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Abstract8

B-ring hydroxylation is a major metabolic pathway for cholesterols and some steroids. In liver, 7�-hydroxylation of cholesterols, mediated
by CYP7A and CYP39A1, is the rate-limiting step of bile acid synthesis and metabolic elimination. In brain and other tissues, both sterols
and some steroids including dehydroepiandrosterone (DHEA) are prominently 7�-hydroxylated by CYP7B. The function of extra-hepatic
steroid and sterol 7-hydroxylation is unknown. Nevertheless, 7-oxygenated cholesterols are potent regulators of cell proliferation and
apoptosis; 7-oxygenated derivatives of DHEA, pregnenolone, and androstenediol can have major effects in the brain and in the immune
system. The receptor targets involved remain obscure. It is argued that B-ring modification predated steroid evolution: non-enzymatic
oxidation of membrane sterols primarily results in 7-oxygenation. Such molecules may have provided early growth and stress signals; a
relic may be found in hydroxylation at the symmetrical 11-position of glucocorticoids. Early receptor targets probably included intracellular
sterol sites, some modern steroids may continue to act at these targets. 7-Hydroxylation of DHEA may reflect conservation of an early
signaling pathway. © 2002 Published by Elsevier Science Inc.
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1. 7-Oxygenated steroids and sterols21

Steroid and sterol oxidoreduction governs biological ac-22

tivity and metabolic fate. Oxidative loss of the cholesterol23

side-chain generates steroids; oxidoreduction of the steroid24

nucleus (3-, 11- and 17-positions in particular) dictates ac-25

tivity and specificity. Recent work now points to an impor-26

tant role for B-ring (6- and 7-positions) modification.27

7-Oxygenated steroids and sterols are widespread in28

mammals, birds, fish, and plants. Sterol processing in liver29

provides the best example of B-ring oxygenation. Hepatic30

7�-hydroxylation of cholesterols is the rate-limiting step for31

bile acid synthesis and elimination (Fig. 1). B-ring hydrox-32

ylation of sex steroids in liver may also represent metabolic33

elimination.34

Nevertheless, prominent B-ring hydroxylation isalso seen35

in diverse extra-hepatic tissues. This could argue against36

simple substrate inactivation. The major 3�-hydroxysteroids37

including dehydroepiandrosterone (DHEA), pregnenolone,38

and androstane-3�,17�-diol (A/anediol) are efficiently39

7�-hydroxylated in diverse tissues including brain[1–16]40

Abbreviations: OH, hydroxy; OOH, hydroperoxy; A/anediol, andro-
stane-3�,17�-diol; A/enediol, androstene-3�,17�-diol; DHEA, dehy-
droepiandrosterone; HSD, hydroxysteroid dehydrogenase; oxo, equivalent
to keto
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(Figs. 2 and 3), with some 6� and 7� modification depend- 41

ing on the substrate conformation. Other steroids are modi-42

fied: testosterone is 7�-hydroxylated in testis[17,18] while 43

5�-3� steroids give rise to 6�-hydroxy (OH) derivatives in 44

prostate and lymphocytes[7,13,19]. 45

With the exception of hepatic bile acid formation via46

7�-hydroxylation, almost nothing is known of the biological47

role of B-ring oxygenated sterols and steroids. One insight48

is provided by studies on the enzymes that catalyze their49

synthesis. 50

2. B-ring hydroxylated molecules: enzymes mediating 51

their formation 52

2.1. Sterol 7-hydroxylation 53

At least three enzymes mediate sterol B-ring hydroxyla-54

tion in liver. (1) CYP7A, whose expression is restricted to55

liver, hydroxylates cholesterols at the 7�-position [20,21]; 56

the enzyme has not been reported to metabolize steroids.57

(2) Studies on mice lacking CYP7A revealed an alter-58

native pathway for bile acid synthesis via a related en-59

zyme, CYP7B [22,23], expressed in liver and multiple 60

other tissues (below). (3) A hepatic 7�-hydroxylase spe- 61

cific for 24(S)-hydroxycholesterol (24(S)-OH-cholesterol), 62

CYP39A1, has also been described[24]. In brain, but 63

1 0039-128X/02/$ – see front matter © 2002 Published by Elsevier Science Inc.
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Fig. 1. Co-action of CYP7A and CYP7B on cholesterols to form bile acids. Figure redrawn from Schwarz et al.[30].

not in other tissues, 24(S)-hydroxylation of cholesterol64

is a major export pathway[25–27]; brain-derived 24(S)-65

OH-cholesterol is further metabolized in liver by CYP39A1.66

2.2. Steroid 7-hydroxylation67

In brain, several different B-ring hydroxylase enzymes68
were suspected. Although DHEA is primarily 7�-hydro-69
xylated, inhibitor studies pointed to a second enzyme with70

Fig. 2. 7-Hydroxylation of OH-cholesterol and 3�-hydroxysteroids.

activity at 7� [12,14–16]. A/anediol is principally 6�- 71

hydroxylated in brain and prostate[6,7,9,28], suggestive of 72

a further enzyme. 73

We reported molecular cloning of an enzyme from ro-74

dent hippocampus, CYP7B, with sequence similarity to 75

CYP7A [29]. The enzyme differs from CYP7A in a number 76

of significant respects. First, in addition to catalyzing the77

7�-hydroxylation of sterols (25- and 26-OH-cholesterols;78

[30–32]), it is robustly active against steroids including79
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Fig. 3. CYP7B expression in brain and liver and kidney. Panels A, C, and D depict reporter gene expression (dark coloration), in transgenic mice, under
control of CYP7B regulatory elements (A, brain, sagittal section; C, liver; D, kidney). Panel B shows in situ hybridization (dark/grey coloration) using
a CYP7B probe (brain, horizonal section) [33]. Expression in neonates is very much more widespread and abundant [138].

DHEA, pregnenolone, and androstene-3�,17�-diol (A/ene-80

diol); 17�-estradiol was also modified at a lower rate[31].81

Second, CYP7B is not restricted to liver, and is expressed82

widely in the brain and other tissues [29,33], Fig. 3. In addition to83

affecting sterol 7�-hydroxylation in liver[34], CYP7B gene84

disruption abolished steroid and sterol hydroxylation in di-85

verse tissues including brain, spleen, thymus, heart, lung86

(in male), prostate, uterus, and mammary gland[33]. Third,87

CYP7B may modify other positions including 6� and 7�:88

knockout mice fail to modify A/anediol (that is normally89

6�-hydroxylated) while recombinant CYP7B enzyme ex-90

pressed in vaccinia or in yeast generates minor secondary91

metabolites including 7�-hydroxysteroids ([33]; Vico et al.,92

Yeast, in press); 7� metabolites are also abolished in CYP7B93

knockout mice[33] though onwards metabolism from 7�94

was not excluded (see Lardy, this volume).95

2.3. Other B-ring hydroxylases96

Hepatic steroid metabolism includes hydroxylation at97

the 6�-position by members of the CYP3A family[35,36].98

Outwith liver, CYP7B appears to be the primary steroid99

and sterol hydroxylase, though a distinct testosterone100

7�-hydroxylase has been described in testis (CYP2A9/101

15 [17,18]) and in human (but not rodent) prostate,102

6�-hydroxylation of 5�-3� steroids is performed by a103

non-P450 enzyme[7,13]. Other enzymes may exist.104

3. Signaling by B-ring oxygenated sterols105

Sterol hydroxylation at the 7�-position is central to bile106

acid synthesis in liver; the role of steroid and sterol B-ring107

hydroxylation in other tissues is unknown. There is evidence108

that they may play regulatory and/or signaling roles, ex-109

emplified (below) by effects on cholesterol regulation and110

apoptosis; other diverse effects of B-ring modified sterols111

have been noted (not reviewed). 112

3.1. Cholesterol homeostasis 113

Excess cholesterol represses its own synthesis and up-114

regulates hepatic CYP7A expression to promote elimina-115

tion. Conversely, bile acid excess can repress expression of116

CYP7A. Complex transcriptional regulation acts via a series117

of nuclear hormone receptors including LXR�, LXR�, FXR 118

and LRH-1[37–39] that mediate responses to oxygenated119

sterols and bile acids. B-ring modification does not appear120

to be essential for this regulation. While 6�-OH-cholesterol 121

may activate LXR [40] and 6�-epoxycholesterols and122

7-oxocholesterol can inhibit[41], LXR is most efficiently 123

activated by 22(R)- and 24(S)-OH-cholesterols[42,43]. 124

Though 6- or 7-hydroxylated sterols could contribute to this125

regulation, B-ring hydroxylated sterols may exert effects126

via other pathways. 127

3.2. Apoptosis control 128

One pathway links cholesterol supply to cell proliferation129

and/or programmed cell death. Oxysterols are inhibitors130

of cell activation and proliferation, and can induce cell131

death, particularly in lymphocytes[44–47]. 7�-OH and 132

7-oxocholesterols are neurotoxic[48]. The most potent 133

apoptosis-inducing activity found in oxidized LDL was iden-134

tified as 7�-hydroperoxycholesterol (7�-OOH-cholesterol) 135

[49,50]. Death in these models can be via classical apoptotic136

pathways[51,52]. 137
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Cell death may be a consequence of cholesterol biosyn-138

thesis inhibition; however, the specific pathways by which139

sterols can induce apoptosis remain to be elucidated.140

4. Signaling by B-ring hydroxylated steroids141

4.1. Brain function142

The major metabolic route for DHEA in extra-hepatic143

tissues is via 7�-hydroxylation [31–33]. The metabolism144

of DHEA is of some interest. DHEA (and pregnenolone)145

promote synaptic plasticity and memory function in ex-146

perimental animals[53–59]. Further, blood DHEA levels147

fall markedly with age in primates [60–65]. Cognitive de-148

cline in old age could be causally linked to DHEA decline149

[66–69]. However, oral DHEA replacement has not brought150

the hoped-for improvements in cognitive function[66,70,71]151

although beneficial effects are reported in adrenal dysfunc-152

tion [72].153

DHEA may require metabolism in target tissues. It is154

of note that the DHEA metabolizing enzyme CYP7B is155

particularly well-expressed in the hippocampus[29,33], a156

brain region centrally involved in memory formation. Lardy157

et al. [73] suggested that 7�-hydroxylation of DHEA is on158

a metabolic pathway to more potent derivatives and recently159

reported that 7-oxoDHEA (that may interconvert with 7-OH160

derivatives) is more active in promoting brain function than161

DHEA [74]. We have observed that 7�-OH-DHEA is more162

active than DHEA in preventing hypoxic cell death of neu-163

rones in vitro (Sundström, Martin, Lathe, Seckl, and Wulfert,164

unpublished data). In the brain, therefore, 7-oxygenation seems to165

be associated with activation of DHEA.166

4.2. The immune system167

DHEA and its metabolites promote the immune response168

in experimental animals[75–84]; however, attempts to boost169

immune-responsiveness in the elderly by DHEA replace-170

ment have not been entirely promising[85].171

As in brain, DHEA may require metabolism for bioactiv-172

ity. CYP7B is expressed in thymus and in lymphocytes ([33];173

our unpublished data). There is debate about the stereocon-174

figuration of the active metabolite. 7�-OH-DHEA is a ma-175

jor immunity-promoting derivative of DHEA[86,87]others176

have argued that 7�-OH derivatives of A/enediol are most177

effective ([78,82,88,89]; Loria, this volume).178

4.3. Origins of 7β-hydroxylated molecules179

Both 7�- and 7�-modified molecules have biological180

activity, particularly in the immune system, but the origin181

of 7�-OH molecules is enigmatic (see Lardy, this volume).182

Several routes are possible. (1) Enzymatic hydroxylation:183

trace 7�-modified molecules are seen in CYP7B reac-184

tions [31]; allosteric modulation could favor 7� modifi-185

cation [12]. (2) Epimerization: 7�-hydroperoxycholesterol186

(7�-OOH-cholesterol) and 7�-OH-cholesterol may spon-187

taneously epimerize to their 7� counterparts[88,89]; a 188

7-epimerase similar to the 3-epimerase enzyme[90] could 189

contribute. (3) Dehydrogenation and reduction: 11�-HSD 190

activity against 7�-OH-cholesterol[91] generates 7-oxo191

molecules that could in turn generate 7�-OH derivatives. 192

All three are consistent with abolition of both 7� and 7� 193

derivatives by disruption of the CYP7B[33]. 194

5. Did signaling by B-ring hydroxylated molecules 195

predate conventional steroid signaling? 196

5.1. Dearth of conventional receptor targets 197

No dedicated conventional (nuclear) receptor has been198

identified for 7-OH steroids. These could then act through199

via gating (ligand inactivation) of typical nuclear receptors,200

through the modulation of cell-surface ion channels (partic-201

ularly in brain), or at atypical receptors. 202

A/anediol and DHEA are modest agonists of the es-203

trogen and androgen receptors (ER and AR)[92,93]. 204

7-Oxygenation reduces activity of both molecules[1,94]. 205

Clearly hydroxylation can gate nuclear receptor access, but206

the significance in vivo is unclear. 207

Hydroxylation of steroids (and possibly sterols) may mod-208

ulate activity at cell-surface ion channels. Diverse channels209

respond to steroids[95], but the GABAA receptor has re-210

ceived most attention. DHEA and related steroids are an-211

tagonists of GABAA, promoting neuronal activity (while212

3�-5� steroids are agonists with potent anaesthetic proper-213

ties). B-ring hydroxylation of DHEA and related steroids214

could gate access to these receptors. 215

Gating of either sex steroid receptors or ion channels216

such as GABAA does not easily explain the apopotic reg-217

ulatory action and brain/immune system effects of these218

molecules. For instance, GABA agonists can inhibit apopto-219

sis, but steroids are orders of magnitude more effective than220

the classic GABA agonist, muscimol[96]. This implies that 221

they are binding to other receptors. This could make sense if222

these targets predated both the development of ion-channel223

sensitivity to steroids and the radiation of the steroid hor-224

mone receptor superfamily. 225

5.2. Late emergence of steroid signaling 226

Traditional wisdom depicts the evolution of intercellu-227

lar steroid signaling from intracellular sterol signaling by228

an evolutionary breakthrough—the oxidative removal of the229

long hydrophobic side-chain of cholesterol via the action of230

the P450scc (side-chain cleavage; scc) enzyme, CYP11B.231

This interpretation may be incomplete. 232

Steroid signaling proper emerged late in eukaryotic evo-233

lution. The genome of the yeast,Saccharomyces cerevisiae, 234

contains no homolog to the vertebrate steroid hormone re-235

ceptor family. Steroid signaling proper has been placed with236
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Fig. 4. Sterols/steroids from different organisms: (a) 2- (and 3-) methyl-bacteriohopanoids are commonly substituted (R in the figure) with a long
side-chain (C8 outwith the hopanoid nucleus) bearing clustered OH groups (e.g. bacteriohopantetrol[103]); (b) cycloartenol rather than lanosterol is the
sterol precursor in plants.

primitive fishes during the massive radiations taking place237

in the Cambrian period[97–100]. Ion-channel sensitivity238

to steroids only appears late in chordate evolution[101].239

Therefore, the full spectrum of growth, differentiation, and240

reproduction was achieved, in precursors to the vertebrate241

lineage, without conventional steroid signaling at either nu-242

clear or ion-channel receptors. These processes might have243

been subserved by sterols (rather than steroids) acting at244

atypical receptors.245

5.3. Emergence of sterol-derived messengers: B-ring246

modified derivatives can be generated non-enzymatically247

Membrane sterols probably arose from terpenoids in-248

cluding the hopanoids of bacteria[102,103] with which249

they share axial and longitudinal dimensions required250

for membrane stabilization (but not the 3�-OH group of251

steroids/sterols). Sterols of modern eukaryotes generally252

contain the 3�-OH group, including ergosterol, and lanos-253

terol of fission and budding yeasts (S. cerevisiae, Schizosac-254

charomyces pombe), plant phytosterols such as stigmasterol,255

and the insect (and crab) hormone ecdysone (Fig. 4).256

Signaling molecules can arise from abundant cell compo-257

nents. Membrane sterols are relatively insoluble; chemical258

oxidation of cholesterol primarily generates the more solu-259

ble 7�-OH, 7�-OH and 7-oxo derivatives (Fig. 5). Lower 260

amounts of 6�-OH molecules, 5�-6� epoxides, and 7�- and 261

�-hydroperoxides are also produced, as are side-chain oxi-262

dized  cholesterols.     Oxygenation at the  5-6  unsaturated 263

bond (perhaps facilitiated by the 3�-OH group) may pro- 264

duce  5-6   epoxides  that  convert  to 7-hydroperoxides, 265

followed by thermal degradation to produce 7�-OH, 7�-OH, 266

and 7-oxocholesterols[88,89,104–107]. Products of other 267

membrane sterols may be similar[108]. B-ring oxidation is 268

promoted by horseradish peroxidase, lipoxygenases, gamma269

irradiation, and metal ions (most particularly copper ion) and270

reduced in the presence of metal chelating agents (reviewed271

by Schroepfer[109]). 272

5.4. What do we know about the earliest sterol messengers?273

Through increased solubility, and non-enzymatic produc-274

tion, 7-oxygenated sterols have considerable signaling po-275

tential. First, oxidized cholesterols are toxic, can bind to276

DNA and have mutagenic activity[110–112]possibly pro- 277

viding an early driving force for inducible elimination (a278

relic of which may be found in the CYP7A export path-279

way). Second, they have the potential to signal both sterol280

abundance (growth) or sterol oxygenation (oxidative stress),281

suggestive of early growth and stress signals. 282
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Fig. 5. Non-enzymatic oxidation products of cholesterol.

This latter idea finds some support in the structure of283

modern steroid receptors. The earliest steroid-type nu-284

clear receptor most resembled the present estrogen re-285

ceptor; this primordial receptor subsequently diverged to286

generate the estradiol/growth (ER�, ER�, ERR) and glu-287

cocorticoid/stress families (GR, MR, PR, and later AR)288

[113-115].289

Early ligands could have included 7-modified molecules.290
(1) Estrogen receptors: these respond to diverse 3�-hydroxy-291
lated steroids [116,117]; ligand binding to modern ER� is292
promoted by small 7�-substitutions that fit into an unoc-293
cupied cavity in the receptor[117]. (2) Glucocorticoid re-294
ceptors: these are activated by 11�-hydroxylated steroids.295
Crucially, the 11�- and 7�-positions are rotationally sym-296
metrical (Fig. 6): emphasized by an 11�-hydroxysteroid de-297
hydrogenase (HSD) with dual 11�- and 7�-dehydrogenase298
activity [91] and promotion of ligand binding to ER� by299

Fig. 6. Rotational symmetry between the 7�- and 11�-positions of the
steroid nucleus. Some binding sites for 7�-modified molecules may accept
11�-modified equivalents.

11�-substitutions[117]. Early 11� modifications may have300

exploited receptor targets binding 7� molecules. Thus, ex-301

isting 7-modified molecules (produced non-enzymatically)302

could have been early ligands for the joint precursor to ER303

and GR. 304

6. Early receptors may have included intracellular 305

sterol sites 306

If signaling by sterols, possibly 7-modified sterols, pre-307

dated steroid signaling proper, what were the earliest targets308

for regulatory sterols? Molecular cloning experiments have309

begun to reveal a class of intracellular sterol-responsive tar-310

gets (see Moebius, this volume; reviewed in[118]). These 311

include the emopamil binding protein (EBP), the sigma312

site, and the peripheral benzodiazepine receptor (PBR). (1)313

EBP encodes a sterol C8-C7 isomerase that catalyzes the314

penultimate step in the synthesis of cholesterol[119–123]. 315

(2) Sigma-1 shares significant homology with yeast ERG2316

(ergosterol synthesis; C8-C7 sterol isomerase) enzyme317

[122,124,125]but its catalytic activity has not yet been eluci-318

dated; related sigma-2 and -3 receptors have been discussed.319

(3) The PBR participates in translocating cholesterol from320

the outer to the inner mitochondrial membrane[126–128]. 321

These sites emerged early in evolution. Sigma finds a strict322

equivalent in theS. cerevisiaeERG2 gene product. PBR323

has only distant relatives inS. cerevisiaebut a close coun- 324

terpart in the fission yeastS. pombe(SPBC725.10); EBP325

has no obvious match in either yeast but the EBP-related326

protein EBRP is highly homologous to aS. cerevisiaegene 327

product, YDL222C, of unknown function. 328
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These and other enzymes and transporters accompanied329

the evolutionary switch to sterol-rich membranes, and are330

contenders for the early regulatory targets for oxygenated331

sterols. However, it is not known which, if any, were mod-332

ulated by B-ring oxygenated molecules.333

Some major drugs target intracellular sterol sites. Ligands334

have marked effects on apoptosis and the immune system.335

An anti-estrogen (tamoxifen) used in hormone-responsive336

breast cancer may act via sterol sites; important brain-active337

drugs, including anti-epileptics (diazepam), anti-ischemics338

(emopamil), and neuroleptics (haloperidol) are ligands for339

sterol sites. Sterols modulate the risk of Alzheimer’s disease.340

An understanding of these primitive pathways is vital.341

6.1. Did the first steroids act at sterol sites?—the oxysterol342

hypothesis343

The first steroids, sterols lacking the hydrophobic344

side-chain of cholesterol, may have targeted existing sterol345

sites. In support, steroid action at oxysterol targets has been346

demonstrated. Some sterol sites have significant affinity for347

natural steroids including glucocorticoids, estrogens (and348

anti-estrogens) and DHEA[129–137]. Different steroids349

can have markedly different downstream effects at the same350

sterol site. Functional overlap between sterols and steroids351

is emphasized by present-day enzymes (CYP7B, 11�-HSD)352

that can modify both types of molecule.353

Modern systemic steroids (including DHEA, estradiol,354

and glucocorticoids and their metabolites) continue to target355

sterol sites, acting in concert or in competition with endoge-356

nous sterols. By this means steroids could, and can, con-357

trol cell life and death at a systemic level. 7-Oxygenation358

of 3�-hydroxysteroids including DHEA may reflect conser-359

vation of early signaling pathways. In the search for targets360

for B-ring modified steroids, intracellular sterol sites may361

deserve some attention.362

363

364

Acknowledgments365

This work was supported in part by a grant from the EC366

(BIO4-CT98-0311). I am indebted to G. Ourisson and K.367

Chapman and for very helpful suggestions, and to R. Bor-368

tolomeazzi and S. Chapman for advice on sterol chemistry.369

References370

[1] Li K, Foo T, Adams JB. Products of dehydroepiandrosterone371

metabolism by human mammary tumors and their influence on372

estradiol receptor binding. Steroids 1978;31:113–27.373

[2] Isaacs JT, McDermott IR, Coffey DS. Characterization of two374

new enzymatic activities of the rat ventral prostate: 5alpha-andro-375

stane-3beta, 17beta-diol 6alpha-hydroxylase and 5alpha-androstane-376

3beta, 17beta-diol 7alpha-hydroxylase. Steroids 1979;33:675–92.377

[3] Guiraud JM, Samperez S, Jouan P. Studies on the 5alpha-378

androstane-3beta, 17beta-diol-6alpha-hydroxylase and on the379

5alpha-androstane-3beta, 17beta-diol-7alpha-hydroxylase in anterior380

hypophysis of male rats. Steroids 1982;40:625–39, 692. 381

[4] Sundin M, Warner M, Haaparanta T, Gustafsson JÅ. Isolation382

and catalytic activity of cytochrome P450 from ventral prostate of383

control rats. J Biol Chem 1987;262:12293–7. 384

[5] Warner M, Kohler C, Hansson T, Gustafsson JÅ. Regional385

distribution of cytochrome P-450 in the rat brain: spectral386

quantitation and contribution of P-450b,e, and P-450c,d. J387

Neurochem 1988;50:1057–65. 388

[6] Akwa Y, Morfin RF, Robel P, Baulieu EE. Neurosteroid metabolism.389

7alpha-Hydroxylation of dehydroepiandrosterone and pregnenolone390

by rat brain microsomes. Biochem J 1992;288:959–64. 391

[7] Gemzik B, Parkinson A. Hydroxylation of 5alpha-androstane-3beta,392

17beta-diol by rat prostate microsomes: potent inhibition by imida-393

zole-type antimycotic drugs and lack of inhibition by steroid 5alpha-394

reductase inhibitors. Arch Biochem Biophys 1992;296:366–73. 395

[8] Khalil MW, Strutt B, Vachon D, Killinger DW. Metabolism of 396

dehydroepiandrosterone by cultured human adipose stromal cells:397

identification of 7alpha-hydroxydehydroepiandrosterone as a major398

metabolite using high performance liquid chromatography and mass399

spectrometry. J Steroid Biochem Mol Biol 1993;46:585–95. 400

[9] Strömstedt M, Warner M, Banner CD, MacDonald PC, Gustafsson401

JÅ. Role of brain cytochrome P450 in regulation of the level of402

anesthetic steroids in the brain. Mol Pharmacol 1993;44:1077–83.403

[10] Zhang J, Larsson O, Björkhem I. 7alpha-Hydroxylation of 25-404

hydroxycholesterol and 27-hydroxycholesterol in human fibroblasts.405

Biochim Biophys Acta 1995;1256:353–9. 406

[11] Payne DW, Shackleton C, Toms H, Ben-Shlomo I, Kol S, deMoura407

M, et al. A novel nonhepatic hydroxycholesterol 7alpha-hydroxylase408

that is markedly stimulated by interleukin-1beta. Characterization409

in the immature rat ovary. J Biol Chem 1995;270:18888–96. 410

[12] Doostzadeh J, Morfin R. Studies of the enzyme complex responsible411

for pregnenolone and dehydroepiandrosterone 7alpha-hydroxylation412

in mouse tissues. Steroids 1996;61:613–20. 413

[13] Dombroski R, Casey ML, MacDonald PC. Human saturated steroid414

6alpha-hydroxylase. J Clin Endocrinol Metab 1997;82:1338–44.415

[14] Doostzadeh J, Morfin R. Effects of cytochrome P450 inhibitors416

and of steroid hormones on the formation of 7-hydroxylated417

metabolites of pregnenolone in mouse brain microsomes. J418

Endocrinol 1997;155:343–50. 419

[15] Doostzadeh J, Cotillon AC, Morfin R. Hydroxylation of pre-420

gnenolone at the 7alpha and 7beta positions by mouse liver421

microsomes. Effects of cytochrome p450 inhibitors and structure-422

specific inhibition by steroid hormones. Steroids 1998;63:383–92.423

[16] Doostzadeh J, Cotillon AC, Benalycherif A, Morfin R. Inhibition424

studies of dehydroepiandrosterone 7alpha- and 7beta-hydroxylation425

in mouse liver microsomes. Steroids 1998;63:608–14. 426

[17] Sonderfan AJ, Arlotto MP, Parkinson A. Identification of the427

cytochrome P-450 isozymes responsible for testosterone oxidation428

in rat lung, kidney, and testis: evidence that cytochrome429

P-450a (P450IIA1) is the physiologically important testosterone430

7alpha-hydroxylase in rat testis. Endocrinology 1989;125:857–66.431

[18] Kurose K, Isozaki E, Tohkin M, Fukuhara M. Cloning and432

expression analysis of a new member of the cytochrome P450,433

CYP2A15 from the Chinese hamster, encoding testosterone434

7alpha-hydroxylase. Arch Biochem Biophys 1999;371:270–6. 435

[19] Zhou Z, Shackleton CH, Pahwa S, White PC, Speiser PW. Prominent436

sex steroid metabolism in human lymphocytes. Mol Cell Endocrinol437

1998;138:61–9. 438

[20] Noshiro M, Nishimoto M, Morohashi K, Okuda K. Molecular439

cloning of cDNA for cholesterol 7alpha-hydroxylase from rat440

liver microsomes. Nucleotide sequence and expression. FEBS Lett441

1989;257:97–100. 442



O
F

8 R. Lathe / Steroids 5668 (2002) 1–11

[21] Jelinek DF, Andersson S, Slaughter CA, Russell DW. Cloning443

and regulation of cholesterol 7alpha-hydroxylase, the rate-limiting444

enzyme in bile acid biosynthesis. J Biol Chem 1990;265:8190–7.445
[22] Ishibashi S, Schwarz M, Frykman PK, Herz J, Russell DW.446

Disruption of cholesterol 7alpha-hydroxylase gene in mice. I.447

Postnatal lethality reversed by bile acid and vitamin supple-448

mentation. J Biol Chem 1996;271:18017–23.449
[23] Schwarz M, Lund EG, Setchell KD, Kayden HJ, Zerwekh JE,450

Björkhem I, et al. Disruption of cholesterol 7alpha-hydroxylase451

gene in mice. II. Bile acid deficiency is overcome by induction of452

oxysterol 7alpha-hydroxylase. J Biol Chem 1996;271:18024–31.453
[24] Li-Hawkins J, Lund EG, Bronson AD, Russell DW. Expression454

cloning of an oxysterol 7alpha-hydroxylase selective for 24-455

hydroxycholesterol. J Biol Chem 2000;275:16543–9.456
[25] Björkhem I, Lütjohann D, Breuer O, Sakinis A, Wennmalm A.457

Importance of a novel oxidative mechanism for elimination of brain458

cholesterol. Turnover of cholesterol and 24(S)-hydroxycholesterol459

in rat brain as measured with18O2 techniques in vivo and in vitro.460

J Biol Chem 1997;272:30178–84.461
[26] Björkhem I, Lütjohann D, Diczfalusy U, Stahle L, Ahlborg G,462

Wahren J. Cholesterol homeostasis in human brain: turnover of463

24S-hydroxycholesterol and evidence for a cerebral origin of most464

of this oxysterol in the circulation. J Lipid Res 1998;39:1594–600.465
[27] Björkhem I, Diczfalusy U, Lütjohann D. Removal of cholesterol466

from extrahepatic sources by oxidative mechanisms. Curr Opin467

Lipidol 1999;10:161–5.468
[28] Warner M, Strömstedt M, Möller L, Gustafsson JÅ. Distribution469

and regulation of 5alpha-androstane-3beta,17beta-diol hydroxylase470

in the rat central nervous system. Endocrinology 1989;124:2699–471

706.472
[29] Stapleton G, Steel M, Richardson M, Mason JO, Rose KA, Morris473

RG, et al. A novel cytochrome P450 expressed primarily in brain.474

J Biol Chem 1995;270:29739–45.475
[30] Schwarz M, Lund EG, Lathe R, Björkhem I, Russell DW.476

Identification and characterization of a mouse oxysterol 7alpha-477

hydroxylase cDNA. J Biol Chem 1997;272:23995–4001.478
[31] Rose KA, Stapleton G, Dott K, Kieny MP, Best R, Schwarz479

M, et al. Cyp7b, a novel brain cytochrome P450, catalyzes the480

synthesis of neurosteroids 7alpha-hydroxy dehydroepiandrosterone481

and 7alpha-hydroxy pregnenolone. Proc Natl Acad Sci USA482

1997;94:4925–30.483
[32] Martin KO, Reiss AB, Lathe R, Javitt NB. 7alpha-Hydroxylation of484

27-hydroxycholesterol: biologic role in the regulation of cholesterol485

synthesis 7alpha-hydroxylation of 27-hydroxycholesterol: biologic486

role in the regulation of cholesterol synthesis. J Lipid Res487

1997;38:1053–8.488
[33] Rose K, Allan A, Gauldie S, Stapleton G, Dobbie L, Dott K,489

et al. Neurosteroid hydroxylase CYP7B: vivid reporter activity in490

dentate gyrus of gene-targeted mice and abolition of a widespread491

pathway of steroid and oxysterol hydroxylation. J Biol Chem492

2001;276:23937–44.493
[34] Li-Hawkins J, Lund EG, Turley SD, Russell DW. Disruption494

of the oxysterol 7alpha-hydroxylase gene in mice. J Biol Chem495

2000;275:16536–42.496
[35] Miyata M, Nagata K, Shimada M, Yamazoe Y, Kato R. Structure of497

a gene and cDNA of a major constitutive form of testosterone 6beta-498

hydroxylase (P450/6betaA) encoding CYP3A2: comparison of the499

cDNA with P450PCN2. Arch Biochem Biophys 1994;314:259–351.500
[36] Dai D, Bai R, Hodgson E, Rose RL. Cloning, sequencing,501

heterologous expression, and characterization of murine cytochrome502

P450 3a25* (Cyp3a25), a testosterone 6beta-hydroxylase. J Biochem503

Mol Toxicol 2001;15:90–9.504
[37] Russell DW. Nuclear orphan receptors control cholesterol505

catabolism. Cell 1999;97:539–42.506
[38] Goodwin B, Jones SA, Price RR, Watson MA, McKee DD, Moore507

LB, et al. A regulatory cascade of the nuclear receptors FXR, SHP-1,508

and LRH-1 represses bile acid biosynthesis. Mol Cell 2001;6:517–509

26.510

[39] Lu TT, Repa JJ, Mangelsdorf DJ. Orphan nuclear receptors as511

eLiXiRs and FiXeRs of sterol metabolism. J Biol Chem 2001;276:37735-8 512

[40] Song C, Hiipakka RA, Liao S. Selective activation of liver X513

receptoralpha by 6alpha-hydroxy bile acids and analogs. Steroids514

2000;65:423–7. 515

[41] Song C, Hiipakka RA, Liao S. Auto-oxidized cholesterol sulfates are516

antagonistic ligands of liver X receptors: implications for the deve-517

lopment and treatment of atherosclerosis. Steroids 2001;66:473–9.518

[42] Janowski BA, Willy PJ, Devi TR, Falck JR, Mangelsdorf DJ.519

An oxysterol signaling pathway mediated by the nuclear receptor520

LXRalpha. Nature 1996;383:728–31. 521

[43] Lehmann JM, Kliewer SA, Moore LB, Smith-Oliver TA, Oliver522

BB, Su JL, et al. Activation of the nuclear receptor LXR by523

oxysterols defines a new hormone response pathway. J Biol Chem524

1997;272:3137–40. 525

[44] Richert L, Beck JP, Shinitzky M. Inhibition of IL-2 secretion and526

IL-2 receptor appearance of activated lymphocytes pretreated with527

hydroxylated sterols. Immunol Lett 1986;13:329–34. 528

[45] Moog C, Aubertin AM, Kirn A, Luu B. Oxysterols, but not 529

cholesterol, inhibit human immunodeficiency virus replication in530

vitro. Antivir Chem Chemother 1998;9:491–6. 531

[46] Lizard G, Lemaire S, Monier S, Gueldry S, Neel D, Gambert532

P. Induction of apoptosis and of interleukin-1beta secretion by533

7beta-hydroxycholesterol and 7-ketocholesterol: partial inhibition534

by Bcl-2 overexpression. FEBS Lett 1997;419:276–80. 535

[47] Johnson BH, Ayala-Torres S, Chan LN, El-Naghy M, Thompson EB.536

Glucocorticoid/oxysterol-induced DNA lysis in human leukemic537

cells. J Steroid Biochem Mol Biol 1997;61:35–45. 538

[48] Chang JY, Liu LZ. Neurotoxicity of cholesterol oxides on cultured539

cerebellar granule cells. Neurochem Int 1998;32:317–23. 540

[49] Malavasi B, Rasetti MF, Roma P, Fogliatto R, Allevi P,541

Catapano AL, et al. Evidence for the presence of 7-hydroperoxy-542

cholest-5-en-3beta-ol in oxidized human LDL. Chem Phys Lipids543

1992;62:209–14. 544

[50] Chisolm GM, Ma G, Irwin KC, Martin LL, Gunderson KG, Linberg545

LF, et al. 7beta-Hydroperoxycholest-5-en-3beta-ol, a component546

of human atherosclerotic lesions, is the primary cytotoxin of547

oxidized human low density lipoprotein. Proc Natl Acad Sci USA548

1994;91:11452–6. 549

[51] Hwang PL. Inhibitors of protein and RNA synthesis block the550

cytotoxic effects of oxygenated sterols. Biochim Biophys Acta551

1992;1136:5–11. 552

[52] Lizard G, Monier S, Cordelet C, Gesquiere L, Deckert V, Gueldry553

S, et al. Characterization and comparison of the mode of cell death,554

apoptosis versus necrosis, induced by 7beta-hydroxycholesterol and555

7-ketocholesterol in the cells of the vascular wall. Arterioscler556

Thromb Vasc Biol 1999;19:1190–200. 557

[53] Roberts E, Bologa L, Flood JF, Smith GE. Effects of dehy-558

droepiandrosterone and its sulfate on brain tissue in culture and on559

memory in mice. Effects of dehydroepiandrosterone and its sulfate560

on brain tissue in culture and on memory in mice. Brain Res561

1987;406:357–62. 562

[54] Flood JF, Roberts E. Dehydroepiandrosterone sulfate improves563

memory in aging mice. Brain Res 1988;448:178–81. 564

[55] Flood JF, Smith GE, Roberts E. Dehydroepiandrosterone and its565

sulfate enhance memory retention in mice. Brain Res 1988;447:269–566

78. 567

[56] Flood JF, Morley JE, Roberts E. Memory-enhancing effects in male568

mice of pregnenolone and steroids metabolically derived from it.569

Proc Natl Acad Sci USA 1992;89:1567–71. 570

[57] Yoo A, Harris J, Dubrovsky B. Dose–response study of dehy-571

droepiandrosterone sulfate on dentate gyrus long-term potentiation.572

Exp Neurol 1996;137:151–6. 573

[58] Diamond DM, Branch BJ, Fleshner M. The neurosteroid574

dehydroepiandrosterone sulfate (DHEAS) enhances hippocampal575

primed burst, but not long-term, potentiation. Neurosci Lett576

1996;202:204–8. 577



R. Lathe / Steroids 5668 (2002) 1–11 9

[59] Flood JF, Farr SA, Johnson DA, Li PK, Morley JE. Peripheral578

steroid sulfatase inhibition potentiates improvement of memory579

retention for hippocampally administered dehydroepiandrosterone580

sulfate but not pregnenolone sulfate. Psychoneuroendocrinology581

1999;24:799–811.582

[60] Orentreich N, Brind JL, Rizer RL, Vogelman JH. Age changes and583

sex differences in serum dehydroepiandrosterone sulfate concentra-584

tions throughout adulthood. J Clin Endocrinol Metab 1984;59:551–585

5.586

[61] Orentreich N, Brind JL, Vogelman JH, Andres R, Baldwin H. Long-587

term longitudinal measurements of plasma dehydroepiandrosterone588

sulfate in normal men. J Clin Endocrinol Metab 1992;75:1002–589

4.590

[62] Sapolsky RM, Vogelman JH, Orentreich N, Altmann J. Senescent591

decline in serum dehydroepiandrosterone sulfate concentrations592

in a population of wild baboons. J Gerontol 1993;48:B196–593

200.594

[63] Belanger A, Candas B, Dupont A, Cusan L, Diamond P, Gomez595

JL, et al. Changes in serum concentrations of conjugated and596

unconjugated steroids in 40- to 80-year-old men. J Clin Endocrinol597

Metab 1994;79:1086–90.598

[64] Lane MA, Ingram DK, Ball SS, Roth GS. Dehydroepiandrosterone599

sulfate: a biomarker of primate aging slowed by calorie restriction.600

J Clin Endocrinol Metab 1997;82:2093–6.601

[65] Morley JE, Kaiser F, Raum WJ, Perry III HM, Flood JF, Jensen J,602

et al. Potentially predictive and manipulable blood serum correlates603

of aging in the healthy human male: progressive decreases in604

bioavailable testosterone, dehydroepiandrosterone sulfate, and the605

ratio of insulin-like growth factor 1 to growth hormone. Proc Natl606

Acad Sci USA 1997;94:7537–42.607

[66] Morales AJ, Nolan JJ, Nelson JC, Yen SS. Effects of replacement608

dose of dehydroepiandrosterone in men and women of advancing609

age. J Clin Endocrinol Metab 1994;78:1360–7.610

[67] Shealy CN. A review of dehydroepiandrosterone (DHEA). Integr611

Physiol Behav Sci 1995;30:308–13.612

[68] Nestler JE. Advances in understanding the regulation and biologic613

actions of dehydroepiandrosterone. Curr Opin Endocrinol Diabetes614

1996;3:202–11.615

[69] Hinson JP, Raven PW. DHEA deficiency syndrome: a new term for616

old age? J Endocrinol 1999;163:1–5.617

[70] Wolf OT, Kirschbaum C. Dehydroepiandrosterone replacement in618

elderly individuals: still waiting for the proof of beneficial effects619

on mood or memory. J Endocrinol Invest 1999;22:316.620

[71] Baulieu EE, Thomas G, Legrain S, Lahlou N, Roger M, Debuire B,621

et al. Dehydroepiandrosterone (DHEA), DHEA sulfate, and aging:622

contribution of the DHEAge study to a sociobiomedical issue. Proc623

Natl Acad Sci USA 2000;97:4279–84.624

[72] Hunt PJ, Gurnell EM, Huppert FA, Richards C, Prevost AT,625

Wass JA, et al. Improvement in mood and fatigue after626

dehydroepiandrosterone replacement in Addison’s disease in627

a randomized, double blind trial. J Clin Endocrinol Metab628

2001;85:4650–6.629

[73] Lardy H, Partridge B, Kneer N, Wei Y. Ergosteroids: induction630

of thermogenic enzymes in liver of rats treated with steroids631

derived from dehydroepiandrosterone. Proc Natl Acad Sci USA632

1995;92:6617–9.633

[74] Shi J, Schulze S, Lardy HA. The effect of 7-oxo-DHEA acetate on634

memory in young and old C57BL/6 mice. Steroids 2000;65:124–9.635

[75] Daynes RA, Dudley DJ, Araneo BA. Regulation of murine636

lymphokine production in vivo. II. Dehydroepiandrosterone is a637

natural enhancer of interleukin 2 synthesis by helper T cells. Eur638

J Immunol 1990;20:793–802.639

[76] Danenberg HD, Alpert G, Lustig S, Ben-Nathan D. Dehy-640

droepiandrosterone protects mice from endotoxin toxicity and641

reduces tumor necrosis factor production. Antimicrob Agents642

Chemother 1992;36:2275–9.643

[77] Danenberg HD, Ben-Yehuda A, Zakay-Rones Z, Friedman G.644

Dehydroepiandrosterone (DHEA) treatment reverses the impaired645

immune response of old mice to influenza vaccination and protects646

from influenza infection. Vaccine 1995;13:1445–8. 647

[78] Loria RM, Padgett DA. Androstenediol regulates systemic resistance648

against lethal infections in mice. Arch Virol 1992;127:103–15. 649

[79] Padgett DA, Loria RM. Endocrine regulation of murine macrophage650

function: effects of dehydroepiandrosterone, androstenediol, and651

androstenetriol. J Neuroimmunol 1998;84:61–8. 652

[80] Araneo BA, Shelby J, Li GZ, Ku W, Daynes RA. Administration653

of dehydroepiandrosterone to burned mice preserves normal654

immunologic competence. Arch Surg 1993;128:318–25. 655

[81] Ben-Nathan D, Padgett DA, Loria RM. Androstenediol and656

dehydroepiandrosterone protect mice against lethal bacterial657

infections and lipopolysaccharide toxicity. J Med Microbiol658

1999;48:425–31. 659

[82] Padgett DA, Loria RM, Sheridan JF. Endocrine regulation of the660

immune response to influenza virus infection with a metabolite of661

DHEA-androstenediol. J Neuroimmunol 1997;78:203–11. 662

[83] Padgett DA, MacCallum RC, Loria RM, Sheridan JF. Andro-663

stenediol-induced restoration of responsiveness to influenza664

vaccination in mice. J Gerontol A: Biol Sci Med Sci 2000;55:418–665

24. 666

[84] Solerte SB, Fioravanti M, Vignati G, Giustina A, Cravello L,667

Ferrari E. Dehydroepiandrosterone sulfate enhances natural killer668

cell cytotoxicity in humans via locally generated immunoreactive669

insulin-like growth factor I. J Clin Endocrinol Metab 1999;84:3260–670

7. 671

[85] Danenberg HD, Ben-Yehuda A, Zakay-Rones Z, Gross DJ,672

Friedman G. Dehydroepiandrosterone treatment is not beneficial673

to the immune response to influenza in elderly subjects. J Clin674

Endocrinol Metab 1997;82:2911–4. 675

[86] Morfin R, Courchay G. Pregnenolone and dehydroepiandrosterone676

as precursors of native 7-hydroxylated metabolites which increase677

the immune response in mice. J Steroid Biochem Mol Biol678

1994;50:91–100. 679

[87] Lafaye P, Chmielewski V, Nato F, Mazie JC, Morfin R. The680

7alpha-hydroxysteroids produced in human tonsils enhance the681

immune response to tetanus toxoid andBordetella pertussis 682

antigens. Biochim Biophys Acta 1999;1472:222–31. 683

[88] Teng JI, Kulig MJ, Smith LL, Kan G, van Lier JE. Sterol684

metabolism. XX. Cholesterol 7beta-hydroperoxide. J Org Chem685

1973;38:119–23. 686

[89] Beckwith ALJ, Daview AG, Davison IGE, Maccoll A, Mruzek MH.687

The mechanisms of the rearrangements of allylic hydroperoxides:688

5alpha-hydroperoxy-3beta-hydroxycholest-6-ene and 7alpha-hydro-689

peroxy-3beta-hydroxycholest-5-ene. J Chem Soc Perkin Trans690

1989;II:815–24. 691

[90] Huang XF, Luu-The V. Molecular characterization of a first692

human 3(alpha→ beta)-hydroxysteroid epimerase. J Biol Chem693

2001;275:29452–7. 694

[91] Song W, Chen J, Dean WL, Redinger RN, Prough RA. Purifi-695

cation and characterization of hamster liver microsomal 7alpha-696

hydroxycholesterol dehydrogenase. Similarity to type I 11beta-697

hydroxysteroid dehydrogenase. J Biol Chem 1998;273:16223–8.698

[92] Hackenberg R, Turgetto I, Filmer A, Schulz KD. Estrogen699

and androgen receptor mediated stimulation and inhibition700

of proliferation by androst-5-ene-3beta,17beta-diol in human701

mammary cancer cells. J Steroid Biochem Mol Biol 1993;46:597–702

603. 703

[93] Nephew KP, Sheeler CQ, Dudley MD, Gordon S, Nayfield SG, Khan704

SA. Studies of dehydroepiandrosterone (DHEA) with the human705

estrogen receptor in yeast. Mol Cell Endocrinol 1998;143:133–42.706

[94] Chang HC, Miyamoto H, Marwah P, Lardy H, Yeh S, Huang707

KE, et al. Suppression of delta(5)-androstenediol-induced androgen708

receptor transactivation by selective steroids in human prostate709

cancer cells. Proc Natl Acad Sci USA 1999;96:11173–7. 710



10 R. Lathe / Steroids 5668 (2002) 1–11

[95] Rupprecht R, Holsboer F. Neuroactive steroids: mechanisms711

of action and neuropsychopharmacological perspectives. Trends712

Neurosci 1999;22:410–6.713

[96] Waters SL, Miller GW, Aleo MD, Schnellmann RG. Neurosteroid714

inhibition of cell death. Am J Physiol 1997;273:869–76.715

[97] Baker ME. Steroid receptor phylogeny and vertebrate origins. Mol716

Cell Endocrinol 1997;135:101–7.717

[98] Ayala FJ, Rzhetsky A. Origin of the metazoan phyla: molecular718

clocks confirm paleontological estimates. Proc Natl Acad Sci USA719

1998;95:606–11.720

[99] Bromham L, Rambaut A, Fortey R, Cooper A, Penny D. Testing721

the Cambrian explosion hypothesis by using a molecular dating722

technique. Proc Natl Acad Sci USA 1998;95:12386–9.723

[100] Agarwal MK. Receptors for mammalian steroid hormones in724

microbes and plants. FEBS Lett 1993;322:207–10.725

[101] Oliver AE, Deamer DW, Akeson M. Evidence that sensitivity726

to steroid anesthetics appears late in evolution. Brain Res727

1991;557:298–302.728

[102] Rohmer M, Bouvier P, Ourisson G. Molecular evolution of729

biomembranes: structural equivalents and phylogenetic precursors730

of sterols. Proc Natl Acad Sci USA 1979;76:847–51.731

[103] Ourisson G, Nakatani Y. The terpenoid theory of the origin of732

cellular life: the evolution of terpenoids to cholesterol. Chem Biol733

1994;1:11–23.734

[104] van Lier JE, Smith LL. Autooxidation of cholesterol via735

hydroperoxide intermediates. J Org Chem 1970;35:2627–32.736

[105] Teng JI, Smith LL. Sterol metabolism. XXIV. On the unlikely737

participation of singlet molecular oxygen in several enzyme738

oxygenations. J Am Chem Soc 1973;95:4060–1.739

[106] Smith LL, Kulig MJ, Mueller D, Ansari GAS. Oxidation740

of cholesterol by dioxygen species. J Am Chem Soc 1978;741

100(19):6206–11.742

[107] Lercker G, Bortolomeazzi R, Pizzale L, Vichi S. Thermal743

degradation of single 7-cholesteryl acetate hydroperoxide. Chroma-744

tographia 1996;42:29–33.745

[108] Bortolomeazzi R, De Zan M, Pizzale L, Conte LS. Mass746

spectrometry characterization of the 5alpha-, 7alpha-, and747

7beta-hydroxy derivatives of beta-sitosterol, campesterol, stig-748

masterol, and brassicasterol. J Agric Food Chem 1999;47:3069–74.749

[109] Schroepfer Jr GJ. Oxysterols: modulators of cholesterol metabolism750

and other processes. Physiol Rev 2001;80:361–554.751

[110] Blackburn GM, Rashid A, Thompson MH. Interaction of752

5alpha-6alpha-cholesterol oxide with DNA and other nucleophiles.753

J Chem Soc Chem Commun 1979;420–41.754

[111] Sevanian A, Peterson AR. Cholesterol epoxide is a direct-acting755

mutagen. Proc Natl Acad Sci USA 1984;81:4198–202.756

[112] Fretland AJ, Omiecinski CJ. Epoxide hydrolases: biochemistry and757

molecular biology. Chem Biol Interact 2000;129:41–59.758

[113] Laudet V. Evolution of the nuclear receptor superfamily: early759

diversification from an ancestral orphan receptor. J Mol Endocrinol760

1997;19:207–26.761

[114] Escriva H, Safi R, Hanni C, Langlois MC, Saumitou-Laprade P,762

Stehelin D, et al. Ligand binding was acquired during evolution of763

nuclear receptors. Proc Natl Acad Sci USA 1997;94:6803–8.764

[115] Baker ME. Adrenal and sex steroid receptor evolution: envi-765

ronmental implications. J Mol Endocrinol 2001;26:119–25.766

[116] Miyamoto H, Yeh S, Lardy H, Messing E, Chang C. Delta5-767

androstenediol is a natural hormone with androgenic activity in768

human prostate cancer cells. Proc Natl Acad Sci USA 1998;769

95:11083–8.770

[117] Fang H, Tong W, Shi LM, Blair R, Perkins R, Branham W,771

et al. Structure–activity relationships for a large diverse set of772

natural, synthetic, and environmental estrogens. Chem Res Toxicol773

2001;14:280–94.774

[118] Lathe R, Seckl JR. Neurosteroids and brain sterols. In: Mason JI,775

editor. Genetics of steroid biosynthesis and function. London:776

Taylor and Francis, 2002;407-74.777

[119] Silve S, Dupuy PH, Labit-Lebouteiller C, Kaghad M, Chalon P,778

Rahier A, et al. Emopamil-binding protein, a mammalian protein779

that binds a series of structurally diverse neuroprotective agents,780

exhibits delta8-delta7 sterol isomerase activity in yeast. J Biol Chem781

1996;271:22434–40. 782

[120] Silve S, Leplatois P, Josse A, Dupuy PH, Lanau C, Kaghad M,783

et al. The immunosuppressant SR 31747 blocks cell proliferation784

by inhibiting a steroid isomerase inSaccharomyces cerevisiae. Mol 785

Cell Biol 1996;16:2719–27. 786

[121] Hanner M, Moebius FF, Weber F, Grabner M, Striessnig J,787

Glossmann H. Phenylalkylamine Ca2+ antagonist binding protein. 788

Molecular cloning, tissue distribution, and heterologous expression.789

J Biol Chem 1995;270:7551–7. 790

[122] Hanner M, Moebius FF, Flandorfer A, Knaus HG, Striessnig J,791

Kempner E, et al. Purification, molecular cloning, and expression792

of the mammalian sigma1-binding site. Proc Natl Acad Sci USA793

1996;93:8072–7. 794

[123] Moebius FF, Bermoser K, Reiter RJ, Hanner M, Glossmann H.795

Yeast sterol C8-C7 isomerase: identification and characterization796

of a high-affinity binding site for enzyme inhibitors. Biochemistry797

1996;35:16871–8. 798

[124] Kekuda R, Prasad PD, Fei YJ, Leibach FH, Ganapathy V. Cloning799

and functional expression of the human type 1 sigma receptor800

(hSigmaR1). Biochem Biophys Res Commun 1996;229:553–801

8. 802

[125] Jbilo O, Vidal H, Paul R, De Nys N, Bensaid M, Silve S, et al.803

Purification and characterization of the human SR 31747A-binding804

protein. A nuclear membrane protein related to yeast sterol805

isomerase. J Biol Chem 1997;272:27107–15. 806

[126] Besman MJ, Yanagibashi K, Lee TD, Kawamura M, Hall807

PF, Shively JE. Identification of des-(Gly-Ile)-endozepine as808

an effector of corticotropin-dependent adrenal steroidogenesis:809

stimulation of cholesterol delivery is mediated by the peripheral810

benzodiazepine receptor. Proc Natl Acad Sci USA 1989;86:4897–811

901. 812

[127] Sprengel R, Werner P, Seeburg PH, Mukhin AG, Santi MR,813

Grayson DR, et al. Molecular cloning and expression of cDNA814

encoding a peripheral-type benzodiazepine receptor. J Biol Chem815

1989;264:20415–20. 816

[128] Krueger KE, Papadopoulos V. Peripheral-type benzodiazepine817

receptors mediate translocation of cholesterol from outer to inner818

mitochondrial membranes in adrenocortical cells. J Biol Chem819

1990;265:15015–22. 820

[129] Su TP, London ED, Jaffe JH. Steroid binding at sigma receptors821

suggests a link between endocrine, nervous, and immune systems.822

Science 1988;240:219–21. 823

[130] Su TP, Shukla K, Gund T. Steroid binding at sigma receptors: CNS824

and immunological implications. Ciba Found Symp 1990;153:107–825

16. 826

[131] Phan VL, Su TP, Privat A, Maurice T. Modulation of steroidal827

levels by adrenalectomy/castration and inhibition of neurosteroid828

synthesis enzymes affect sigma1 receptor-mediated behaviour in829

mice. Eur J Neurosci 1999;11:2385–96. 830

[132] Maurice T, Phan VL, Urani A, Kamei H, Noda Y, Nabeshima831

T. Neuroactive neurosteroids as endogenous effectors for the832

sigma1 (sigma1) receptor: pharmacological evidence and therapeutic833

opportunities. Jpn J Pharmacol 1999;81:125–55. 834

[133] Monnet FP, Mahe V, Robel P, Baulieu EE. Neurosteroids, via835

sigma receptors, modulate the [3H]norepinephrine release evoked836

by N-methyl-d-aspartate in the rat hippocampus. Proc Natl Acad837

Sci USA 1995;92:3774–8. 838

[134] Moebius FF, Striessnig J, Glossmann H. The mysteries of sigma839

receptors: new family members reveal a role in cholesterol synthesis.840

Trends Pharmacol Sci 1997;18:67–70. 841

[135] Bergeron R, de Montigny C, Debonnel G. Potentiation of neuronal842

NMDA response induced by dehydroepiandrosterone and its suppre-843



R. Lathe / Steroids 5668 (2002) 1–11 11

ssion by progesterone: effects mediated via sigma receptors. J844

Neurosci 1996;16:1193–202.845

[136] Paul R, Silve S, De Nys N, Dupuy PH, Bouteiller CL,846

Rosenfeld J, et al. Both the immunosuppressant SR31747 and847

the antiestrogen tamoxifen bind to an emopamil-insensitive site of848

mammalian delta8-delta7 sterol isomerase. J Pharmacol Exp Ther849

1998;285:1296–302.850

[137] Urani A, Privat A, Maurice T. The modulation by neurosteroids of851

the scopolamine-induced learning impairment in mice involves an852

interaction with sigma1 (sigma1) receptors. Brain Res 1998;799:64–853

77. 854

[138] Bean R, Seckl JR, Lathe R, Martin C. Ontogeny of the neurosteroid855

enzyme Cyp7b in the mouse. Mol Cell Endocrinol 2001;174:137–856

44. 857


