changed among all the groups (Fig. 4E). The
results indicated that the increased biosynthesis of choles-
terol in liver as induced by peroxisomal B-oxidation as was
not attributed to alterations in the enzyme activities involved
in cholesterol biosynthesis.

Peroxisomal B-oxidation increased cytosolic formation of
acetyl-CoA

Cytosolic acetyl-CoA in liver increased in the STZ-induced
diabetic mice (by 104% versus normal control) could be further
elevated by the treatment of C22:1 or HRO and reduced by
TDYA (Fig. 5A). Liver citrate content was not significantly
changed among all the groups (Fig. 5B). Liver citrate lyase
activity was reduced in STZ induced-diabetic mice, whereas no
significant changes in the diabetic mice treated with C22:1,
0O, HRO, or TDYA (Fig. 5C). Liver acetyl-CoA carboxylase
activity decreased significantly in the STZ-induced diabetic
mice (by 54% versus normal control), and no significant
changes in the diabetic mice treated with C22:1, HRO or
TDYA (Fig. 5D). Moreover, liver malonyl-CoA was reduced in
the STZ-induced diabetic mice (by 42% versus normal con-
trol), whereas no significant change after treatment of C22:1,
HRO, or TDYA (Fig. 5E). The results suggested that the
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Figure 4. The enzyme activities involved in cholesterol biosynthesis were not significantly altered in livers of the diabetic mice treated with C22:1
or HRO. A-C, liver cytosolic AcAc-CoA thiolase (A), cytosolic HMG-CoA synthase (B), and microsomal HMG-CoA reductase (C) activities were not significantly
affected in the STZ-induced diabetic mice after the treatment with OO, HRO, C22:1 or TDYA. D, liver cytosolic HMG-CoA lyase activity was elevated in the
diabetic mice compared to the normal control, whereas there was no alteration in the diabetic mice treated with C22:1, OO, HRO, or TDYA. E, liver
microsomal squalene synthase activity was not statistically different among all the groups. Mean + SEM, n = 8, *p < 0.05 by t test between paired
conditions. AcAc-CoA, acetoacetyl-CoA; HRO, high erucic acid rapeseed oil; OO, olive oil; STZ, streptozotocin; TDYA, 10,12-tricosadiynoic acid.

SASBMB

J. Biol. Chem. (2022) 298(2) 101572 5



Peroxisomal B-oxidation and cholesterol biosynthesis

g [CIN %z stz STZ+00 CIN %z stz §TZ+00 — CIN %% stz STZ+00
Il STZ+HRO Il STZ+HRO c Il STZ+HRO
30 250 oS 60y %
2 = 8o
@ 2% 200 > =
& _ 20 g2 =
= = = 150 2o
2 = °co £
Qo = [—— = E
s - £ 50 , ® 3
3] 2 i
5 0 0 . g€
2 Cc21- - - + 4+ - - - c21- - - + + - - - Senw1- - - + + - - -
J TOYA- - + - + - - 4 TOYA - - + - + - - + TOYA - - + - + - - +
D CIN zz stz STZ+00 E [N %z stz STZ+00
c I STZ+HRO Il STZ+HRO
> 80 < 0.87 _x
£g * o
29 ot
© & 60 _;’ g
of 5s
(=]
2 < 40 _ < %
= £
= E 20 | EE
23 é gE
3 o 2 3
Eec1- - - + + - - -

TDYA - - + + - - +

Figure 5. Peroxisomal B-oxidation increased cytosolic acetyl-CoA formation in the STZ-induced diabetic mice. A, liver cytosolic acetyl-CoA was
significantly higher in diabetic mice compared to the normal group, which was further elevated after treatment with C22:1 or HRO and reduced by
pretreatment of TDYA. B, liver citrate content was significantly lower in the STZ-induced diabetic mice compared to the normal group, whereas there was no
alteration after treatment with C22:1, OO, HRO, or TDYA. C and D, citrate lyase (C) and acetyl-CoA carboxylase (ACC) activities (D) in liver homogenate were
reduced in the STZ-induced diabetic mice compared to the normal group, whereas there was no alteration after the treatment with OO, HRO, C22:1, or
TDYA. E, liver malonyl-CoA was significantly lower in diabetic mice compared to the normal group, while no significant changes in the diabetic mice treated
with C22:1, OO, HRO, or TDYA. Mean + SEM, n = 8, *p < 0.05 by t test between paired conditions. HRO, high erucic acid rapeseed oil; OO, olive oil; STZ,

streptozotocin; TDYA, 10,12-tricosadiynoic acid.

increased formation of cytosolic acetyl-CoA as caused by the
enhanced peroxisomal B-oxidation was not because of alter-
ation in citrate cleavage or reduced malonyl-CoA formation in
the liver of the diabetic mice.

Peroxisomal B-oxidation generated acetate as a precursor for
cholesterol biosynthesis

As peroxisomal B-oxidation generates free acetate as the
ultimate product (14-16), the elevated acetyl-CoA in the
cytosol was most likely from the enhanced release of free ac-
etate from peroxisomal [B-oxidation in the diabetic mice
treated with C22:1 or HRO. Liver acetate was significantly
higher in the diabetic mice (by 52% versus normal mice), as
further elevated in the diabetic mice treated with C22:1 and
HRO (by 23% and 38% versus diabetic control, respectively)
and reduced by the treatment with TDYA (Fig. 64), suggesting
that peroxisomal metabolism of fatty acids stimulated acetate
formation. On the other hand, liver acetyl-CoA synthetase
activity was not significantly affected by the STZ-induced
diabetic mice treated with C22:1, OO, HRO, or TDYA
(Fig. 6B). Gene expression of peroxisomal carnitine acetyl-CoA
hydrolase (ACOT12) was upregulated in livers of the diabetic
mice (by 260% versus normal mice), as further elevated by
HRO feeding (by 58% versus diabetic control) (Fig. 6C).
Peroxisomal carnitine acetyl transferase (CAT) and ACOT12
activities were assayed, and the results indicated that ACOT12
activity was markedly induced in the diabetic mice (by 122%
versus normal mice) and the activity of ACOT12 was much
higher than that of CAT (Fig. 6D). Incubation of purified liver
peroxisomes from STZ-induced diabetic mice with acetyl-CoA

6 . Biol. Chem. (2022) 298(2) 101572

led to release of acetate dose dependently, whereas the gen-
eration of acetyl-carnitine was marginal (Fig. 6E), suggesting
that acetate rather than acetyl-carnitine was the predominant
ultimate product of fatty acids subjected to peroxisomal
B-oxidation in the liver of diabetic mice. Incubation of isolated
hepatocyte with C22:1 remarkably increased cellular acetate
content, as reduced by pretreatment with TDYA (Fig. 6F).
Incubation of isolated hepatocyte with acetate as well as C22:1
increased MVA formation, as reduced by pretreatment of
TDYA or lovastatin, a specific inhibitor for HMG-CoA
reductase (Fig. 6G). Therefore, due to the high ACOT12 ac-
tivity in liver peroxisomes of the diabetic mice, most of the
acetyl-CoA generated in peroxisomal -oxidation was hydro-
lyzed to free acetate and directed to cytosolic acetyl-CoA
formation and cholesterol biosynthesis.

Discussion

Diabetes has been reported to induce cholesterol
biosynthesis in animals (4, 5), whereas the precise mecha-
nism by which dysregulated glucose and fatty acid meta-
bolism in diabetes leads to increased cholesterol
biosynthesis is not clear. This study demonstrated an
important role of peroxisomal B-oxidation in cholesterol
biosynthesis. The proposed mechanism was shown in
Figure 7. Elevation in plasma FFA in diabetes results in
increased uptake of fatty acids in liver and induces perox-
isomal P-oxidation. Accelerated peroxisomal metabolism of
fatty acids stimulates acetate release into the cytosol and
increased cytosolic content of acetyl-CoA, a precursor for
cholesterol biosynthesis.
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Figure 6. Peroxisomal B-oxidation generated free acetate that used as a precursor for cholesterol biosynthesis in the STZ-induced diabetic mice.
A, liver acetate was significantly higher in the diabetic mice, as further increased after treatment with C22:1 or HRO and reduced by TDYA. B, liver acetyl-CoA
synthetase activity was not significantly affected in the STZ-induced diabetic mice treated with C22:1, OO, HRO, or TDYA. C, mRNA expression level of
ACOT12 was upregulated in livers of the diabetic mice and strongly induced by HRO feeding. D, peroxisomal ACOT12 activity increased significantly in livers
of the diabetic mice compared to the normal control, whereas peroxisomal CAT activity was very low in livers of the diabetic mice. Mean + SEM, n = 8,
*p < 0.05 by t test between paired conditions. E, generation of acetate and acetyl-carnitine with acetyl-CoA as a substrate by isolated peroxisome lysate. The
isolated peroxisomes were lysed with addition of 0.025% (v/v) Triton-X-100, and the lysate was warmed at 37 °C for 30 min before addition of acetyl-CoA
and 1 mM L-carnitine to the incubation medium. F, oxidation of C22:1 by isolated hepatocytes released acetate dose dependently, as reduced by pre-
treatment with TDYA. G, generation of MVA by isolated hepatocytes was stimulated in the presence of acetate or C22:1 and suppressed by pretreatment of
lovastatin or TDYA. Mean + SEM, n = 6, *p < 0.05 by t test between paired conditions. ACOT12, acetyl-CoA hydrolase; CAT, carnitine acyltransferase; HRO,
high erucic acid rapeseed oil; MVA, mevalonic acid; OO, olive oil; STZ, streptozotocin; TDYA, 10,12-tricosadiynoic acid.

This research demonstrated a cross-talk between peroxi-
somal [-oxidation and cholesterol biosynthesis. Peroxisomal
[-oxidation system has been discovered for more than 40 years
(27), whereas the physiological roles of peroxisomal FAO in
liver lipid homeostasis are not fully illustrated. Our previous
study identified a cross-talk between peroxisomal p-oxidation
and mitochondrial fatty acid oxidation and suggested that in-
duction of peroxisomal p-oxidation negatively regulated
mitochondrial FAO by stimulating liver malonyl-CoA forma-
tion in mice fed a high-fat diet, which caused accumulation of
TAG and insulin resistance (16). However, whether peroxi-
somal FAO might play a role in regulating cholesterol
biosynthesis is not known. In this study, our results suggested
that accelerated peroxisomal B-oxidation stimulated choles-
terol biosynthesis and elevated plasma cholesterol level under
the condition of diabetes, as abolished by specific inhibition of
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peroxisomal P-oxidation. As peroxisomal B-oxidation plays a
role in metabolism of long-chain fatty acids (9), the bulk of
endogenous fatty acids in liver and the contribution of per-
oxisomes to liver FAO has been studied by several groups
(28-30). It was estimated that peroxisomal [-oxidation
accounted for about 30% that of overall FAO under normal
condition, although this ratio might be significantly elevated
under diabetic condition because liver peroxisomal B-oxida-
tion is induced in diabetes and much more LC-acyl-CoAs
(>50%) might undergo P-oxidation in peroxisomes; most of
the acetyl-CoA generated in peroxisomal -oxidation will then
be used for cholesterol biosynthesis. Therefore, we propose
that one of the physiological functions of peroxisomal
B-oxidation is to stimulate biosynthesis of cholesterol under
the condition of diabetes and possibly in obesity when
peroxisomal B-oxidation is induced and fatty acid synthesis is
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Figure 7. Proposed mechanism by which peroxisomal B-oxidation
stimulates cholesterol biosynthesis in the liver of diabetic animals. FFA,
free fatty acids; MVA, mevalonic acid; TDYA, 10,12-tricosadiynoic acid.

suppressed. Future studies with genetic approaches disrupting
peroxisomal B-oxidation in diabetic or obese animals or spe-
cific inhibitors for mitochondrial FAO would help to pin down
the proposed role of peroxisomal p-oxidation in cholesterol
biosynthesis.

The mechanism by which elevated fatty acids oxidation in
diabetes causes an increase in cholesterol biosynthesis is un-
clear. As fatty acid synthesis is suppressed in the liver of the
diabetic animals, although the enzymes involved in liver
cholesterol biosynthesis is not significantly affected (18, 19).
Therefore, the supply of cytosolic acetyl-CoA will be a critical
factor in regulating cholesterol biosynthesis. It is well known
that there are two major sources of the acetyl-CoA for
biosynthesis of cholesterol, one is through citrate cleavage, and
another is from acetate generated by FAO (31, 32). As liver
citrate level and citrate lyase are diminished in diabetes, the
acetyl-CoA that used for cholesterol biosynthesis is not likely
from citrate cleavage, and most possibly from the released
acetate in FAO as liver FAO is enhanced in the diabetic ani-
mals (33). Indeed, acetate is increased in liver of fasting or
diabetic animals (34, 35), which well supports that the acetate
from FAO can be used for cholesterol biosynthesis.

To identify the source of acetate, we noted the well-known
fact that the acetyl-CoA generated in mitochondrial FAO is
used for ketone body formation or completely oxidized in
tricarboxylic acid cycle (33). It was reported that mitochon-
drial FAO did not generate free acetate (16, 35), as confirmed
in our study that C6 treatment to isolated hepatocyte showed
no significant increase in acetate level (Fig. 6G), indicating that
the increased acetate as caused by FAO was generated extra-
mitochondrially. It was reported that peroxisomal p-oxidation
generated free acetate as the ultimate product (14, 15); our
previous results confirmed that peroxisomal oxidation of
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erucic acid as well as LC-acyl-CoA generated free acetate as
the predominant product, as reduced by the treatment of a
specific inhibitor for peroxisomal -oxidation (16). Therefore,
the increased formation of acetate in the diabetic liver was
attributed to the enhanced peroxisomal FAO (Fig. 3A). As
peroxisomes are not permeable to acetyl-CoA (36), there are
two pathways for acetyl-group transfer from peroxisome to the
cytosol, one way is to hydrolyze acetyl-CoA to acetate via
peroxisomal ACOT12, the other way is to transform the
acetyl-CoA to acetyl-carnitine via CAT (37). It is proposed
that in liver and kidney, most of the acetyl-CoA generated in
peroxisomal p-oxidation is hydrolyzed to acetate, whereas in
heart and muscle, the acetyl-CoA is transformed to acetyl-
carnitine for burning in mitochondria (38, 39). The forma-
tion of acetate from acetyl-CoA was attributed to high level
expression and activity of ACOT12 in rat liver. On the other
hand, the activity of CAT was very low in rat liver, whereas its
expression and activity were high in heart and muscle (36).
Cytosolic free acetate can barely be metabolized in liver due to
lack of a specific acetyl-CoA synthetase in liver mitochondria
(40). The acetate that released from peroxisomal B-oxidation
of long-chain fatty acids can then be used for biosynthesis of
cholesterol. Moreover, direct measurement of cholesterol
synthesis from '*C-labeled substrate for peroxisomal
B-oxidation suggested that the acetyl group (acetyl-CoA)
generated from peroxisomal B-oxidation was preferentially
used for biosynthesis of cholesterol (21), which was in well
agreement with our results. It was reported the metabolism of
ethanol in liver generated acetate and stimulated cholesterol
synthesis and led to elevation in liver and plasma cholesterol
level (41).

This study demonstrated a novel pathogenic mechanism for
diabetes-induced increase in cholesterol biosynthesis and hy-
percholesterolemia in rodents and possibly in man. The results
suggested that induction of peroxisomal -oxidation enhanced
liver cholesterol biosynthesis in the diabetic mice, whereas
specific inhibition of peroxisomal B-oxidation suppressed
cholesterol biosynthesis and lowered plasma cholesterol level.
However, it should be admitted that in this study, the role of
peroxisomal [-oxidation in cholesterol biosynthesis was
investigated using a specific inhibitor for peroxisomal
B-oxidation, whereas the possibility of off-target effects could
not be fully eliminated. Therefore, further experiments using
genetic approaches to disrupt liver peroxisomal p-oxidation in
diabetic animals are warranted to confirm our results and the
proposed mechanism because liver-specific acyl-CoA oxidase-
1 knockout mice have been generated recently (42).

The results also indicated potential pathogenic role of HRO.
As erucic acid is preferentially metabolized by peroxisomal
B-oxidation system (16), excessive intake of HRO in diabetic
patients might increase metabolism of this very long-chain
fatty acid by peroxisomes, which further enhance cholesterol
biosynthesis and secretion, and leads to hypercholesterolemia.
High erucic acid rapeseed oil as edible oil is widely consumed
in South China and India (43), and the people live in diabetes
are more than 109 million in China (44). Although the clinical
relevance between HRO intake and hypercholesterolemia is
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not established so far, we suggest that chronic intake of HRO
might increase the risk of hypercholesterolemia in the diabetic
patients and strongly suggest low erucic acid rapeseed oil or
OO as the edible oil instead of HRO in our daily life, which
might benefit our liver and heart by reducing the harmful
metabolites released from peroxisomal [-oxidation and
reducing cholesterol biosynthesis.

Experimental procedures
Materials

Acetyl-carnitine, cholesterol, STZ, lovastatin, decanoic
acid (C10), hexanoic acid (C6), acetyl-CoA, AcAc-CoA ,
squalene, mevalonic acid, L-carnitine, coenzyme A sodium
salt, Percoll, 5,5-dithio-bis(2-nitrobenzoic acid) (DTNB),
PEG1500, and defatted bovine serum albumin were pur-
chased from Sigma. 10,12-Tricosadiynoic acid and erucic
acid (C22:1) were from Tokyo Chemical Industry. The
mono-CoA thioesters of dodecanedioic acid were enzymat-
ically prepared by a microsomal acyl-CoA synthetase and
purified by high-performance liquid chromatography as
previously described (45). All other chemical reagents used
were of analytical grade or better.

Animal studies

Male C57BL/6] mice were purchased from Slac Laboratory
Animal Co Ltd Standard rodent diet (12% fat by calories),
HRO diet containing 15% (w/w) rapeseed oil (55% fat by cal-
ories), and high OO diet containing 15% (w/w) OO (55% fat by
calories) were supplied by Slac Laboratory Animal Co Ltd. The
rapeseed oil used in HRO diet contained 35% (w/w) erucic
acid. 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).

Diabetic mellitus was induced by administration of STZ
(80 mg/kg, i.p.) to male C57BL/6] mice at the age of 8 weeks.
Two weeks after the injection, the blood glucose level was
determined by tail vein bleeding using a glucometer (Lifescan,
Johnson and Johnson), and the mice with overt hyperglycemia
(plasma glucose > 400 mg/dl) were chosen for the experi-
ments. For acute study of peroxisomal p-oxidation on
cholesterol biosynthesis, erucic acid or decanoic acid at 4 g/kg
were administered by gavage to 12 h-fasted diabetic mice for
consecutive two times, every 3 h per dosage. For the purpose of
suppressing peroxisomal [3-oxidation, TDYA at 100 mg/kg was
administered to the diabetic mice 60 min before administra-
tion of erucic acid. For the study of chronic induction of
peroxisomal B-oxidation on cholesterol biosynthesis, the dia-
betic mice were exposed to either HRO diet or OO diet for
4 weeks, TDYA at 100 mg/kg/d was administered orally to
suppress peroxisomal [-oxidation. Normal group (N) and
diabetic control (STZ) were fed standard rodent diet. After the
experiments, all the mice were bled from the eyes and then
sacrificed. Livers 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.
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Isolation of liver subcellular fractions

For the isolation of peroxisomes, light mitochondrial fraction
after differential centrifugation was further isolated by a Percoll
gradient according to the method described before (46, 47).
Three milliliter light mitochondrial fraction sample containing
~15 mg proteins was layered on 5 ml of a 50% (v/v) solution of
Percoll containing 250 mM sucrose, 12% (wt/vol) PEG1500,
2 mM Mops, 1 mM EGTA, and 0.1% (v/v) ethanol at pH 7.2.
After centrifugation at 85,000¢ 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
35,000g for 15 min to recover sediment containing purified
peroxisomes. For the preparation of cytosolic fraction, the post-
light mitochondrial supernatant was firstly centrifuged at
27,000¢g for 15 min to pellet residual large organelles and finally
centrifuged at 100,000g for 60 min to obtain cytosolic (super-
natant) and microsomal (pellet) fraction for metabolites and
enzyme assays. All the isolation procedures were kept at 2 °C.

Mevalonate synthesis from acetate by isolated hepatocytes

Hepatocytes of treated mice were prepared, as described before
(48). Cell viability was assessed by trypan blue exclusion and
estimated to be more than 90%. Hepatocytes (1 x 10°) were
incubated under an atmosphere of O,/CO, (19:1) in Krebs-
Henseleit bicarbonate medium, pH 7.4. To inhibit cholesterol
synthesis, 50 pM lovastatin or 100 pM TDYA-CoA were firstly
added to the reaction mixture respectively. Then, 0.1 mM erucic
acid or 0.4 mM hexanoic acid or 0.8 mM acetate, 0.34 mM
defatted bovine serum albumin, and 1 mM carnitine were added
to start the reaction. After incubation at 37 °C for 30 min, the
reaction was terminated by the addition of ice cold perchloric acid.

Characteristics of the enzymes involved in cholesterol
synthesis

The activity of cytosolic AcAc-CoA thiolase was determined
spectrophotometrically by following the decrease in 300 nm
due to AcAc-CoA cleavage (49). The reaction mixture con-
tained 100 mM Tris—HCI (pH 8.0), 0.1 mM EDTA, 0.12 mM
AcAc-CoA, and 90 uM CoA. Cytosolic HMG-CoA synthase
activity was assayed according to the previous method by
following the decrease in 300 nm due to AcAc-CoA
consumption (50). The reaction system contained 100 mM
Tris—HCI (pH 8.0), 0.1 mM EDTA, 20 mM MgCl,, 50 uM
AcAc-CoA, and 0.2 mM acetyl-CoA. Liver microsomal
HMG-CoA reductase activity was assayed by a commercial kit
from Sigma. Cytosolic HMG-CoA lyase activity was measured
by incubation of the enzyme sample with HMG-CoA and
subsequent determination of the acetoacetate formed by a
hydroxybutyrate dehydrogenase method (51). The incubation
mixture consisted of 50 mM Tris—HCI buffer (pH 8.5), 5 mM
MgCl,, and 0.4 mM HMG-CoA. The assay of microsomal
squalene synthase activity was conducted, as described previ-
ously (49). The lipids were extracted with hexane and sepa-
rated by thin-layer chromatography developed with hexane.
The spots were scraped and measured by liquid scintillation
counting.

J. Biol. Chem. (2022) 298(2) 101572 9



Peroxisomal B-oxidation and cholesterol biosynthesis

Measurement of peroxisomal -oxidation

Peroxisomal B-oxidation was assayed in liver homogenate by
acyl-CoA dependent NAD" reduction in the presence of KCN
as developed by Lazarow PB (52), with 100 uM palmitoyl-CoA
as the substrate.

Measurement of plasma and liver MVA and squalene

The plasma and liver MVA concentrations were quantified
using previously described method (53). Free MVA was
converted to its lactone and extracted in hexane. The meva-
lonolactone was extracted into CH,Cl,-PrOH (9:1 v/v) and
purified by silica cartridge, then reconverted to free MVA and
its 3,5-bis(trifluoromethyl)benzyl ester. The trimethylsilyl
ether derivate was assayed by GC-MS.

Liver squalene was determined by HPLC-PAD method with
minor modification (54). Briefly, the saponification of squalene
was carried at 75 °C in 1 M KOH for 30 min. After that, the
squalene was extracted by petroleum ether and separated on
Cig column and then detected using photodiode array
detection.

Measurement of total and free cholesterol

Lipoprotein classes were separated using discontinuous
density gradient ultracentrifugation (55). After a slow start,
speed was increased to 100,000g for 19 h. The LDL and VLDL
fractions were collected, subjected to exhaustive dialysis
against 0.09% NaCl and 0.01% EDTA (24 h), and checked for
purity on agarose gel. Cholesterol was determined using
commercial kits according to the manufacturer’s instructions
(Boehringer Mannheim GmbH).

Quantitative real time PCR

Total RNA was extracted from liver tissues with TRIzol
reagent (Life Technologies Corporation). RNA was reverse-
transcribed with standard reagents (High Capacity Reverse
Transcription Kits, Applied Biosystems) using random
primers. Complementary DNA was amplified in a 7500 Fast
Real-time PCR System using 2 x SYBR Green Supermix
(Applied Biosystems). The following primers were used: acyl-
CoA oxidase-1, 5-TGGAGAGCCCTCAGC TATGG-3' (F)
and 5'-CGTTTCACCGCCTC GTAAG-3' (R); LC-acyl-CoA
synthetases-1, 5-GCAAGAACAGCTGAAGCCC-3' (F) and
5-AGGTGCCATTTGGCAGCCA-3' (R); L-BP, 5'-AAATA-
CAGAGATACCAGA AGCCG-3' (F) and 5'-AAGAAT CCCC
AGTGTGACTTC-3' (R); thiolase, 5'- CCTGACATCATGGG
CATCG-3' (F) and 5-A GTCAGCCCTGCTTTCTGCA-3
(R); peroxisomal ATP-binding cassette transporter D, 5'-
GGGCCTAAAGCAAC AGTCTCA-3' (F) and 5'-GGGCAAC
ATACACAGACAGGAA-3 (R); ACOT12, 5-GGAGATTAC
CACCACC TTGG-3' (F) and 5-TTCAACCTTAACAG ATA
TGGCATC3' (R); 18S rRNA, 5-GTTATGGTCTTTGGTCG
C-3' (F) and 5-CGTCTGCCCTATCAACTTTC-3' (R).
mRNA expression levels normalized to 18S rRNA were
expressed using the comparative delta CT method.
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Biochemical analysis

Liver-FFA concentration was determined using a colori-
metric kit based on ACS-ACOX method (Wako Pure Chem-
ical Corporation). Plasma and liver total cholesterol were
determined by a commercial kit from Sigma and performed
according to the manufacturer’s instructions. Acyl-CoA esters
from whole tissue samples or the preparations from subcel-
lular fractionation were extracted and determined according to
the method of Tubbs and Garland (56), the content of acetyl-
CoA and LC-acyl-CoA were analyzed from the acid-soluble
and acid-insoluble fractions respectively. Liver TAG was
extracted by the method of Bligh and Dyer (57) and deter-
mined using a commercial kit (Wako). Liver VLDL-C and
VLDL-TAG secretion rate was determined by the method, as
described previously (58). Briefly, mice were injected intrave-
nously with Triton WR1339 at 500 mg/kg, then blood samples
were taken at 0, 1, 2, 3, and 4 h after injection and VLDL was
isolated from serum by density gradient ultracentrifugation,
liver VLDL-C and VLDL-TAG secretion rate were calculated
from the slope of the curve and expressed as mg/dl/h. Liver
hydrogen peroxide, acetate, and citrate were determined using
commercial kits according to the manufacturer’s instructions
(Sigma). Liver malonyl-CoA was analyzed by HPLC, as
described previously (59). Liver and peroxisomal acetyl-CoA
was determined enzymatically using commercial assay kit
(Sigma). Liver acetyl-CoA carboxylase and citrate lyase was
determined using commercial kits (Solarbio). Acetyl-CoA
synthetase activity was determined spectrophotometrically, as
described previously (40). Liver and peroxisomal acetyl-
carnitine was assayed by a combined reaction catalyzed by
carnitine acetyl transferase, L-malate dehydrogenase, and cit-
rate synthase (60). Protein concentration was measured by
Bio-Rad DC protein assay kit (Hercules). The samples for
peroxisomal acetyl-CoA thioesterase assays were prepared
according to the method of Nakanishi (61). The isolated
peroxisomes were lysed with addition of 0.025% (v/v) Triton
X-100, and the incubation was warmed at 37 °C for 30 min
and after that, the activity was assayed. Peroxisomal ACOT12
was measured spectrophotometrically by determining the rate
of formation of CoASH from acetyl-CoA using DTNB (61, 62).
Peroxisomal CAT activity was assayed as described before with
acetyl-carnitine as a substrate (63).

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 test by SPSS
18.0. p < 0.05 was considered statistically significant.

Data availability

All data are contained within the article.
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