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Summary

Oxysterols are cholesterol metabolites that serve multiple functions in lipid metabolism, including

as liver X receptor (LXR) ligands. 27-hydroxycholesterol (27HC) is an abundant oxysterol

metabolized by CYP7B1. How 27HC impacts vascular health is unknown. We show that

elevations in 27HC via cyp7b1 deletion promote atherosclerosis in apoe−/− mice without altering

lipid status; furthermore, estrogen-related atheroprotection is attenuated. In wild-type mice,

leukocyte-endothelial cell adhesion is increased by 27HC via estrogen-receptor (ER)-dependent

processes. In monocyte/macrophages 27HC upregulates proinflammatory genes and increases

adhesion via ERα. In endothelial cells 27HC is also proadhesive via ERα, and in contrast to

estrogen which blunts NF-κB activation, via Erk1,2- and JNK-dependent IκBα degradation 27HC

stimulates NF-κB activation. Whereas 27HC administration to apoe−/− mice increases

atherosclerosis, apoe−/−;erα−/− are unaffected. Thus, 27HC promotes atherosclerosis via novel

proinflammatory processes mediated by ERα, and it attenuates estrogen-related atheroprotection.

Strategies to lower 27HC may complement approaches targeting cholesterol to prevent vascular

disease.

Introduction

Oxysterols are metabolites of cholesterol that classically perform multiple functions in lipid

metabolism. They attenuate the expression of transcription factors necessary for the
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activation of genes within cholesterol supply pathways, they serve as ligands for the liver X

receptors (LXR) α and β, they are substrates for the synthesis of bile acids, and they function

in reverse cholesterol transport (RCT) to deliver sterols from peripheral tissues to the liver.

The most abundant oxysterol is 27-hydroxycholesterol (27HC), which is synthesized by

sterol 27-hydroxylase (CYP27A1) and metabolized by oxysterol 7α-hydroxylase (CYP7B1)

(Brown and Jessup, 1999; Li-Hawkins et al., 2000a; Russell, 2000a; Tontonoz and

Mangelsdorf, 2003).

The consideration of a potential impact of oxysterols on vascular disease was initially

prompted by the observation that they are concentrated in atherosclerotic lesions. The most

prevalent oxysterol in lesions is 27HC. Whereas circulating levels of 27HC in humans range

from 150 to 730 nM, 27HC levels in atherosclerotic lesions are two orders of magnitude

higher(Brown and Jessup, 1999). Circulating 27HC concentrations are predictably elevated

with hypercholesterolemia, and they also increase with age(Brown and Jessup, 1999),

particularly after the age of 30(Burkard et al., 2007). However, studies of 27HC in vascular

health and disease, including work in animal models as well as in humans, have yielded

equivocal results(Tontonoz and Mangelsdorf, 2003), and how 27HC influences vascular

well-being remains unknown.

In the present investigation we sought to determine how 27HC impacts atherosclerosis.

Recognizing that prior studies have been difficult to interpret because of the close

correlation between 27HC and total cholesterol concentrations(Tontonoz and Mangelsdorf,

2003), we have employed cyp7b1−/− mice, which have elevations in 27HC in both the

circulation and in tissues but entirely normal plasma cholesterol and triglyceride levels(Li-

Hawkins et al., 2000a). To segregate the actions of cholesterol and 27HC, we have crossed

apolipoprotein E−/− (apoe−/−) and cyp7b1−/− mice to generate models in which there is

differing 27HC abundance in the setting of normocholesterolemia, differing cholesterol

abundance in the setting of comparable 27HC levels, or differing 27HC abundance in the

setting of comparable hypercholesterolemia. We have discovered that without altering lipid

status, elevations in 27HC promote atherosclerosis. This is initially surprising because of the

known roles of oxysterols in RCT and as ligands for LXR, whose activation affords

atheroprotection(Michael et al., 2012; Im and Osborne, 2011). Having previously identified

27HC to be an ER ligand(Umetani and Shaul, 2011), the hypothesis was then tested that

27HC impacts atherosclerosis via ER-dependent processes. The cellular targets of 27HC

potentially operative in the promotion of atherosclerosis by the oxysterol were also

investigated, and the underlying mechanisms were delineated.

Results

Impact of 27HC on Atherosclerosis

To determine how an increase in endogenous 27HC impacts atherosclerosis, lesions were

evaluated at 12 months of age in intact male and female apoe+/+;cyp7b1+/+ wild-type,

cyp7b1−/−, apoe−/−, and apoe−/−;cyp7b1−/−littermates. Total cholesterol was similar in

cyp7b1−/− mice versus wild-type mice, and predictably plasma 27HC was elevated in

cyp7b1−/− (Figure 1A, B). Lipid profiles were normal in cyp7b1−/− mice (Figure 1C, D). In

apoe−/−, predictably both plasma cholesterol and 27HC were elevated compared to wild-
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type, and the lipid profiles displayed elevated VLDL, IDL/LDL fractions and decreased

HDL cholesterol. In apoe−/−;cyp7b1−/−, total plasma cholesterol was similar to that in

apoe−/−, and plasma 27HC was greater than in either cyp7b1−/− or apoe−/− single knockout

mice. Plasma triglyceride was predictably elevated by apoe deletion, and similar in apoe−/−

and apoe−/−;cyp7b1−/− mice (Table S1). Interestingly, lipid profiles in apoe−/−;cyp7b1−/−

mice revealed lower IDL/LDL cholesterol than in apoe−/− mice. Thus, comparisons

between wild-type and cyp7b1−/− determine the impact of 27HC in the setting of normal

cholesterol status, and comparisons between apoe−/− and apoe−/−;cyp7b1−/− indicate how

27HC influences atherosclerosis in the setting of comparable hypercholesterolemia.

In the aortic root at 12 months of age, there was increased lipid deposition in the medial

layer in cyp7b1−/− compared with wild-type mice (Figure 2A,B), and predictably

atherosclerotic lesions were prevalent in apoe−/−. Revealing the impact of 27HC in the

setting of hypercholesterolemia, atherosclerotic lesions were larger in apoe−/−;cyp7b1−/−

than in apoe−/− mice. In comparisons between sexes, in apoe−/− males had greater lesions

than females, mimicking the previous observation of gender differences likely related to

protective actions of estrogen(Nofer, 2012). In contrast, in apoe−/−;cyp7b1−/−, lesion size

was comparable in males and females. In analyses of aortic root lesions at 6 months of age

(Figure S1), lesions were greater in apoe−/−;cyp7b1−/− versus apoe−/− in both males and

females despite lower plasma cholesterol in double knockouts.

Lesion abundance in the aorta was evaluated at 12 months of age (Figure 2C, D), and

paralleling the findings in the aortic root, en face lesions were larger in apoe−/−;cyp7b1−/−

than in apoe−/− both in males and females. The cumulative findings at 6 and 12 months of

age indicate that under normocholesterolemic conditions, elevations in 27HC cause

increased lipid deposition in the media of the proximal aorta, and that in the setting of

hypercholesterolemia and independent of adverse impact on circulating lipids, elevated

27HC causes a progressive, marked increase in atherosclerotic lesion development. In

addition, they reveal that the capacity of 27HC to promote atherosclerosis is comparable in

male and female mice.

Impact of 27HC on Estrogen-related Atheroprotection

Since oxysterols participate in RCT and are ligands for LXR, and both mechanisms are

atheroprotective(Michael et al., 2012; Im and Osborne, 2011), the worsening of

atherosclerosis by 27HC does not likely entail these processes. Having previously

discovered 27HC to be an ER ligand(Umetani et al., 2007), we next evaluated how 27HC

impacts estrogen-related atheroprotection in ovariectomized female apoe−/− and

apoe−/−;cyp7b1−/− mice. Lipid analyses revealed that in vehicle and E2-treated mice

receiving 6 ug/d, total cholesterol (Table S3) and IDL and LDL cholesterol (Figure S2) were

actually lower in apoe−/−;cyp7b1−/− versus apoe−/− mice. In apoe−/−, E2 treatment lowered

plasma 27HC, whereas there was no impact of E2 on plasma 27HC in apoe−/−;cyp7b1−/−

(Table S3). This is consistent with the previous observation that E2 upregulates hepatic

CYP7B1 expression(Yamamoto et al., 2006). In vehicle-treated mice, aortic root lesion area

was greater in apoe−/−;cyp7b1−/− versus apoe−/− mice (Figure 3). In apoe−/−, 6 ug/d E2

treatment caused an approximately 50% decrease in lesion area, and 50 ug/d E2 treatment
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caused a further decline in lesion area. In contrast, in apoe−/− ;cyp7b1−/−, 6 ug/d E2 was not

atheroprotective, and lesion size following 6 ug/d E2 remained far greater in

apoe−/−;cyp7b1−/− than in apoe−/−. However, E2 at 50 ug/d provided atheroprotection in

apoe−/−;cyp7b1−/−, such that lesion areas were similar following 50 ug/d E2 in

apoe−/−;cyp7b1−/− and apoe−/− mice. Since 27HC and E2 compete for ER binding(Umetani

et al., 2007), the dose-related capacity of E2 to reverse the exaggerated atherosclerosis

caused by elevated endogenous 27HC suggests that the atherogenic effects of 27HC are

related to its function as an ER ligand. In addition, since the 27HC-associated worsening of

atherosclerosis is evident in ovariectomized females and also in males, the adverse impact of

the oxysterol occurs via the direct modulation of ER function rather than through the

antagonism of estrogen action.

Impact of 27HC on Vascular Inflammation In Vivo

Since inflammation is critically involved in atherogenesis(Galkina and Ley, 2009; Libby,

2012) and ER modulate inflammatory processes(Straub, 2007; Arnal et al., 2009), the

impact of 27HC on inflammation in the atherosclerotic lesions was evaluated. Mac-3

staining of aortic root lesions (Figure S3) revealed greater areas of macrophage

accumulation in apoe−/−;cyp7b1−/− versus apoe−/− mice (Figure S3A,B). There was also a

directional change in lesion size relative to macrophage abundance (p=0.11) (Figure S3C),

perhaps suggesting greater macrophage-driven lesion development in apoe−/−;cyp7b1−/−

versus apoe−/−. In aortae from 12 month-old males, macrophage infiltration assessed by

quantifying CD68 transcript abundance was greater in apoe−/−;cyp7b1−/− versus apoe−/−

mice (Figure 4A). Steady-state mRNA levels for IL-6, MMP-9 and TNF-α normalized to

CD68 mRNA were 2.2-, 3.3-, and 2.5-fold greater, respectively, in the aortas of

apoe−/−;cyp7b1−/− versus apoe−/− mice (Figure 4B-D). Plasma TNF-α was also increased

in apoe−/−;cyp7b1−/− versus apoe−/− mice (Figure S4A). Thus, an increase in 27HC in the

setting of hypercholesterolemia causes greater macrophage infiltration and exaggerated of

inflammatory cytokine gene activation by the macrophages or other cell types in the

vascular wall.

To directly evaluate the initiating events by which 27HC potentially drives vascular

inflammation in vivo, intravital microscopy was performed to quantify leukocyte-

endothelial adhesion in the mesenteric microcirculation. Male C57BL/6 mice were treated

daily for 3 days with vehicle or 27HC. On the following day they received vehicle or TNF-α

to promote inflammation, endogenous leukocytes were fluorescently labeled by the injection

of Rhodamine-6G, and intravital microscopy was done to visualize the leukocytes and

quantify their velocity. Treatment with TNF-α predictably lowered leukocyte velocity, and

27HC caused a comparable decrease in velocity (Figure 4, Movies S1-4). 27HC also

lessened velocity in mice that received TNF-α co-treatment. These collective findings

indicate that 27HC promotes pro-inflammatory processes in the vasculature, including

causing marked enhancement of leukocyte-endothelial adhesion under

normocholesterolemic conditions.
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Impact of 27HC on Monocytes/macrophages and Endothelial Cells

To determine the cellular targets of 27HC participating in its promotion of vascular

inflammation, experiments were performed in cell culture. In peritoneal macrophages from

wild-type mice, 27HC upregulated TNF-α mRNA by almost 6-fold and IL-1β mRNA and

IL-6 mRNA by 3-fold (Figure 5A-C); these responses did not occur in macrophages devoid

of ERα, and they were present in macrophages lacking both LXRα and LXRβ (Figure S4B-

D). The changes in cytokine transcript abundance were associated with increases in cytokine

production (Figure S4E-G). Thus, 27HC promotes the expression of pro-inflammatory genes

in macrophages through ERα-dependent, LXR-independent processes.

To assess direct 27HC action on endothelial cells, bovine aortic endothelial cells (BAEC)

were treated for 24h and endothelial cell-monocyte adhesion assays were then performed.

27HC promoted monocyte-endothelial cell adhesion (Figure 5D), and the increase in

adhesion was fully prevented by the ERα antagonist methyl-piperidino-pyrazole (MPP)

(Figure 5E), or by siRNA-based knockdown of endothelial cell ERα (Figure 5F).

To determine if 27HC also has direct action on monocytes/macrophages that promotes

adhesion, additional experiments were performed following 24h treatment of the monocytes

with 27HC. Again 27HC promoted monocyte-endothelial cell adhesion, and MPP blunted

the response (Figure 5G). Thus, in both endothelial cells and monocyte/macrophages, ERα

modulation by 27HC in the absence of estrogen enhances diverse pro-inflammatory

processes.

27HC Activation of NF-κB

To further interrogate the proinflammatory actions of 27HC and compare the effects of

27HC with those of E2, NF-κB activation in endothelial cells was evaluated. Although the

overall impact of NF-κB activation on atherosclerosis is complex, studies in mice have

demonstrated that NF-κB activation in endothelial cells plays a major role in the

pathogenesis of the disorder(Gareus et al., 2008). Under quiescent conditions, inactive NF-

κB is bound to IκBα in the cytoplasm, and inflammatory stimuli induce the phosphorylation

of IκBα at Ser32 leading to its ubiquitination and proteasomal degradation, releasing NF-κB

to translocate to the nucleus to drive the expression of target genes(Mercurio and Manning,

1999). E2 inhibits NF-κB activation in both endothelial and nonendothelial cells(Simoncini

et al., 2000; Ghisletti et al., 2005), and a number of mechanisms have been implicated,

including direct protein-protein interactions between ER and NF-κB, sharing of

coactivators, inhibition of NF-κB DNA binding, increased expression of IκBα and

decreased IκBα Ser32 phosphorylation(Stein and Yang, 1995; Ray et al., 1994; Ray et al.,

1997; Deshpande et al., 1997; Sun et al., 1998; Harnish et al., 2000; Speir et al., 2000;

Simoncini et al., 2000). Using LPS as a positive control, we evaluated NF-κB activation in

endothelial cells by immunocytochemical localization of the p65 subunit, and found that

27HC caused NF-κB activation (Figure 6A). In contrast, E2 abrogated LPS-induced p65

nuclear translocation (Figure S5). Thus, the two ER ligands, 27HC and E2, have entirely

opposite effects on the activation of NF-κB.
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To determine how 27HC activates NF-κB in endothelial cells, its impact on IκBα protein

abundance was evaluated. 27HC treatment caused IκBα abundance to fall to 30% of basal

levels by 30 min (Figure 6B). Dose-response studies revealed that the effect is apparent at a

threshold concentration of 27HC of 0.1 uM (Figure 6C). In contrast to 27HC, E2 did not

cause a fall in IκBα abundance, and its addition to 27HC-treated cells prevented the 27HC-

induced decline in IκBα (Figure 6D). As importantly, whereas LPS-induced IκBα

degradation was not prevented by ERα deletion, the degradation caused by 27HC was fully

reversed by silencing of the receptor (Figure 6E). Thus, 27HC uniquely activates NF-κB in

endothelial cells, and this is related to ERα-dependent promotion of IκBα degradation.

Recognizing that NF-κB activation is often modulated by mitogen-activated protein kinases

(MAPK)(Kaminska, 2005; Hoesel and Schmid, 2013), to elucidate the basis for 27HC action

on IκBα, the relative levels of activating phosphorylation of extracellular signal-regulating

kinase (Erk)1,2, p38MAPK and c-Jun N-terminal kinase (JNK) were evaluated in 27HC-

treated endothelial cells. Responses to LPS were studied in comparison. Both 27HC and

LPS caused a decline in IκBα and also an increase in IκBα Ser32 phosphorylation (Figure

6F). Both 27HC and LPS also caused an increase in Erk1,2 phosphorylation and an increase

in JNK phosphorylation, whereas only LPS yielded an increase in p38MAPK

phosphorylation. To determine the potential role of MAPK activation by 27HC in the

actions of the oxysterol on IκBα, MAPK inhibitors were employed. Whereas the MEK

inhibitor PD98059 and the JNK inhibitor SP600125 prevented the decline in IκBα

abundance caused by 27HC, either alone or in combination, the p38MAPK inhibitor

SB203580 had no effect (Figure 6G). Thus, Erk1,2 and JNK activation are required for

27HC engagement of ERα in endothelial cells to promote the degradation of IκBα and

thereby activate the NF-κB pathway.

ER and 27HC Exacerbation of Inflammation and Atherosclerosis

Having determined that ERα uniquely modulates the direct pro-inflammatory actions of

27HC on cultured monocytes/macrophages and endothelial cells, the role of ER in 27HC-

induced enhancement of leukocyte-endothelial cell adhesion was studied in vivo by

intravital microscopy (Figure 7A) using the ER-specific antagonist ICI 182,780(Chambliss

et al., 2010). The treatment of healthy male mice with ICI 182,780 caused a decrease in

leukocyte velocity (Figure S6A), indicating that ER antagonize adhesion in vivo under basal

conditions. A dose of ICI 182,780 below the threshold that promotes adhesion was then

employed in studies of male mice administered 27HC. The decline in leukocyte velocity

indicative of an enhancement in adhesion by 27HC was fully prevented by ICI 182,780

(Figure 7A). When combined with the observations made in cell culture (Figure 5), these in

vivo findings indicate that the proinflammatory actions of 27HC on the vascular wall occur

via ER-dependent mechanisms, that the effects of 27HC are not merely via antagonism of

estrogen action, and that instead the oxysterol is directly modifying both leukocyte and

endothelial cell functions independent of steroid hormone action.

Whereas ERα classically mediates anti-atherosclerotic processes(Ribas et al., 2011; Billon-

Gales et al., 2009), the potential pro-atherosclerotic role of the receptor was then

interrogated in studies of apoe−/− versus apoe−/−;erα−/− male mice administered vehicle or
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27HC for 6 weeks. Serum 27HC levels in the vehicle versus 27HC-treated apoe−/− mice

were 1022±68 and 1840±188 ng/ml, respectively (p<0.05), and in vehicle versus 27HC-

treated apoe−/−;erα−/− mice they were 955±133 and 2228±332 ng/ml, respectively

(p<0.05). The lipid profiles in both genotype groups were unaffected by 27HC (Figure

S6B,C). Whereas 27HC administration caused a doubling in lesion area in apoe−/− (Figure

7B,C), it had no impact in apoe−/−;erα−/− mice (Figure 7D,E). These findings parallel those

obtained with genetic deletion of cyp7b1 (Figure 2), and they demonstrate that the pro-

atherosclerotic processes are mediated by 27HC action on ERα. Thus, in contrast to the E2-

ERα tandem, the ligand-receptor partnership between ERα and its non-aromatized ligand

27HC is uniquely proatherogenic.

Discussion

Circulating levels of oxysterols are predictably elevated with hypercholesterolemia, and

oxysterols are concentrated in atherosclerotic lesions(Brown and Jessup, 1999). How

oxysterols, including the most abundant oxysterol 27HC, impact vascular disease has been

enigmatic because of the close correlation between 27HC and cholesterol

abundance(Tontonoz and Mangelsdorf, 2003). In the present work, we employed both

genetic and pharmacologic manipulations in mice to segregate the actions of cholesterol and

27HC. We discovered that atherosclerosis is promoted in both males and females by

elevations in 27HC independent of changes in cholesterol, and that the proatherogenic

actions of 27HC are uniquely mediated by ERα. Thus, in addition to the adverse impact of

27HC on bone mineralization and breast cancer(Wu et al., 2013; Nelson et al., 2013), it is

now apparent that the only other known endogenous ER ligand besides estrogen negatively

affects cardiovascular health.

Inflammation is critically involved in atherogenesis(Galkina and Ley, 2009; Libby, 2012),

and we discovered that 27HC invokes proinflammatory processes in vascular cells both in

vitro and in vivo. Macrophage accumulation in the vascular wall was increased by 27HC

and proinflammatory genes were upregulated, and plasma TNF-α was elevated. Importantly,

we demonstrated that leukocyte-endothelial cell adhesion, which is a key early event in the

pathogenesis of atherosclerosis(Libby et al., 2006), is potently promoted in vivo by

elevations in 27HC even in the setting of normocholesterolemia. Studies of cultured

monocytes/macrophages and endothelial cells then revealed that both cell types are targets

of the proinflammatory actions of 27HC, and that these effects are ERα-dependent. In

parallel, ER loss-of-function prevented the in vivo enhancement of leukocyte-endothelial

cell adhesion by 27HC and also the worsening of atherosclerosis by the oxysterol. Although

the impact of NF-κB activation on atherosclerosis is complex, it has been convincingly

demonstrated in apoe−/− mice that NF-κB activation in endothelial cells plays a major role

in atherogenesis(Gareus et al., 2008). We therefore focused further mechanistic studies of

the basis for 27HC activation of NF-κB on endothelial cells, and found that 27HC promotes

NF-κB nuclear translocation whereas E2 is inhibitory, and that the activation of NF-κB by

27HC is related to ERα-dependent, Erk1,2- and JNK-dependent IκBα protein degradation.

The biochemical basis for 27HC-ERα modulation of MAPKs and other processes that lead

to IκBα degradation can now be pursued.

Umetani et al. Page 7

Cell Metab. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



In addition to demonstrating proinflammatory actions of 27HC directly mediated by ERα in

the absence of E2 in cell culture, and pro-atherogenic, ERα-dependent effects of 27HC in

male mice, competing actions of the oxysterol and estrogen on atherosclerosis were

observed in ovariectomized female mice. 27HC potently antagonized the atheroprotection

afforded by E2 when the hormone was replaced at physiologic concentrations, and it was

only at superphysiologic levels that E2 was atheroprotective in the setting of elevated 27HC.

These findings lend further support to the conclusion that the proatherosclerotic actions of

27HC are ER-dependent. In addition, they have potentially important clinical implications

regarding cardiovascular health and its management in women. The risk of coronary heart

disease in women increases dramatically after menopause(Lloyd-Jones et al., 2009), and

there is considerable evidence that hormone replacement therapy (HRT) with estrogen is not

beneficial and instead is possibly harmful when given to women years after they have gone

through menopause(Mendelsohn and Karas, 2005; Clarkson et al., 2013). Although

numerous mechanisms may underlie the change in response to HRT with age, existing

atherosclerosis likely plays a critical role(Mendelsohn and Karas, 2005; Karas, 2004;

Wagner and Clarkson, 2005; Dubey et al., 2005). Since 27HC levels rise with age and 27HC

is abundant in atherosclerotic lesions(Brown and Jessup, 1999; Burkard et al., 2007), our

current findings suggest that the potential vascular benefits of either endogenous or

exogenous estrogen may be attenuated in older women by the actions of 27HC.

Now knowing that 27HC promotes atherosclerosis independent of changes in cholesterol,

the processes that govern 27HC abundance can potentially be targeted to provide therapeutic

opportunities independent of the multiple strategies aimed at cholesterol lowering. The

enzyme that synthesizes 27HC, CYP27A1, is normally abundant in the liver and also

constitutively expressed in normal arterial wall, and it is upregulated and abundant in

atherosclerotic lesions(Crisby et al., 1997; Shanahan et al., 2001; Russell, 2000b). The

cellular or tissue source(s) of 27HC that is important to the contribution of the oxysterol to

atherogenesis is yet to be identified. This consideration, as well as the numerous other roles

of CYP27A1 and 27HC such as in bile acid synthesis and RCT(Brown and Jessup, 1999; Li-

Hawkins et al., 2000a; Russell, 2000a; Tontonoz and Mangelsdorf, 2003), need to be

carefully addressed in order to optimally contemplate a mode of CYP27A1 loss-of-function

as a strategy for possible atheroprotection. CYP7B1, which metabolizes 27HC, is also

normally highly abundant in the liver(Russell, 2003). Complementary to possibly targeting

CYP27A1 to lower 27HC synthesis, whether enhancing its metabolism by CYP7B1 lessens

atherosclerosis in the setting of hypercholesterolemia now also deserves investigation.

In addition to lowering 27HC abundance for therapeutic gain, impacting its mechanisms of

action can be contemplated. Since we previously showed that 27HC binding cause novel

changes in ERα conformation(DuSell et al., 2008), the ER-dependent actions of the

oxysterol can potentially be selectively inhibited to lessen its adverse influence on vascular

disease while retaining potential beneficial effects of ER activation by estrogen.

Strategies to lower cholesterol such as the use of statins have had a dramatic impact on

cardiovascular health. However, there continues to be a need for complementary approaches

to combat atherosclerosis, and these have been somewhat limited in number or are

accompanied by complications or unresolved questions, as is the case with HDL-targeted
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therapies and HRT(Phan and Toth, 2013; Larach et al., 2012; Santen et al., 2010). At the

same time that novel insights have been gained about the biology of oxysterols and nuclear

receptors, the discovery that 27HC promotes atherosclerosis through unique ERα-mediated

mechanisms may afford new opportunities for therapy development.

Experimental Procedures

Animal and cell culture models

Wild-type, cyp7b1−/−, apoe−/−, and apoe−/−;cyp7b1−/− littermates were generated by

crossing cyp7b1−/− mice (originally from David Russell, Department of Molecular Genetics,

UT Southwestern)(Li-Hawkins et al., 2000b) with apoe−/− mice (Jackson Labs). All four

genotype groups were fed standard chow. E2-related atheroprotection was studied in

apoe−/− and apoe−/−;cyp7b1−/− female mice ovariectomized at 12 weeks of age and then

placed on a western diet (21% milk fat, 0.2% cholesterol, Teklad 88137) and treated with

vehicle or E2 at 6ug/d or 50ug/d using subcutaneously-implanted pellets (Innovative

Research of America). Atherosclerotic lesions were evaluated 8 weeks later. To determine

the effect of exogenous 27HC on atherogenesis and the role of ERα, 12 week-old male

apoe−/− or apoe−/−;erα−/− mice were treated with vehicle or 27HC (20 mg/kg body weight)

by subcutaneous injection every 2 days for 6 weeks, and lesions were then evaluated. The

27HC was dissolved in 30% (2-hydroxypropyl)-β-cyclodextrin solution, and the same

solution served as the control treatment. All animal studies were approved by the

Institutional Animal Care and Use Committee at UT Southwestern.

To investigate processes in monocytes/macrophages, studies were performed in either

macrophages isolated from the mouse peritoneum using thioglycolate(Venkateswaran et al.,

2000), or the monocyte cell line U937. Mice used for macrophage isolation were wild-type,

era−/− or lxrα−/−;lxrβ−/− (Ishikawa et al., 2013). Processes in endothelial cells were

interrogated in primary bovine aortic endothelial cells (BAEC)(Chambliss et al., 2010). For

in vitro studies, 27HC was diluted from a 10 mM ethanol solvent stock directly into assay

medium, and identical concentrations of ethanol were present under control conditions.

Cholesterol, triglyceride, 27HC and estradiol analyses

Plasma total cholesterol, 27HC and E2 concentrations were evaluated as previously

described(Umetani et al., 2007). Plasma triglyceride levels were measured by colorimetric

enzymatic assay (Roche Diagnostics). Aorta cholesterol and triglyceride content were

assessed following ether lipid extraction(Kalaany et al., 2005). Plasma lipid profiles were

obtained by column fractionation and measurements of fraction cholesterol content on

pooled samples from 2 or 3 mice (Kawashiri et al., 2001).

Quantitative RT-PCR

Transcript abundance for IL-6, IL-1β, MMP-9, TNFα, CD68 or ERα was evaluated in

mouse aorta or cultured cells by quantitative RT-PCR using previously-described

approaches(Bookout and Mangelsdorf, 2003; Umetani et al., 2007).
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Cytokine measurements

Plasma TNF-α levels and TNF-α, IL-6 and IL-1β concentrations in cell supernatants

following vehicle versus 27HC treatment were measured using the DuoSet ELISA System

(R&D Systems).

Assessment of atherosclerosis

Atherosclerotic lesions were evaluated in a blinded fashion(Bourassa et al., 1996). Mice

were anesthetized with avertin and killed, blood was obtained for analyses and perfusion

fixation was performed. The heart and aorta were removed, the heart and proximal aorta

were embedded in OCT, serial frozen sections (10 um) of the aortic root were obtained, and

4 to 6 sections per aorta were processed. To evaluate atherosclerotic lesions in en face

preparations of the aorta, using a dissecting microscope the adventitial fat was removed and

the aorta was opened longitudinally and pinned onto a silicon bed. Lipid staining was

performed with Sudan IV(Bourassa et al., 1996). To evaluate macrophage infiltration in the

aortic root, immunohistochemical analysis was done with anti-Mac-3 antibody (BD

Pharmingen). Images were captured and areas were determined using Image Pro Plus

software(Tangirala et al., 1999; Reddick et al., 1994).

Intravital microscopy for quantification of leukocyte-endothelial adhesion

Leukocyte-endothelial adhesion was evaluated as described previously(Ramesh et al., 2011).

Briefly, 5 to 7 week-old male mice were subcutaneously-injected with vehicle or 27HC (20

mg/kg body weight) daily for 3 days, and on the following day they received an IP injection

of vehicle or TNF-α (0.3ug). The dose of 27HC used yields serum 27HC concentrations of

150-200 ng/ml. Vehicle versus TNF-α treatment was employed to evaluate the impact of

27HC on adhesion under basal conditions and also in the setting of elevated adhesion. Four

hours after vehicle or TNF-α treatment, the mice were prepared for intravital microscopy.

Endogenous leukocytes were fluorescence-labeled by injection of the mice with

Rhodamine-6G (100 ul of 0.05% solution given by optic vascular plexus), and the mesentery

was exposed for the observation and recording of images of leukocyte adhesion and rolling

using a Regita digital camera (X200 magnification; QImaging). The velocity of leukocyte

rolling was calculated using Image-Pro V6.2(Wang et al., 2012). In additional studies, mice

were administered vehicle or 27HC, and also vehicle or the ER antagonist ICI 182,780 (5ug)

given subcutaneously 48h, 24h and 4h prior to study.

Endothelial cell-monocyte adhesion assays, NF-κB activation

The adhesion of U937 monocytes to monolayers of BAEC was evaluated as previously

reported(Umetani et al., 2000). Select experiments were done in the absence versus presence

of the selective ERα antagonist methyl-piperidinopyrazole (MPP, 10−6M)(Sun et al., 2002).

In additional studies U937 cells, and not BAEC, were treated with vehicle versus 27HC for

24h prior to inclusion in the adhesion assay.

To evaluate NF-κB activation in endothelial cells, NF-κB p65 subunit intracellular

localization was assessed by immunocytochemistry(Simoncini et al., 2000; Noursadeghi et

al., 2008). The relative distribution of p65 in nucleus versus cytoplasm was quantified by

image analysis.
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Immunoblot Analyses

ERα protein abundance in endothelial cells was assessed by immunoblot analysis using

mouse monoclonal antibody F-10 (sc-8002, Santa Cruz Biotechnology). Total IκBα

abundance and relative IκBα Ser32 phosphorylation in endothelial cells were evaluated by

immunoblot analyses with anti-IκBα antibody (Cell Signaling), anti-IκBα phospho-Ser32

antibody (Cell Signaling), and anti-actin antibody (Santa Cruz Biotechnology). In selected

experiments cells were treated with PD98059 (1 uM), SB203580 (10 uM), or SP600125 (10

uM, Sigma-Aldrich) to evaluate the roles of Erk1,2, p38MAPK or JNK, respectively, in the

modulation of IκBα. MAPK activation was evaluated by immunoblotting using antibodies

against phospho-Thr202/Tyr204 Erk1,2, phospho-THr180/Tyr182 p38MAPK, or phospho-

Thr183/Tyr185 JNK or the respective total proteins (Cell Signaling).

Statistical Analysis

All data are expressed as mean±SEM. Two-tailed Student's t test or ANOVA was used to

assess differences between 2 groups or among more than 2 groups, respectively, with

Newman-Keuls post-hoc testing following ANOVA. P values less than 0.05 were

considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

- 27HC promotes atherosclerosis and prevents estrogen-related atheroprotection.

- 27HC actions via ER increase leukocyte-endothelial cell adhesion in vivo in mice.

- The 27HC-ERα tandem has proinflammatory actions in macrophages.

- The 27HC-ERα tandem also has proinflammatory actions in endothelial cells.
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Figure 1.
Lipid and 27HC status of wild-type (WT), cyp7b1−/−, apoe−/−, and apoe−/−;cyp7b1−/−male

and female mice. At 12 months of age plasma cholesterol (A) and 27HC concentrations (B)

were measured in intact mice. Values are mean±SEM, n=5-10, *p<0.05 vs WT, †p<0.05 vs

apoe−/−. Lipid profiles were also evaluated in samples pooled from 2 male (C) or 2 female

mice (D).
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Figure 2.
27HC increases atherosclerotic lesion formation. Representative images and summary data

for aortic root lesions in intact 12 month-old wild-type (WT), cyp7b1−/−, apoe−/−, and

apoe−/−;cyp7b1−/− male and female mice are shown in A and B, respectively. Findings for

atherosclerotic lesions in the aortas of male and female mice are provided in C and D,

respectively. Summary data are provided in scatter plots. Mean values are indicated by the

long horizontal line, and SEM by the short horizontal line. Related data are provided in

Table S1. *p<0.05 vs WT, †p<0.05 vs apoe−/−, Δp<0.05 vs. males. See also Figure S1.
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Figure 3.
27HC attenuate E2-related atheroprotection. A. Representative images of aortic roots in

female apoe−/− versus apoe−/−;cyp7b1−/− mice ovariectomized at 12 weeks of age, fed a

western diet and treated with vehicle, 6 ug/d E2 or 50 ug/d E2 for 8 weeks. B. Summary data

are provided in scatter plots. Mean values are indicated by the long horizontal line, and SEM

by the short horizontal line. *p<0.05 vs apoe−/−, †p<0.05 vs vehicle. See also Figures S2

and Table S3.
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Figure 4.
27HC promotes vascular inflammation. A. Macrophage infiltration was compared in the

aortas of 12 month-old male apoe−/− versus apoe−/−;cyp7b1−/− mice by quantifying

transcript abundance for CD68. B-D. Steady-state mRNA levels for IL-6 (A), MMP-9 (B)

and TNF-α (C) normalized to CD68 expression were also compared. In A-D, values are

mean±SEM, n=4-6, *p<0.05 vs apoe−/−. E-I. 27HC promotes leukocyte-endothelial cell

adhesion in vivo. Male C57BL/6 mice were treated with vehicle or 27HC, followed by

vehicle or TNF-α, and intravital microscopy was then performed to evaluate leukocyte-

endothelial cell adhesion in the mesenteric microcirculation. Representative still images are

shown for mice treated with vehicle (Veh, E), 27HC (F), TNF-α (G), or TNF-α plus 27HC

(H). Summary data are provided in I. Values are mean±SEM, n=7-9, *p<0.05 vs no 27HC,

†p<0.05 vs no TNF-α. See also Figure S3, S4A and Movies S1-S4.

Umetani et al. Page 19

Cell Metab. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 5.
27HC has direct proinflammatory actions on monocytes/macrophages and endothelial cells

mediated by ERα. A-C. Peritoneal macrophages from wild-type (WT) or erα−/− mice were

treated with vehicle (Veh) or 27HC for 20h, and transcript abundance for TNF-α (A), IL-1β

(B) or IL-6 (C) was evaluated. n=3. D-F. Bovine aortic endothelial cells were treated with

vehicle or 27HC, and the adhesion of added U937 cells was evaluated. The dose-response to

27HC was assessed (D, n=7), and the involvement of endothelial cell ERα was determined

using the selective ERα antagonist MPP (E, n=4) or siRNA knockdown of the receptor (F,

n=4). Effective loss of ERα protein with siRNA knockdown is shown in the inset. G. The

impact of 27HC on adhesion-promoting mechanisms in monocytes was determined in U937

cells treated 18h with vehicle or 27HC, with or without MPP added, prior to their addition to

endothelial cells (n=6). Values are mean±SEM expressed relative to vehicle treatment,

*p<0.05 vs vehicle. See also Figure S4B-G.
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Figure 6.
27HC promotes IκBα degradation and activates NF-κB in endothelial cells via ERα and

Erk1,2- and JNK-dependent processes. A. Using immunofluorescence, the subcellular

distribution of the NF-kB subunit p65 was evaluated in endothelial cells treated with

vehicle, LPS (100 nM) or 27HC (10 uM). p65 shown in green, nuclei stained with Dapi.

Values are mean±SEM, n=10-18, *p<0.05 vs vehicle. B-C. The impact of 27HC on IκBα

abundance was evaluated in cells treated for 0-120 min with 10 uM 27HC (B), or in cells

treated for 30 min with 0-10uM 27HC (C). In B and C, values are mean±SEM, n=6-9 and

*p<0.05 vs vehicle. D. The effects of 27HC (10 uM), E2 (10 nM), or the combination of

27HC and E2 on IκBα abundance were compared over 30 min. E. The effects of 27HC (10

uM) or LPS (100 ng/ml) on IκBα abundance were compared over 30 min in cells previously

transfected with control siRNA or siRNA targeting ERα. F. MAPK activation in response to

27HC (10 uM) or LPS (100 ng/ml) treatment for 0-120 min was evaluated by immunoblot

analyses for phosphorylated and total Erk1,2, p38MAPK and JNK. IκBα Ser32

phosphorylation and total protein abundance were also assessed. G. The effect of 27HC (10

uM) on IκBα abundance was compared over 30 min in cells coincubated with vehicle or the

MAPK inhibitors PD98059 (1 uM), SB203580 (10 uM), SP600125 (10 uM), or PD98059

plus SP600125. See also Figure S5.

Umetani et al. Page 21

Cell Metab. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 7.
ER mediate the pro-inflammatory and pro-atherosclerotic actions of 27HC in vivo. A.

Leukocyte-endothelial adhesion was evaluated by intravital microscopy in wild-type male

mice administered vehicle or 27HC without or with cotreatment with ICI 182,780. Values

are mean±SEM, n=7-11, *p<0.05 vs no 27HC, †p<0.05 vs no ICI 182,780. B-E. The impact

of 27HC administration on atherosclerosis was evaluated in apoe−/− (B, C) or

apoe−/−;erα−/− male mice (D,E). Representative aortic root lesions for vehicle or 27HC-

treated mice are shown in B and D, and summary data (mean±SEM) are provided in C (n=

12-13) and E (n= 7), *p<0.05 vs vehicle. See also Figure S6.
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