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levels in mice liver, hypothalamus,
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Oxysterols are bioactive lipids derived from cholesterol that are linked to inflammatory processes.
Because obesity and metabolic syndrome are characterized by inflammation and altered cholesterol
metabolism, we sought to investigate the variations of oxysterol levels and their metabolic pathways
induced by obesity in the liver, hypothalamus, adipose tissue and plasma. To this end, we used diet-

. induced and genetic (ob/ob and db/db) models of obesity. Among the oxysterols measured, we found

. that 43-oxysterol levels were consistently decreased in the high-fat diet study, at different time-

. points, and in the ob/ob model. Overall, we did not find any correlation between cytochromes mRNA
expression and variations of oxysterol levels. We also measured the levels of hepatic primary bile acids,
in these three models and found similar profiles between HFD and ob/ob mice. However, although they
are downstream metabolites of oxysterols, the variations in bile acid levels did not reflect the variations
of their precursors. Our data show that, when considering oxysterol metabolism, the high-fat diet and
ob/ob models are more closely related when compared to the db/db model. However, we were able to
discriminate between lean and obese phenotypes based on liver oxysterol (43-hydroxycholesterol,

27- hydroxycholesterol, 7-hydroxycholestenone) levels and enzyme (CYP3A11, CYP27A1, CYP7A1)
expression.

. Obesity is associated with comorbidities collectively known as the metabolic syndrome and represents one of
© the most alarming health issues of modern times!~>. Amongst other etiologies, a high-fat diet*° and cholesterol
metabolism are key players in the genesis of these disorders”®. Accordingly, a low HDL cholesterol level is one
of the five criteria clinically used to diagnose the presence of metabolic syndrome®!°. In this context, changes in
. cholesterol synthesis during obesity have been well studied, including as a means of treatment!. In contrast, the
. pathways leading to cholesterol catabolism are less documented. This is especially the case for the formation of
- oxidized derivatives of cholesterol, better known as oxysterols.
Oxysterols can be formed through enzymatic reactions, mainly involving the CYP 450 enzymes super-family,
. or they can be formed through non-enzymatic pathways!'?-!%. Their metabolism has been mainly documented in
* humans and only to a lesser extent in mice where the metabolic pathways of oxysterols are only partially charac-
. terized. These bioactive lipids were once considered as mere by-products of cholesterol catabolism, but nowadays
. their involvement in apoptosis or inflammatory processes'*~*%, as well as in conditions such as atherosclerosis or
: Alzheimer’s disease has been demonstrated'>!. Furthermore, the central role played by several oxysterols as reg-
ulators of cholesterol metabolism, upon liver X receptors (LXR) binding, is now well characterized*->,
: In light of the emerging role of these bioactive lipids in inflammation and metabolic syndrome**?*, we decided
. to study oxysterol levels and the expression of the main enzymes responsible for their metabolism in several mice
models of obesity and type 2 diabetes. Here, we first focused our attention on the liver and the hypothalamus
as they play key roles during obesity. Indeed, on the one hand, the liver is the main organ responsible for the
organism’s cholesterol metabolism and liver homeostasis is deeply affected by obesity?®. On the other hand, the
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Figure 1. Hypothalamic oxysterol levels and expression of their metabolic enzymes during the
development of diet-induced obesity. Schematic representation of the main metabolic steps involved in the
synthesis and degradation of the oxysterols measured throughout the HFD study in the hypothalamus. The
figure shows the variations in oxysterol levels and mRNA expression of their metabolic enzymes, compared to
the respective control mice, at the different time-points throughout the study. At each time-point (i.e. 1; 2; 4; 6;
8 and 16 weeks) a normal diet (control) and a high-fat group were sacrificed. Oxysterol levels were quantified by
HPLC-MS and mRNA enzyme expression was measured by qRT-PCR. Red color indicates an increase and blue
color indicates a decrease of the HFD group compared to control group. Data (mean =+ s.e.m) are reported in
Table S1. Student’s t-test between HFD group and the respective CTL group. *P < 0,01.

hypothalamus is the integration center of food intake and is also affected by obesity. Indeed, obesity is associated
with a disruption of the homeostasis in this part of the central nervous system, generating changes in the inflam-
matory tone and modifying the expression of several neuro-peptides involved in food intake?®?’. To try to explain
the changes we observed in the liver and hypothalamus, we also quantified the oxysterol levels in the plasma and
in the adipose tissue as the latter may serve as storage compartment. Finally, we also quantified the primary bile
acids as they represent the final step in cholesterol and oxysterol metabolism.

Results

Obese phenotype induced by the high-fat diet. In order to study the effect of obesity development on
the oxysterol levels, we randomly assigned 96 mice to either a control group (8 mice/group) or a diet-induced
obesity group (8 mice/group) and fed them with normal diet (control) or a high-fat diet (diet-induced obesity) for
1 week, 2 weeks, 4 weeks, 8 weeks or 16 weeks. At each time-point, a control group and a high-fat diet group were
sacrificed and studied. To characterize the obese phenotype induced by high-fat feeding, we performed time-do-
main NMR before sacrifice to quantify fat and lean masses®. After 1 week of high-fat feeding mice already show
a significant increase in weight as well as in their fat mass (Fig. SI 1a,b). As expected, the groups sacrificed after
longer periods of high-fat feeding display an increased weight and fat mass (Fig. SI 1a,b). To clearly illustrate the
presence of a hepatic steatosis after 16 weeks of high-fat diet, we measured the lipid content in the liver and found
it to be 3-fold higher than in control animals (Fig. SI 1d), this result was confirmed by histological analysis (Fig.
SI 1c). We also found increased plasmatic cholesterol, triglyceride and glucose contents in mice fed a high-fat
diet compared to their respective controls at week 16 (Fig. SI 1g). Invasion of the tissues by macrophages is a
characteristic of prolonged high-fat diet feeding. Here we found that the mRNA expression of F4/80, a myeloid
lineage marker expressed by macrophages or microglial cells, was significantly increased after 16 weeks of high-
fat diet in the liver (Fig. SI le) and in the hypothalamus (Fig. SI 1f). To further characterize the inflammatory tone
induced by the high-fat diet, we measured the expression of interleukin-6 (IL-6) and toll-like receptor 4 (TLR4)
in the liver and found both markers to be increased in the high-fat diet group at week 16 (Fig. SI 1e). As for the
hypothalamus, the inflammatory tone at week 16 is further demonstrated by the increased expression of IL-6 and
two markers of astrocytes activation i.e. glial fibrillary acidic protein (GFAP) and Serpina3n (Fig. SI 1f). These
last two markers indicate both an activation of astrocytes as well as astrogliosis which are associated with the
inflammation induced by a high-fat diet?**.

Hypothalamic oxysterol metabolism during a high-fat diet. Next, we quantified oxysterols in the
hypothalamus using a validated HPLC-MS method?'. We first looked at 24(S)-hydroxycholesterol (24(S)-OHC)
as it is the most abundant oxysterol in the central nervous system>? (Fig. SI 3b). We found no significant mod-
ification of its levels throughout our study (Fig. 1 and Table S1). 24(S)-OHC is synthesized by CYP46A1 and
is then either exported to the circulation or transformed into 7,24-dihydroxycholesterol (7c,24-diOHC)
by CYP39A1%*%*, In our time-course study, the high-fat diet did not affect CYP46A1 mRNA expression, but
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Figure 2. Hepatic oxysterol levels and expression of their metabolic enzymes during the development

of diet-induced obesity. Schematic representation of the main metabolic steps involved in the synthesis and
degradation of the oxysterols measured throughout the HFD study in the liver. The figure shows the variations
in oxysterol levels and mRNA expression of their metabolic enzymes, compared to the respective control

mice, at the different time-points throughout the study. At each time-point (i.e. 1; 2; 4; 6; 8 and 16 weeks) a
control and a high-fat group were sacrificed. Oxysterol levels were quantified by HPLC-MS and mRNA enzyme
expression was measured by qRT-PCR. Red color indicates an increase and blue color indicates a decrease of the
HFD group compared to control group. Data (mean £ s.e.m) are reported in Table S2. Student’s t-test between
HEFD group and the respective CTL group. *P < 0,01.

significantly increased the expression of CYP39A1 already after 1 week (Fig. 1 and Fig. SI 2a). The levels of
27-hydroxycholesterol (27-OHC), an oxysterol oxidized on the side-chain similarly to 24(S)-OHC, were not
affected by the diet at any of the selected time-points. Concerning the oxysterols oxidized on the sterol ring, we
noted a significant decrease of 7-hydroxycholesterol (7-OHC) levels for mice fed a high-fat diet at week 1 and week
2 followed by a normalization at the following time-points (Fig. 1 and Table S1). 7-OHC can be formed through
ROS dependent oxidation or through an enzymatic pathway involving CYP7A1%>%. However, we could not detect
any expression for CYP7A1 in the hypothalamus, consistent with its reported exclusive hepatic expression®.
7-OHC is thought to be further metabolized by CYP27A1, the expression of which is not affected by the high-fat
diet until later time-points (weeks 8 and 16) (Fig. 1 and Fig. SI 2a). The evolution of 5c,6cc-epoxycholesterol and
58,603 -epoxycholesterol levels in the high-fat fed mice follow similar patterns although the variations do not reach
statistical significance (Fig. 1 and Table S1). Thus, the most significant variations observed in the hypothalamus
were found for 403-hydroxycholesterol (43-OHC). Indeed, the levels do not differ from control’s until week 4
and then significantly decrease from week 6 to reach 40% of the control levels at week 16 (Fig. 1 and Table S1).
The enzyme responsible for 43-OHC synthesis in mouse central nervous system is yet to be identified. Indeed,
in humans CYP3A4 or CYP3AS5 are responsible for 43-OHC production, but the respective murine ortholog
CYP3A11 and CYP3A13% 8 are not expressed in the hypothalamus. Similarly to 7-OHC, 43-OHC is enzymat-
ically catabolized by CYP27A1, the expression of which is increased in the later time-points of our study (Fig. 1
and Fig. SI 2a). This could partly explain the decrease of 43-OHC levels at the same time-points. Of note, besides
hydroxylation, the elimination of oxysterols from the central nervous system is favored by the introduction of a
sulfate group on the 3-hydroxyl position by the cholesterol sulfotransferase (SULT2B1b)***. In our study, this
enzyme does not show any modification of its expression in the hypothalamus (Fig. SI 2a).

Hepatic oxysterol metabolism during a high-fat diet. 43-OHC is the most abundant oxysterol in
the liver (Fig. SI 3a). Here, we found that the high-fat diet causes a rapid decrease in the levels of this oxysterol,
decrease that was maximal after 16 weeks of high-fat feeding (Fig. 2 and Table S2). However, mRNA expres-
sion of both CYP3A11 and CYP27A1, the enzymes responsible for its production and degradation, was not
affected by the diet (Fig. 2 and Fig. SI 2b). The levels of the two epoxycholesterols, 5c,6a.-epoxycholesterol and
583,68-epoxycholesterol, as well as those of 25-hydroxycholesterol (25-OHC) were not affected by the high-fat
diet. Conversely, the levels of 7a-hydroxy-4-cholesten-3-one (7a-OHCnone), a key intermediate in the syn-
thesis of bile acids, are increased by the high-fat diet feeding (Fig. 2 and Table SI 2). In human, plasma levels of
7a-OHCnone are reported to correlate with hepatic CYP7A1 mRNA expression**? and interestingly we found
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Figure 3. Plasmatic oxysterol levels during the development of diet-induced obesity. Oxysterol levels were
quantified by HPLC-MS in mouse plasma of the diet-induced obesity model. At each time-point (i.e. 1;2; 4;
6; 8 and 16 weeks) a control and a high-fat group were sacrificed. The data are reported as percentage of each
respective control group (shown as a dotted line). Data are mean =+ s.e.m. Student’s t-test between HFD group
and the respective CTL group. *P < 0,05 and **P < 0,01 and ***P < 0,001.

an increased expression of CYP7A1 mRNA (Fig. 2 and Fig. SI 2b) in the liver during our time-course study allow-
ing us to establish a correlation between hepatic 7a.-OHCnone levels and the expression of CYP7A1 (Pearsons’
r = 0,66; p-value < 0,0001).

Because oxysterols are cholesterol derivatives, we wondered whether there is a correlation between the hepatic
cholesterol and oxysterol levels. The analysis of the data did not reveal any such correlation (data not shown). Of
note, when the oxysterol levels are normalized to the cholesterol content, rather than to the tissue weight, similar
variations induced by the high-fat diet were found (Table S3).

Obesity alters oxysterol levels in the plasma and the adipose tissue. We studied the oxysterol lev-
els in the plasma at each selected time-point of the high-fat diet model. Interestingly, similarly to what we found
in the liver and hypothalamus, we found a sustained decrease in the levels of 43-OHC from week 1 to week 16
(Fig. 3). Furthermore, we measured an increase in the plasmatic levels of 7a-OHCnone and 27-OHC at the later
time-points (Fig. 3). This is consistent with the increased levels of these two oxysterols found in the liver (Fig. 2).

Because, we observed a drastic decrease in the levels of 43-OHC in the liver, hypothalamus and plasma, we
wondered if this oxysterol could be stored in the adipose tissue as this tissue expands as soon as week one in the
high-fat diet mice. Therefore, we set out to measure the oxysterol profile in this tissue. Surprisingly, we evidenced
a marked and sustained decrease in 43-OHC levels at each time-point (Fig. 4). Thus, the adipose tissue does not
seem to store the 43-OHGC, in the settings of diet-induced obesity. Of note, we also measured opposite changes
in the levels of 7-OHC and 7-OHCone. Indeed while we found decreased levels of 7-OHC at weeks 2, 4, 6 and 8
we found increased amounts of its metabolite 7-OHCone at the same time-points (Fig. 4). Finally, we measured
a decrease at the two later time-points for adipose levels of 25-OHC and a decrease in adipose levels of 27-OHC
at every time-points except at week 1 (Fig. 4). As for the liver, we found similar results when normalizing the data
to the cholesterol levels (Table S3).

Oxysterol metabolism in genetic models of obesity. Since oxysterol levels were altered during the
course of the high-fat diet study, we wondered if similar variations could be observed in a genetic model of obe-
sity, therefore we quantified oxysterols in hypothalami and livers of db/db and ob/ob mice. In the hypothalamus,
similarly to the high-fat diet study, we found no variation in 24(S)-OHC levels between the db/db mice and their
lean control (db/lean) littermates (Fig. SI 4a). However, we did not observe the decrease in 43-OHC levels that
was found in the high-fat diet mice. Another difference between the high-fat diet model and the db/db model is
apparent when looking at the hypothalamic levels of 27-OHC which are decreased in the db/db mice compared
to the db/lean (Fig. SI 4a). This decrease could be, at least in part, ascribed to an increased mRNA expression of
CYP7B1 and CYP39A1 (Fig. SI 4a). Finally, we found a higher SULT2B1b mRNA expression in the hypothalamus
of db/db mice compared to db/lean mice (Fig. SI 4a) suggesting an increased elimination of oxysterols through
the sulfotransferase mechanism.

In the liver of db/db mice, we detected a significant increase in the levels of 25-OHC, 27-OHC and
7a-OHCnone when compared to the db/lean mice (Fig. SI 4b). We also measured a decrease of about 40% of
the 5a,6a-epoxycholesterol (Fig. SI 4b). Regarding the metabolism of the oxysterols measured here, there is no
direct correlation between the mRNA expression levels of the enzyme involved in their metabolism and their
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Figure 4. Adipose tissue oxysterol levels during the development of diet-induced obesity. Oxysterol levels
were quantified by HPLC-MS in mouse subcutaneous adipose tissue of the diet-induced obesity model. At each
time-point (i.e. 15 2; 4; 6; 8 and 16 weeks) a control and a high-fat group were sacrificed. The data are reported
as percentage of each respective control group (shown as a dotted line). Data are mean + s.e.m. Student’s t-test
between HFD group and the respective CTL group. *P < 0,05 and **P < 0,01 and ***P < 0,001.

levels. Indeed, the mRNA levels of cholesterol-25-hydroxylase (chol-25-OHase) and CYP7BI, responsible for the
synthesis and catabolism, respectively, of 25-OHC, are both slightly increased (Fig. SI 4b).

Concerning the ob/ob mice, the levels of 43-OHC are decreased in the liver of obese mice compared to their
lean littermates (Fig. 5a) similarly to what was found in the diet-induced obesity model. Conversely, and as
observed with the db/db mice, the levels of 25-OHC and 27-OHC are increased in the 0b/ob mice compared
to their lean control (ob/lean) (Fig. 5a). Although the expression of chol-25-OHase was not increased, part
of the increased levels of 25-OHC could be explained by the drastic decrease in CYP7B1 mRNA expression
(Fig. SI5). Another similarity between the two genetic models of obesity can be found in the decreased levels of
5a,6a-epoxycholesterol (Fig. 5a), which is one of the main ROS-derived cholesterol metabolites**. Regarding
OHC plasmatic levels in the ob/ob model, as observed in the diet-induced obesity model, we measured an
increase in the levels of 7-OHCnone and 27-OHC (Fig. 5b). Finally, the OHC profile in the adipose tissue of the
ob/ob model displays a significant decrease in 43-OH and 27-OHC levels (Fig. 5¢) further supporting the notion
that the adipose tissue does not act as storage compartment for these oxysterols.

Primary bile acid levels are altered during obesity. Oxysterols are bioactive lipids belonging to an
important metabolic pathway with bile acids as downstream metabolites. Thus, we compared the levels of hepatic
bile acids in the two genetic models of obesity and at week 16 of the diet-induced obesity model. The levels of
cholic acid (CA) and muricholic acid (MCA) were decreased both in mice fed a high-fat diet and in 0b/0b mice
when compared to their respective control groups (Fig. 6a,b). We also observed a significant decrease of taurode-
oxycholic acid (TDCA) and tauromuricholic acid (TMCA) in the liver of the 0b/0b mice (Fig. 6b). However, there
is no significant variation in bile acids levels in the db/db mice model (Fig. SI 4c).

Finally, to have a more complete picture of the changes induced by the high-fat feeding on the bile acid metab-
olism, we also measured the primary bile acid levels in the gallbladder of control and high-fat fed mice (at week
16). We found similar variations than those observed in the liver (Fig SI 6).

Discussion

In our study, we sought to investigate the levels of key lipid mediators, namely the oxysterols, in models of obe-
sity, either diet-induced or from genetic origins. Therefore we characterized the most abundant oxysterols in the
liver, hypothalamus and adipose tissue, three organs greatly affected during metabolic syndrome, as well as in the
plasma.

Although cytochromes are the key enzymes in the metabolism of oxysterols, we did not find any correlation
between the changes in expression of these enzymes and the variation in oxysterols levels. To date, the biochem-
ical tool of choice to study CYP enzymes in tissues is the study of their mRNA expression through RT-qPCR*+*,
As mentioned, we could not observe a clear relation between oxysterol levels and enzymes mRNA expression
levels. This observation can be partly explained by the complexity of oxysterol metabolic pathways. Indeed, a
given cytochrome P450 has multiple oxysterols as substrates, and a given oxysterol can be metabolized by several
cytochromes (Figs 1 and 2).

The question remains on how 43-OHC and 7-OHC can be present in the hypothalamus since the main
enzymes responsible for their production in mice (CYAP3A11 and CYP7A1, respectively) are not expressed
in this tissue. Several hypotheses, not mutually exclusive, could explain this phenomenon. As oxysterol metab-
olism in mice is less characterized than in humans, it is possible that other cytochromes (or enzymes) than
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Figure 5. Oxysterol levels in the liver, plasma and adipose tissue of the ob/ob genetic model of obesity.
Oxysterol levels were quantified by HPLC-MS in (a) the liver, (b) the plasma and (c) the adipose tissue in the
ob/ob model. The data are reported as percentage of the control group (ob/lean) (shown as a dotted line). Data
are mean =+ s.e.m.; student’s t-test between ob/ob group and the ob/lean group *P < 0,05 and **P < 0,01 and
P < 0,001.

the CYAP3A11 and CYP7AL1 could synthetize 43-OHC and 7-OHC. Another possibility is the crossing of the
blood-brain barrier by the oxysterols. For instance it was shown that 27-OHC is able to enter the brain from
the periphery*®. Another possibility, at least for 43-OHC, is that it comes from another part of the CNS where
CYP3A11 is expressed. For instance, we found expression of the CYP3A11 in the hindbrain of these mice. Finally,
it is also well established that beside enzymatic formation, ring substituted oxysterols can be endogenously
formed through ROS oxidation'*.

Cholesterol is prone to oxidation and thus increased tissue cholesterol levels could result in higher levels of
non-enzymatically produced oxysterols. Here we found increased hepatic cholesterol levels in the three models of
obesity (Fig. SI 1h-j). Interestingly however, 5a,6c-epoxycholesterol and 583,63-epoxycholesterol, i.e. two major
products of non-enzymatic cholesterol oxidation, were not increased in obese animals. Furthermore, we did not
find any correlation between the hepatic levels of cholesterol and oxysterols.

Because the diet could be a source of oxysterols, we compared the levels of oxysterols in the normal and
high-fat diets. We found higher levels of 43-OHC, 25-OHC and 27-OHC in the high-fat diet, whereas the levels of
7-OHC, 5a,6cx-epoxycholesterol and 503,63-epoxycholesterol were similar to those measured in the normal diet
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Figure 6. Obesity alters the hepatic levels of bile acids. Cholic acid (CA), glycocholic acid (GCA), taurocholic
acid (TCA), taurodeoxycholic acid (TDCA), tauromuricholic acid (TMCA) and muricholic acid (MCA) levels
were quantified by HPLC-MS in the liver of (a) the HFD mice at week 16 and their respective control group and
(b) the ob/ob mice and their respective control. The data are reported as percentage of the respective control
group (shown as a dotted line). Data are mean = s.e.m.; student’s t-test between groups *P < 0,05 and **P < 0,01.

(Fig. SI 7). However the changes found in the plasma after 1 week of high-fat diet did not reflect the differences in
oxysterol content of the diets. For instance 27-OHC is more abundant in the high-fat diet when compared to the
normal diet (Fig. SI 7), but it is not increased in the plasma of the diet-induced obesity mice after 1 week of diet.
Thus, it is unlikely that the oxysterols present in the diets directly contributed to the variations of oxysterol levels
detected in the tissues. Taken together, these elements indicate that the variations in oxysterol levels that we found
in obesity are mainly due to changes in oxysterols’ metabolic pathways.

As we found marked alterations in hepatic oxysterol levels in the three models of obesity, we performed a hier-
archical clustering analysis to investigate whether we could distinguish between lean and obese subjects. We chose
to use the three oxysterols that showed the more marked variations, namely 43-OHC, 27-OHC and 7a-OHCnone
as well as the three main enzymes involved in their respective synthesis, CYP3A11, CYP27A1 and CYP7AL. This
analysis associates the two mice showing the most similarities into a same cluster. Then this new formed cluster
is merged with the closest cluster (most similar cluster). Thus, the dendrogram obtained displays the hierarchical
ordering of data or mice. Even though the three models of obesity used showed differences regarding oxysterol
levels and oxysterol metabolism, this statistical analysis enabled us to discriminate, almost perfectly, between a
“lean” phenotype (comprised of the control mice of the high-fat diet study at week 16, the db/lean mice and the
ob/lean mice) and an “obese” phenotype (comprised of the high-fat diet mice at week 16, the db/db mice and the
ob/ob mice) (Fig. SI 8).

Oxysterols are further transformed, through CYP 450 action, into primary bile acid which are more hydro-
philic and are destined to be secreted by hepatocytes hence forming part of the biliary secretion. In the ob/ob
model, we found decreased levels of cholic acid (CA) and taurodeoxycholic acid (TDCA), two bile acids derived
from the classic pathway, as well as a decrease of muricholic acid (MCA) and tauromuricholic acid (TMCA), two
bile acids resulting from the alternative pathway, in the liver of the obese mice. We also found a decreased mRNA
expression of CYP7A1 and CYP27A1, the rate limiting enzyme of the classic pathway and the first enzyme of the
alternative pathway of bile acid synthesis, respectively*’*8. Concerning the high-fat diet mice at week 16, because
they show an increase in CYP7AL1 expression, we would expect an increase in bile acids derived from the clas-
sic pathway. However we found decreased hepatic levels of CA and TDCA. We, therefore, hypothesized that a
down-regulation of the expression of CYP8B1, an enzyme downstream of CYP7A1, could be involved. And, sur-
prisingly, we found that the expression of CYP8BI is increased (3,1-fold increase; p-value of 0,0033). This could
suggest that bile acid levels are decreased in the liver, even though their synthesis seems to be increased, because
their hepatobiliary excretion is increased®. To assess this hypothesis, we measured the bile acid levels in the gall-
bladder of the diet-induced obesity model at week 16 (Fig. SI6). We found the same trends in bile acid variations
in both liver and gallbladder (decreased levels of CA and MCA). Therefore, with the increased 7a-OHCnone
hepatic levels, increased CYP8BI expression and decreased levels of bile acids in both liver and gallbladder, a
remaining possibility could be a decreased reabsorption of bile acids in diet-induced obesity in mice.

SCIENTIFICREPORTS | 6:19694 | DOI: 10.1038/srep19694 7



www.nature.com/scientificreports/

Finally, from a translational point of view, it is interesting to mention that it was also recently found that
4f3-OHC plasma levels were decreased in human obese patients®. Thus this decrease in 43-OHC seems to be
a general feature of obesity. Interestingly, this is inversely associated with the content of 43-OHC in the diet of
mice, thereby reinforcing the involvement of endogenous metabolic pathways. However, the precise role(s) and
putative mechanism(s) of action of 43-OHC remain to be elucidated. Among the possible mechanisms, oxysterols
are ligands of the nuclear receptors LXR avand 3. These receptors play a central role in the cholesterol homeostasis
by modulating the expression of genes involved in cholesterol absorption, uptake or biosynthesis®!. LXRs are also
known as modulators of inflammatory tone. Indeed, upon activation, they have been shown to repress the expres-
sion of several pro-inflammatory genes®>>. However, the various effects of oxysterols are not only restricted
to LXRs activation. Indeed, 27-OHC has been recently identified as an endogenous selective estrogen receptor
modulator (SERM). Oxysterols can also act through Epstein-Barr virus induced gene 2 (aka EBI2 or GPR183) and
modulate inflammation notably in viral infection®** or act through other nuclear receptors, such as the retinoic
acid receptor-related orphan receptors (RORs)***”. The complexity and multiplicity of the pathways mediating
the effects of oxysterols are, of course, difficult to unravel. Therefore, it is crucial to first characterize the profile of
oxysterol species in a specific pathophysiological setting.

Taken together, our findings show an altered oxysterol metabolism in obesity settings. Interestingly, these
alterations were partly different depending on the model of obesity considered. Nevertheless, one of the most
striking findings of this work is the marked and persistent decrease of 43-OHC hepatic hypothalamic, plasmatic
and adipose tissue levels throughout the high-fat diet time course study. The same decrease was also found in the
liver and adipose tissue of the 0b/ob mice. As the properties and physiopathological relevance of this oxysterol
remain poorly documented further studies are warranted to fully unravel the potential of 43-OHC, and of other
oxysterols, during obesity.

Materials and Methods

Animals and diets.  High-fat diet model: Nine weeks old male C57BL/6 mice (Charles River) were housed in
a controlled environment (12-h day light cycle, lights-off at 6 pm, controlled temperature and humidity). Upon
arrival, they were split into twelve groups of eight mice each (4 mice/cage) and acclimated for one week. Then,
six of these groups were given free access to a standard diet (AIN 93-M, Research Diets, New Brunswick, USA)
and the remaining six groups were given free access to a high-fat diet (D12492, Research Diets, New Brunswick,
USA). Of note, cholesterol content in the standard and high-fat diet was 28mg/kg and 280 mg/kg, respectively.
The percentage of kcal derived from fat, carbohydrate and protein as well as the fatty acid composition of both
diets are reported in Table S5 (according to the manufacturer). For this experiment, one group under standard
diet and one group under high-fat diet were euthanized at each selected time-point (i.e. after 1, 2, 4, 6, 8 and 16
weeks). Three hours prior to the sacrifice, mice body composition in terms of fat and lean masses was determined
using a 7,5-MHz time-domain NMR (LF50 Minispec; Bruker, Rheinstetten, Germany).

Genetic models of obesity were also used in this study. Thus, obese (B6.V-Lepob/] mice) and diabetic (BKS.
Cg-m+/+ Leprdb/]) mice (from the Jackson Laboratory) and their respective lean controls were housed in the
same controlled environment and given free access to the standard diet (A04, Villemoisson sur Orge, France).

Mice were anesthetized using isoflurane after a 6h fasting period and blood collected from the portal vein.
Mice were then sacrificed by cervical dislocation. Tissues were collected, snap-frozen in liquid nitrogen and
stored at —80 °C until further analysis.

The study was performed in accordance with the European recommendation 2007/526/CE (which was trans-
formed into the Belgian Law of May 29, 2013), regarding the protection of laboratory animals. The animal experi-
mentation ethics committee from the Université catholique de Louvain approved the protocol of the study (study
agreement 2010/UCL/MD/022; lab agreement LA1230314).

RNA preparation and RT-qPCR analysis. Total RNA from tissues was extracted using TriPure® reagent
(Roche, Basel, Switzerland) according to the manufacturer’s instructions. cDNA was synthesized using an RT
kit (Promega, GoScript™ Reverse Transcription System) from 1pg of total RNA. qPCR was performed with a
StepOnePlus instrument and software (Applied Biosystems, Foster City, CA, USA). PCR reactions were run using
a SYBR Green mix (Promega, GoTaq® qPCR Master Mix). Each sample was measured in duplicate during the
same run. The following conditions were used for amplification: an initial holding stage of 10 min at 95°C, then
45 cycles consisting of denaturation at 95°C for 3 s, annealing at 60 °C for 26 s, and extension at 72 °C for 10 s.
Products were analyzed by performing a melting curve at the end of the PCR reaction. Data are normalized to the
60S ribosomal protein L19 (RPL19) mRNA expression®. The sequences of the primers used are listed in table 1.
All the primers used are intron-skipping except for CYP8B1 and Chol250Hase as there is only one coding exon.

Oxysterols quantification. We used a HPLC-MS method we recently developed and validated that allows
for the quantification of the endogenous oxysterols while avoiding the artefactual formation of oxysterols from
cholesterol®!. Of note, for the hypothalamus, oxysterol quantification was performed on the same samples used
for RT-qPCR. Following the RNA extraction, the remaining chloroform fraction was added into a glass vial con-
taining dichloromethane-methanol-bi-distilled water (4:2:1; v/v/v). d,-43-hydroxycholesterol (133.3 pmol) and
d;-24-hydroxycholesterol (200 pmol) were added as internal standards. Tissues were directly homogenized in a
glass vial containing 8 mL dichloromethane. Internal standards were then added. The same proportion (4:2:1;
v/v/v) in the extraction mixture was achieved by adding methanol and bi-distilled water to the vials. For all tis-
sues, 10 pg of butylated hydroxytoluene (BHT) and 20 ng of EDTA were added to the mixture to avoid artefact
generation due to cholesterol oxidation during the procedure. Vials were then shaken vigorously and sonicated.
After centrifugation, the organic phase was recovered and evaporated under a nitrogen stream to minimize the
risk of oxidation. Oxysterols were pre-purified by solid-phase extraction (SPE). Cholesterol was eliminated using
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Gene Forward Primer (5'-3") Reverse Primer (5'-3")
Chol250Hase CTGACCTTCTTCGACGTGCT GGGAAGTCATAGCCCGAGTG
CYP3A1l GAAGCATTGAGGAGGATCACA GTGCCTAAAAATGGCAGAGG
CYP7A1 GGGATTGCTGTGGTAGTGAGCTG GGTATGGAATCAACCCGTTGTC
CYP7B1 TAGGCATGACGATCCTGAAA TCTCTGGTGAAGTGGACTGAAA
CYP27A1 GGCTACCTGCACTTCCT CTGGATCTCTGGGCTCTTTG
CYP39A1 TGGTGGAGACGGAAACAC AGAATGGAGACAACATCAGCA
CYP46A1 ATGAGGTTGTCGGTTCCAAG AGGTGCTGAACAGGAGAGGA
CYP8B1 GATCCGTCGCGGAGATAAGG CGGGTTGAGGAACCGATCAT
F4/80 TGACAACCAGACGGCTTGTG CAGGCGAGGAAAAGATAG
GFAP TTCGCACTCAATACGAGGCA CTCCAGATCGCAGGTCAAG
IL-6 ACAAGTCGGAGGCTTAATTACACAT TTGCCATTGCACAACTCTTTTC
RPL 19 TGACCTGGATGAGAAGGATGAG CTGTGATACATATGGCGGTCAATC
Serpina3n GGACATTGATGGTGCTGGTGAAT CTCCTCTTGCCCGCGTAGAA
SULT2B1b GCTCCAAGGCTAAGGTGATTT TGAAGGAACTGGTCGGGTGT
TLR4 TGCAGAAAATGCCAGGATGATG AACTACCTCTATGCAGGGATTCAAG

Table 1. Primer sequences.

hexane-isopropanol, after which the oxysterols were eluted by increasing the proportion of isopropanol. The
oxysterol fraction was analyzed by HPLC-MS using a LTQ-Orbitrap mass spectrometer (ThermoFisher Scientific)
coupled to an Accela HPLC system (ThermoFisher Scientific). Analyte separation was achieved using a C-18
Supelguard pre-column and a kinetex LC-18 column (5um, 4.6 X 150 mm) (Phenomenex). Mobile phases A
and B were composed of MeOH-H,O-acetic acid 75:25:0.1 (v/v/v) and MeOH-acetic acid 100:0.1 (v/v), respec-
tively. The gradient (0.4 mL/min) was designed as follows: transition from 100% A to 100% B linearly over
15 min, followed by 10 min at 100% B and subsequent re-equilibration at 100% A. We performed MS analysis
in the positive mode with an APCI ionization source. The oxysterols were quantified by isotope dilution using
d;-24-hydroxycholesterol for those oxidized on the lateral chain and d,-43-hydroxycholesterol for those oxidized
on the sterol backbone. The data were normalized by tissue samples weight.

Bile acids quantification. To measure bile acid content, tissue samples were homogenized in 600 pl of
ice-cold distilled water and proteins precipitated using acetone. Concerning the gallbladder, 5l of its content
were homogenized in 100 ul of ice-cold distilled water and the proteins precipitated using acetone. The sam-
ples were next centrifuged and the supernatant evaporated to dryness. The resulting residue was analyzed by
HPLC-MS using a LTQ-Orbitrap mass spectrometer (ThermoFisher Scientific) coupled to an Accela HPLC
system (ThermoFisher Scientific). Analyte separation was performed on a C-18 Supelguard pre-column
and a kinetex LC-18 column (5pm, 4.6 x 150 mm) (Phenomenex). Mobile phases A and B were composed of
MeOH-H,0-ammonium hydroxide 50:50:0.1 (v/v/v) and MeOH-ammonium hydroxide 100:0.1 (v/v) respec-
tively. The gradient (0.4 mL/min) was as follows: transition from 100% A to 60% and 40% A and B linearly over
15min. B increases then gradually to achieve 100% 4 min later and kept at that level for and an additional 10 min
before re-equilibration at 100% A. We performed MS analysis in the negative mode with an ESI ionization source.
Data are expressed as percentage of control condition and were normalized by tissue samples weight.

Glucose, triglycerides and total cholesterol content. Plasma glucose, total cholesterol and triglycer-
ides were quantified using an enzymatic reaction coupled with a spectrophotometric detection of the end-product
(DiaSys Diagnostic and Systems, Holzheim, Germany). The same kits were used to quantify the total choles-
terol content of the liver and subcutaneous adipose tissue as well as the triglycerides content of the liver after a
chloroform-methanol lipid extraction®.

Histology. Paraffin-embedded mouse liver sections of 2jum were deparaffinized in toluene and then rehy-
drated in baths of decreasing ethanol content. Coloration was performed using Mayer’s hematoxylin and eosin.
Slides were mounted with DPX mounting media (Merck Millipore) and scanned with a Leica SCN400 Slide
Scanner. The images obtained were analyzed using Image] software (http://imagej.nih.gov/ij/).

Statistical analysis. For the high-fat diet study, at each selected time-points, the high-fat diet group was
compared to its respective control (CTL) group. Data are presented as mean &= SEM. Statistical analysis were
performed using GraphPad Prism version 5.0 for Windows (San Diego, CA). We used the two tailed Student’s
t-test for unpaired values to compare two groups and when relevant we used the Mann-Whitney test. Statistical
significance was taken when p < 0.05. The hierarchical cluster analysis using Ward method was performed using
JMP®, Version 11 (SAS Software). This analysis was conducted on the control and HFD mice of the diet-induced
obesity model at week 16 and on the mice of the two genetic models of obesity.

References
1. Gortmaker, S. L. et al. Changing the future of obesity: science, policy, and action. Lancet 378, 838-847 (2011).
2. Grieve, E., Fenwick, E., Yang, H. C. & Lean, M. The disproportionate economic burden associated with severe and complicated
obesity: a systematic review. Obes. Rev. 14, 883-894 (2013).

SCIENTIFICREPORTS | 6:19694 | DOI: 10.1038/srep19694 9


http://imagej.nih.gov/ij/

www.nature.com/scientificreports/

10.

11.
12.

13.
. Murphy, R. C. & Johnson, K. M. Cholesterol, reactive oxygen species, and the formation of biologically active mediators. J. Biol.

15.
16.
17.
18.

19.
20.

21.

22.
23.

24.
25.
. Myers, M. G., Jr. & Olson, D. P. Central nervous system control of metabolism. Nature 491, 357-363 (2012).
27.
28.

29.
30.

31.
32.
33.
34.
35.

36.
. McLaughlin, L. A., Dickmann, L. J., Wolf, C. R. & Henderson, C. J. Functional expression and comparative characterization of nine

38.
39.
40.
41.
42.

43.
44.

45.

46.

. Guh, D. P. et al. The incidence of co-morbidities related to obesity and overweight: a systematic review and meta-analysis. BMC.

Public Health 9, 88 (2009).

. Buettner, R., Scholmerich, J. & Bollheimer, L. C. High-fat diets: modeling the metabolic disorders of human obesity in rodents.

Obesity. (Silver. Spring) 15, 798-808 (2007).

. Fraulob, J. C., Ogg-Diamantino, R., Fernandes-Santos, C., Aguila, M. B. & Mandarim-de-Lacerda, C. A. A Mouse Model of

Metabolic Syndrome: Insulin Resistance, Fatty Liver and Non-Alcoholic Fatty Pancreas Disease (NAFPD) in C57BL/6 Mice Fed a
High Fat Diet. J. Clin. Biochem. Nutr. 46, 212-223 (2010).

. Unger, R. H,, Clark, G. O,, Scherer, P. E. & Orci, L. Lipid homeostasis, lipotoxicity and the metabolic syndrome. Biochim. Biophys.

Acta 1801, 209-214 (2010).

. Lupattelli, G., De, V. S. & Mannarino, E. Patterns of cholesterol metabolism: pathophysiological and therapeutic implications for

dyslipidemias and the metabolic syndrome. Nutr. Metab Cardiovasc. Dis. 21, 620-627 (2011).

. Van Rooyen, D. M. et al. Pharmacological cholesterol lowering reverses fibrotic NASH in obese, diabetic mice with metabolic

syndrome. J. Hepatol. 59, 144-152 (2013).

. Cerezo, C., Segura, J., Praga, M. & Ruilope, L. M. Guidelines updates in the treatment of obesity or metabolic syndrome and

hypertension. Curr. Hypertens. Rep. 15, 196-203 (2013).

Hoenig, M. R,, Kostner, K. M., Read, S. J., Walker, P. ]. & Atherton, J. J. Implications of the obesity epidemic for statin therapy:
shifting cholesterol metabolism to a high synthesis and low dietary absorption state. Endocr. Metab Immune. Disord. Drug Targets.
7, 153-166 (2007).

Wang, H. & Peng, D. Q. New insights into the mechanism of low high-density lipoprotein cholesterol in obesity. Lipids Health Dis.
10, 176 (2011).

Leonarduzzi, G., Sottero, B. & Poli, G. Oxidized products of cholesterol: dietary and metabolic origin, and proatherosclerotic effects
(review). J. Nutr. Biochem. 13, 700-710 (2002).

Brown, A. J. & Jessup, W. Oxysterols and atherosclerosis. Atherosclerosis 142, 1-28 (1999).

Chem. 283, 15521-15525 (2008).

Lemaire-Ewing, S., Lagrost, L. & Neel, D. Lipid rafts: a signalling platform linking lipoprotein metabolism to atherogenesis.
Atherosclerosis 221, 303-310 (2012).

Olsen, B. N., Schlesinger, P. H., Ory, D. S. & Baker, N. A. Side-chain oxysterols: from cells to membranes to molecules. Biochim.
Biophys. Acta 1818, 330-336 (2012).

Vejux, A. & Lizard, G. Cytotoxic effects of oxysterols associated with human diseases: Induction of cell death (apoptosis and/or
oncosis), oxidative and inflammatory activities, and phospholipidosis. Mol. Aspects Med. 30, 153-170 (2009).

Lordan, S., Mackrill, J. J. & O’Brien, N. M. Oxysterols and mechanisms of apoptotic signaling: implications in the pathology of
degenerative diseases. J. Nutr. Biochem. 20, 321-336 (2009).

Vaya, J. & Schipper, H. M. Oxysterols, cholesterol homeostasis, and Alzheimer disease. J. Neurochem. 102, 1727-1737 (2007).
Jakobsson, T., Treuter, E., Gustafsson, J. A. & Steffensen, K. R. Liver X receptor biology and pharmacology: new pathways, challenges
and opportunities. Trends Pharmacol. Sci. 33, 394-404 (2012).

Torocsik, D., Szanto, A. & Nagy, L. Oxysterol signaling links cholesterol metabolism and inflammation via the liver X receptor in
macrophages. Mol. Aspects Med. 30, 134-152 (2009).

Bjorkhem, I. Do oxysterols control cholesterol homeostasis? J. Clin. Invest 110, 725-730 (2002).

Murdolo, G. et al. Lipokines and oxysterols: novel adipose-derived lipid hormones linking adipose dysfunction and insulin
resistance. Free Radic. Biol. Med. 65, 811-820 (2013).

Wooten, J. S. et al. The Influence of an Obesogenic Diet on Oxysterol Metabolism in C57BL/6] Mice. Cholesterol. 2014, 843468
(2014).

Tall, A. R. & Yvan-Charvet, L. Cholesterol, inflammation and innate immunity. Nat. Rev. Immunol. 15, 104-116 (2015).

Dieguez, C., Vazquez, M. J., Romero, A., Lopez, M. & Nogueiras, R. Hypothalamic control of lipid metabolism: focus on leptin,
ghrelin and melanocortins. Neuroendocrinology 94, 1-11 (2011).

Everard, A. et al. Cross-talk between Akkermansia muciniphila and intestinal epithelium controls diet-induced obesity. Proc. Natl.
Acad. Sci. USA 110, 9066-9071 (2013).

Zamanian, J. L. et al. Genomic analysis of reactive astrogliosis. J. Neurosci. 32, 6391-6410 (2012).

Dorfman, M. D. & Thaler, J. P. Hypothalamic inflammation and gliosis in obesity. Curr. Opin. Endocrinol. Diabetes Obes. 22, 325-330
(2015).

Mutemberezi, V., Masquelier, J., Guillemot-Legris, O. & Muccioli, G. G. Development and validation of an HPLC-MS method for
the simultaneous quantification of key oxysterols. Anal Bioanal. Chem. In Press (2015) doi:10.1007/s00216-015-9150-z.

Meljon, A., Wang, Y. & Griffiths, W. J. Oxysterols in the brain of the cholesterol 24-hydroxylase knockout mouse. Biochem. Biophys.
Res. Commun. 446, 768-774 (2014).

Lund, E. G., Guileyardo, ]. M. & Russell, D. W. cDNA cloning of cholesterol 24-hydroxylase, a mediator of cholesterol homeostasis
in the brain. Proc. Natl. Acad. Sci. USA 96, 7238-7243 (1999).

Li-Hawkins, J., Lund, E. G., Bronson, A. D. & Russell, D. W. Expression cloning of an oxysterol 7alpha-hydroxylase selective for
24-hydroxycholesterol. J. Biol. Chem. 275, 16543-16549 (2000).

Mast, N. et al. Cholesterol binding to cytochrome P450 7A1, a key enzyme in bile acid biosynthesis. Biochemistry 44, 3259-3271
(2005).

Russell, D. W. The enzymes, regulation, and genetics of bile acid synthesis. Annu. Rev. Biochem. 72, 137-174 (2003).

murine cytochromes P450 by fluorescent inhibition screening. Drug Metab Dispos. 36, 1322-1331 (2008).

Nelson, D. R. et al. Comparison of cytochrome P450 (CYP) genes from the mouse and human genomes, including nomenclature
recommendations for genes, pseudogenes and alternative-splice variants. Pharmacogenetics 14, 1-18 (2004).

Fuda, H,, Javitt, N. B., Mitamura, K., Ikegawa, S. & Strott, C. A. Oxysterols are substrates for cholesterol sulfotransferase. J. Lipid Res.
48, 1343-1352 (2007).

Falany, C. N. & Rohn-Glowacki, K. J. SULT2B1: unique properties and characteristics of a hydroxysteroid sulfotransferase family.
Drug Metab Rev. 45, 388-400 (2013).

Bertolotti, M. et al. Correlation between plasma levels of 7alpha-hydroxy-4-cholesten-3-one and cholesterol 7alpha-hydroxylation
rates in vivo in hyperlipidemic patients. Steroids 73, 1197-1202 (2008).

Galman, C., Arvidsson, I., Angelin, B. & Rudling, M. Monitoring hepatic cholesterol 7alpha-hydroxylase activity by assay of the
stable bile acid intermediate 7alpha-hydroxy-4-cholesten-3-one in peripheral blood. J. Lipid Res. 44, 859-866 (2003).

Tuliano, L. Pathways of cholesterol oxidation via non-enzymatic mechanisms. Chem. Phys. Lipids 164, 457-468 (2011).

Tajima, M. et al. Consumption of a high-fat diet during pregnancy changes the expression of cytochrome P450 in the livers of infant
male mice. Biol. Pharm. Bull. 36, 649-657 (2013).

Kusunoki, Y. et al. Hepatic early inflammation induces downregulation of hepatic cytochrome P450 expression and metabolic
activity in the dextran sulfate sodium-induced murine colitis. Eur. J. Pharm. Sci. 54, 17-27 (2014).

Heverin, M. et al. Crossing the barrier: net flux of 27-hydroxycholesterol into the human brain. J. Lipid Res. 46, 1047-1052 (2005).

SCIENTIFICREPORTS | 6:19694 | DOI: 10.1038/srep19694 10



www.nature.com/scientificreports/

47. Fuchs, M. Bile acid regulation of hepatic physiology: III. Regulation of bile acid synthesis: past progress and future challenges. Am.
J. Physiol Gastrointest. Liver Physiol 284, G551-G557 (2003).

48. de Aguiar Vallim, T. Q, Tarling, E. ]. & Edwards, P. A. Pleiotropic roles of bile acids in metabolism. Cell Metab 17, 657-669 (2013).

49. Halilbasic, E., Claudel, T. & Trauner, M. Bile acid transporters and regulatory nuclear receptors in the liver and beyond. J. Hepatol.
58, 155-168 (2013).

50. Tremblay-Franco, M. et al. Effect of obesity and metabolic syndrome on plasma oxysterols and fatty acids in human. Steroids 99,
287-292 (2015).

51. Faulds, M. H., Zhao, C. & Dahlman-Wright, K. Molecular biology and functional genomics of liver X receptors (LXR) in relationship
to metabolic diseases. Curr. Opin. Pharmacol. 10, 692-697 (2010).

52. Bensinger, S. J. ef al. LXR signaling couples sterol metabolism to proliferation in the acquired immune response. Cell 134, 97-111
(2008).

53. Zelcer, N. & Tontonoz, P. Liver X receptors as integrators of metabolic and inflammatory signaling. J. Clin. Invest 116, 607-614
(2006).

54. Benned-Jensen, T. et al. Molecular characterization of oxysterol binding to the Epstein-Barr virus-induced gene 2 (GPR183). J. Biol.
Chem. 287, 35470-35483 (2012).

55. Daugyvilaite, V., Arfelt, K. N., Benned-Jensen, T., Sailer, A. W. & Rosenkilde, M. M. Oxysterol-EBI2 signaling in immune regulation
and viral infection. Eur. J. Immunol. 44, 1904-1912 (2014).

56. Kojetin, D. J. & Burris, T. P. REV-ERB and ROR nuclear receptors as drug targets. Nat. Rev. Drug Discov. 13, 197-216 (2014).

57. Wang, Y., Kumar, N., Crumbley, C., Griffin, P. R. & Burris, T. P. A second class of nuclear receptors for oxysterols: Regulation of
RORalpha and RORgamma activity by 24S-hydroxycholesterol (cerebrosterol). Biochim. Biophys. Acta 1801, 917-923 (2010).

58. Alhouayek, M., Masquelier, J., Cani, P. D., Lambert, D. M. & Muccioli, G. G. Implication of the anti-inflammatory bioactive lipid
prostaglandin D2-glycerol ester in the control of macrophage activation and inflammation by ABHD6. Proc. Natl. Acad. Sci. USA
110, 17558-17563 (2013).

59. Geurts, L. et al. Adipose tissue NAPE-PLD controls fat mass development by altering the browning process and gut microbiota. Nat.
Commun. 6, 6495 (2015).

Acknowledgements

OGL and VM are research fellows of the “Fonds pour la recherche dans 'industrie et 'agriculture” (FRIA,
Belgium). GGM is the recipient of subsidies from the Fonds Spéciaux de Recherches (FSR, Université catholique
de Louvain) and from the FRS-FNRS, Belgium (grants CC 1.5.034.10, FRFC 2.4555.08, ].0160.13). PDC is a
research associate at FRS-FNRS (Fonds de la Recherche Scientifique), Belgium. This work was supported by the
Fonds de la Recherche Scientifique-FNRS, and FRFS-WELBIO under Grant n° WELBIO-CR-2012S-02R. PDC
is a recipient of ERC Starting Grant 2013 (European Research Council, Starting grant 336452-ENIGMO). The
authors wish to thank T. Timmerman and J. Masquelier for their assistance and Dr Mireille Alhouayek for her
useful comments during this work. The MASSMET platform is acknowledged for the access to the HLPC-MS.

Author Contributions

O.G.L., V.M. and G.G.M. conceived the study and designed the experiments. O.G.L. and P.D.C. performed
the in-vivo experiments. O.G.L. performed the molecular biology analysis and V.M. the lipid analysis. G.G.M.
supervised the entire project. O.G.L., V.M. and G.G.M. wrote the manuscript. All authors reviewed and edited
the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Guillemot-Legris, O. et al. Obesity is associated with changes in oxysterol metabolism
and levels in mice liver, hypothalamus, adipose tissue and plasma. Sci. Rep. 6, 19694; doi: 10.1038/srep19694
(2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

G oy other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:19694 | DOI: 10.1038/srep19694 11


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Obesity is associated with changes in oxysterol metabolism and levels in mice liver, hypothalamus, adipose tissue and plasm ...
	Results

	Obese phenotype induced by the high-fat diet. 
	Hypothalamic oxysterol metabolism during a high-fat diet. 
	Hepatic oxysterol metabolism during a high-fat diet. 
	Obesity alters oxysterol levels in the plasma and the adipose tissue. 
	Oxysterol metabolism in genetic models of obesity. 
	Primary bile acid levels are altered during obesity. 

	Discussion

	Materials and Methods

	Animals and diets. 
	RNA preparation and RT-qPCR analysis. 
	Oxysterols quantification. 
	Bile acids quantification. 
	Glucose, triglycerides and total cholesterol content. 
	Histology. 
	Statistical analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Hypothalamic oxysterol levels and expression of their metabolic enzymes during the development of diet-induced obesity.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Hepatic oxysterol levels and expression of their metabolic enzymes during the development of diet-induced obesity.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Plasmatic oxysterol levels during the development of diet-induced obesity.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Adipose tissue oxysterol levels during the development of diet-induced obesity.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Oxysterol levels in the liver, plasma and adipose tissue of the ob/ob genetic model of obesity.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Obesity alters the hepatic levels of bile acids.
	﻿Table 1﻿﻿. ﻿  Primer sequences.



 
    
       
          application/pdf
          
             
                Obesity is associated with changes in oxysterol metabolism and levels in mice liver, hypothalamus, adipose tissue and plasma
            
         
          
             
                srep ,  (2015). doi:10.1038/srep19694
            
         
          
             
                Owein Guillemot-Legris
                Valentin Mutemberezi
                Patrice D. Cani
                Giulio G. Muccioli
            
         
          doi:10.1038/srep19694
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep19694
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep19694
            
         
      
       
          
          
          
             
                doi:10.1038/srep19694
            
         
          
             
                srep ,  (2015). doi:10.1038/srep19694
            
         
          
          
      
       
       
          True
      
   




