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Steroid and sterol 7-hydroxylation: ancient pathways
Richard Lathé

Division of Biomedical Sciences, University of Edinburgh,
George Square, Edinburgh EH8 9XD, UK

Abstract

B-ring hydroxylation is a major metabolic pathway for cholesterols and some steroids. IndiMeydrfoxylation 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 prominentlydfoxylated 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.

Keywords:Cholesterol; Cytochrome P450; CYP7B; DHEA, Evolution; Receptor; Steroid; Hypothesis; Review

1. 7-Oxygenated steroids and sterols (Figs. 2 and 3 with some & and B modification depend- 41
ing on the substrate conformation. Other steroids are modz-
Steroid and sterol oxidoreduction governs biological ac- fied: testosterone isa#hydroxylated in testi§17,18] while 43
tivity and metabolic fate. Oxidative loss of the cholesterol 5a-3a steroids give rise tod-hydroxy (OH) derivatives in 44
side-chain generates steroids; oxidoreduction of the steroidprostate and lymphocytgg,13,19] 45
nucleus (3-, 11- and 17-positions in particular) dictates ac- With the exception of hepatic bile acid formation vias
tivity and specificity. Recent work now points to an impor- 7a-hydroxylation, almost nothing is known of the biologicak?
tant role for B-ring (6- and 7-positions) modification. role of B-ring oxygenated sterols and steroids. One insight
7-Oxygenated steroids and sterols are widespread inis provided by studies on the enzymes that catalyze thedr
mammals, birds, fish, and plants. Sterol processing in liver synthesis. 50
provides the best example of B-ring oxygenation. Hepatic
7a-hydroxylation of cholesterols is the rate-limiting step for

bile acid synthesis and eliminatioRi¢. 1). B-ring hydrox- 2. B-ring hydroxylated molecules: enzymes mediating 51
ylation of sex steroids in liver may also represent metabolic their formation 52
elimination.

Neverthelessprominen B-ring hydroxylatianisalso seen 2.1. Sterol 7-hydroxylation 53
in diverse extra-hepatic tissues. This could argue against
simple substrate inactivation. The maj@-Bydroxysteroids At least three enzymes mediate sterol B-ring hydroxylas«

including dehydroepiandrosterone (DHEA), pregnenolone, tion in liver. (1) CYP7A, whose expression is restricted tes
and androstanef3173-diol (A/anediol) are efficiently liver, hydroxylates cholesterols at the-position[20,21]} s6
7a-hydroxylated in diverse tissues including brdir-16] the enzyme has not been reported to metabolize steroisis.
(2) Studies on mice lacking CYP7A revealed an altess

Abbreviations: OH, hydroxy; OOH, hydroperoxy; A/anediol, andro-  native pathway for bile acid synthesis via a related eme
stane-_:B,l?B-dioI; Alenediol, androster_leﬁf»l?ﬁ-diol; DHEA, dehy-_ zyme, CYP7B[22,23] expressed in liver and multiple 6o
droepiandrosterone; HSD, hydroxysteroid dehydrogenase; oxo, equwalentother tissues (below). (3) A hepatiax-hydroxylase spe- 61

to keto
* Tel: +44-131-650-3260; fax: +44-131-650-3711. cific for 24(9-hydroxycholesterol (24)-OH-cholesterol), 62
E-mail addressrlathe@ed.ac.uk (R. Lathe). CYP39A1, has also been describ§¥]. In brain, but s3

0039-128X/02/$ — see front matter © 2002 Published by Elsevier Science Inc.
Pll: S0039-128X(02)00044-2
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26-hydroxylation

CYP27

A

26-hydroxycholesterol

mitochondrial

sterol 26-hydroxylase

cholesterol
HO N 7a-hydroxylation
microsomal
CYP7A cholesterol

7o -hydroxylase

(side chain oxidation)

microsomal
sterol/steroid
7o-hydroxylase

CYP7B

70,26-dihydroxycholesterol

7a-hydroxycholesterol

primary bile acids

Fig. 1. Co-action of CYP7A and CYP7B on cholesterols to form bile acids. Figure redrawn from SchwarZ3€f.al.

not in other tissues, 28-hydroxylation of cholesterol
is a major export pathwaj25-27} brain-derived 24%)-
OH-cholesterol is further metabolized in liver by CYP39AL1.

2.2. Steroid 7-hydroxylation
In brain, several different B-ring hydroxylase enzymes

were suspected. Although DHEA is primarilyx-hydro-
xylated, inhibitor studies pointed to a second enzyme with

activity at B [12,14-16] Al/anediol is principally 6- 71
hydroxylated in brain and prostafe,7,9,28] suggestive of 72
a further enzyme. 73

We reported molecular cloning of an enzyme from rors
dert hippocampus CYP7B, with sequene similarity to 75
CYPY/A [29]. The enzyme differsfrom CYP7A inanumber 76
of significant respects. First, in addition to catalyzing ther
7a-hydroxylation of sterols (25- and 26-OH-cholesterolszs
[30-32), it is robustly active against steroids includinge

26-hydroxy 70,26-dihydroxy
cholesterol H,OH cholesterol CH,OH
CYP7A
CYP7B
HO HO OH
CYP11A1 l (P450scc)
(o)
Pregnenolone 7a-hydroxy
derivatives R
HO
cYP17 1 /I:O "OH
0 CYP78
DHEA
- 7B-hydroxy
HO ~ derivatives R
~
~
17BHSD I =
Alenediol OH
(3B,17p,andro- HO OH
stenediol)

HO

Fig. 2. 7-Hydroxylation of OH-cholesterol ang3ydroxysteroids.
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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 CYPT7B probe (brain horizona sectior) [33]. Expressia in neonats is very much more widespred and abundar [138].

so DHEA, pregnenolone, and androster@1373-diol (A/ene- that they may play regulatory and/or signaling roles, exs
g1 diol); 17B-estradiol was also modified at a lower r§sd]. emplified (below) by effects on cholesterol regulation ant
82 Second CYP7B is nat restrictal to liver, and is expressed apoptosis; other diverse effects of B-ring modified sterals
83 widdy inthebrain and other tissues[29,33], Fig. 3. In addition to have been noted (not reviewed). 112

84 affecting sterol &@-hydroxylation in liver[34], CYP7B gene

85 disruption abolished steroid and sterol hydroxylation in di-
g6 verse tissues including brain, spleen, thymus, heart, lung
87 (in male), prostate, uterus, and mammary glg8R). Third,

g8  CYP7B may modify other positions includingx@and R:

3.1. Cholesterol homeostasis 113

Excess cholesterol represses its own synthesis and up-
regulates hepatic CYP7A expression to promote eliminas

89 knockout mice fail to modify A/anediol (that is normally .. . . .
. ) tion. Conversely, bile acid excess can repress expressiomof
90 6a-hydroxylated) while recombinant CYP7B enzyme ex- e ; . .
CYP7A. Complex transcriptional regulation acts via a serias

91 pressed in vaccinia or in yeast generates minor secondary . A
92 metabolites including @-hydroxysteroids[B3]; Vico et al., Zaguf:sgt f [03r7n1 %g? trhe;eratgcrj?;ec'feogngnl‘:g:‘éRO%(’ F)ésatéi;
93 Yead, in press); 73 metabolites are also abolished in CYP7B P Y9

94 knockout mice[33] though onwards metabolism fronw7 sterols and p|le aC|d§. B-ring .mod|f|cgt|on does not appear
. to be essential for this regulation. While-®©OH-cholesterol 121
95 was nhot excluded (see Lardy, this volume).

may activate LXR [40] and 6Gx-epoxycholesterols andi22
7-oxocholesterol can inhibfdl], LXR is most efficiently 123
activated by 22)- and 24§)-OH-cholesterols[42,43] 124
Though 6- or 7-hydroxylated sterols could contribute to this
regulation, B-ring hydroxylated sterols may exert effecis
via other pathways. 127

96 2.3. Other B-ring hydroxylases

97 Hepatic steroid metabolism includes hydroxylation at
98 the @3-position by members of the CYP3A fami[g5,36]

99 Outwith liver, CYP7B appears to be the primary steroid
100 and sterol hydroxylase, though a distinct testosterone

101 7a-hydroxylase has been described in testis (CYP2A9/ 3.2. Apoptosis control 128
102 15 [17,18) and in human (but not rodent) prostate,

103 6a-hydroxylation of m-3a steroids is performed by a One pathway links cholesterol supply to cell proliferatiarns
104 non-P450 enzym§7,13]. Other enzymes may exist. and/or programmed cell death. Oxysterols are inhibitass

of cell activation and proliferation, and can induce ceb:
death, particularly in lymphocytef44-47] 7-OH and 132
105 3. Signaling by B-ring oxygenated sterols 7-oxocholesterols are neurotox[d8]. The most potent133
apoptosis-inducing activity found in oxidized LDL was idensa
106 Sterol hydroxylation at thecposition is central to bile tified as B-hydroperoxycholesterol #FOOH-cholesterol) 135
107 acid synthesis in liver; the role of steroid and sterol B-ring [49,50] Death in these models can be via classical apoptatic
108 hydroxylation in other tissues is unknown. There is evidence pathwayg51,52] 137
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Cell death may be a consequence of cholesterol biosyn-(7a-OOH-cholesterol) and o~OH-cholesterol may spon-isz

thesis inhibition; however, the specific pathways by which
sterols can induce apoptosis remain to be elucidated.

4. Signaling by B-ring hydroxylated steroids
4.1. Brain function

The major metabolic route for DHEA in extra-hepatic
tissues is via d@-hydroxylation [31-33] The metabolism
of DHEA is of some interest. DHEA (and pregnenolone)
promote synaptic plasticity and memory function in ex-
perimental animalg§53-59] Further, blood DHEA levels
fall markedly with age in primates [60-65]. Cognitive de-
cline in old age could be causally linked to DHEA decline
[66—-69] However, oral DHEA replacement has not brought
the hoped-for improvements in cognitive functi@é,70,71]

taneously epimerize to theirf7counterparts[88,89] a 1ss
7-epimerase similar to the 3-epimerase enzy&® could 189
contribute. (3) Dehydrogenation and reduction4H4SD 190
activity against &-OH-cholesterol[91] generates 7-0x0191
molecules that could in turn generat@-OH derivatives. 192
All three are consistent with abolition of bottw7and B 193
derivatives by disruption of the CYP7B3]. 194

195
196

5. Did signaling by B-ring hydroxylated molecules
predate conventional steroid signaling?

5.1. Dearth of conventional receptor targets 197

No dedicated conventional (nuclear) receptor has been
identified for 7-OH steroids. These could then act through
via gating (ligand inactivation) of typical nuclear receptorsyo

although beneficial effects are reported in adrenal dysfunc- through the modulation of cell-surface ion channels (partio:

tion [72].

DHEA may require metabolism in target tissues. It is
of note that the DHEA metabolizing enzyme CYP7B is
particularly well-expressed in the hippocamgd@®,33], a
brain region centrally involved in memory formation. Lardy
et al.[73] suggested thatehydroxylation of DHEA is on

ularly in brain), or at atypical receptors. 202

A/anediol and DHEA are modest agonists of the ess
trogen and androgen receptors (ER and ARP,93] 204
7-Oxygenation reduces activity of both molecu[@s94]. 205
Clearly hydroxylation can gate nuclear receptor access, hat
the significance in vivo is unclear. 207

a metabolic pathway to more potent derivatives and recently Hydroxylation of steroids (and possibly sterols) may mogbs

reportel tha 7-oxoDHEA (that may intercawert with 7-OH
derivativeg is more acive in promotirg brain function than
DHEA [74]. We have observed that:7OH-DHEA is more
active than DHEA in preventing hypoxic cell death of neu-
ronesin vitro (Sundstrém, Martin, Lathe, Seckl, and Wulfert,
unpublished data). In the brain, therefore, 7-oxygenation seemsto

be associated with activation of DHEA.

4.2. The immune system

DHEA and its metabolites promote the immune response

in experimental animalg5-84} however, attempts to boost
immune-responsiveness in the elderly by DHEA replace-
ment have not been entirely promisif&p].

As in brain, DHEA may require metabolism for bioactiv-
ity. CYP7B is expressed in thymus and in lymphocy{88];

our unpublished data). There is debate about the stereocon

figuration of the active metabolitea#/OH-DHEA is a ma-
jor immunity-promoting derivative of DHEA86,87] others
have argued thatpzOH derivatives of A/enediol are most
effective (78,82,88,89] Loria, this volume).

4.3. Origins of B-hydroxylated molecules

Both 7a- and B-modified molecules have biological
activity, particularly in the immune system, but the origin
of 73-OH molecules is enigmatic (see Lardy, this volume).
Several routes are possible. (1) Enzymatic hydroxylation:
trace P-modified molecules are seen in CYP7B reac-
tions [31]; allosteric modulation could favor g7 modifi-
cation[12]. (2) Epimerization: &-hydroperoxycholesterol

ulate activity at cell-surface ion channels. Diverse channgis
respond to steroidf@5], but the GABA. receptor has re-210
ceived most attention. DHEA and related steroids are an-
tagonists of GABA,, promoting neuronal activity (while212
3ua-5a steroids are agonists with potent anaesthetic propes-
ties). B-ring hydroxylation of DHEA and related steroidss
could gate access to these receptors. 215
Gating of either sex steroid receptors or ion channels
such as GABA does not easily explain the apopotic regs:7
ulatory action and brainfimmune system effects of these
molecules. For instance, GABA agonists can inhibit apoptas
sis, but steroids are orders of magnitude more effective than
the classic GABA agonist, muscim®6]. This implies that 221
they are binding to other receptors. This could make senseif
these targets predated both the development of ion-chanrel
sensitivity to steroids and the radiation of the steroid hars

mone receptor superfamily. 225

5.2. Late emergence of steroid signaling 226
Traditional wisdom depicts the evolution of intercellws27
lar steroid signaling from intracellular sterol signaling s
an evolutionary breakthrough—the oxidative removal of the
long hydrophobic side-chain of cholesterol via the action b
the P450scc (side-chain cleavage; scc) enzyme, CYP1%B.
This interpretation may be incomplete. 232
Steroid signaling proper emerged late in eukaryotic ewves
lution. The genome of the yea8accharomyces cerevisiaess
contains no homolog to the vertebrate steroid hormone zg-
ceptor family. Steroid signaling proper has been placed with
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2-Me-hopanoid ergosterol
(prokaryote)a R (yeast)
H,C
HO
stigmasterol C,H ecdysone
(plant) o (insect)
OH
HO
OH
HO HO
0]
lanosterol cholesterol
(cholesterol
precursor)®
HO HO

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. bacteriohop@d@@fxo(b) cycloartenol rather than lanosterol is the

sterol precursor in plants.

primitive fishes during the massive radiations taking place
in the Cambrian period97-100] lon-channel sensitivity
to steroids only appears late in chordate evolutib@l].
Therefore, the full spectrum of growth, differentiation, and

ble 7a-OH, 78-OH and 7-oxo derivativesF{g. 5). Lower 260
amounts of &-OH molecules, &-6a epoxides, andd- and 261
B-hydroperoxides are also produced, as are side-chain osd-
dized cholesterols.  Oxygenation at the 5-6 unsaturated 263

reproduction was achieved, in precursors to the vertebratebond (perhaps facilitiated by thg330H group) may pro- 264

lineage, without conventional steroid signaling at either nu-

duce 56 epoxides that convert to 7-hydroperoxides, 265

clear or ion-channel receptors. These processes might havdollowed by thermal degradation to produce-®H, 73-OH, 266
been subserved by sterols (rather than steroids) acting atand 7-oxocholesterolf88,89,104—107] Products of other 267

atypical receptors.

5.3. Emergence of sterol-derived messengers: B-ring
modified derivatives can be generated non-enzymatically

Membrane sterols probably arose from terpenoids in-
cluding the hopanoids of bacterjd02,103] with which
they share axial and longitudinal dimensions required
for membrane stabilization (but not thg-®H group of

membrane sterols may be simifa08]. B-ring oxidation is 268
promoted by horseradish peroxidase, lipoxygenases, garmsna
irradiation, and metal ions (most particularly copper ion) ap
reduced in the presence of metal chelating agents (reviewed
by Schroepfef109)). 272

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

Through increased solubility, and non-enzymatic produes

steroids/sterols). Sterols of modern eukaryotes generallytion, 7-oxygenated sterols have considerable signaling pe-

contain the B-OH group, including ergosterol, and lanos-
terol of fission and budding yeass.(cerevisiagSchizosac-

tential. First, oxidized cholesterols are toxic, can bind 4
DNA and have mutagenic activifj 10—112]possibly pro- 277

charomyces pombgplant phytosterols such as stigmasterol, viding an early driving force for inducible elimination (a7e

and the insect (and crab) hormone ecdysdtig. ().

relic of which may be found in the CYP7A export pathero

Signaling molecules can arise from abundant cell compo- way). Second, they have the potential to signal both sterol
nents. Membrane sterols are relatively insoluble; chemical abundance (growth) or sterol oxygenation (oxidative stregs),

oxidation of cholesterol primarily generates the more solu-

suggestive of early growth and stress signals. 282



283
284
285
286
287
288
289

290
291
292
293
294
295
296
297
298
299

ARTICLE IN PRESS

6 R. Lathe/Steroids 5668 (2002) 1-11
cholesterol 21 22 24 26 7o-/7B-hydroxy;
7-0x0
HO OH =— —0
also hydroperoxides (-OOH)
sce OH OH
5-6 epoxides side-chain l
(corf hydroxides OH

configuration)

HO hydroperoxides

HO d™
HO  on

also 5B-6a. diols and HO

Fig. 5. Non-enzymatic oxidation products of cholesterol.

This latter idea finds some support in the structure of 11B-substitutiond117]. Early 113 modifications may havesoo
modern steroid receptors. The earliest steroid-type nu-exploited receptor targets bindingt Tnolecules. Thus, ex-3o1
clear receptor most resembled the present estrogen reisting 7-modified molecules (produced non-enzymaticalbgp
ceptor; this primordial receptor subsequently diverged to could have been early ligands for the joint precursor to EéR

generate the estradiol/growth (RRERB, ERR) and glu-
cocorticoid/stress families (GR, MR, PR, and later AR)
[113-115].

Early ligands could have included 7-modified molecules.

(1) Estrogen receptors: these respond to divesby’iroxy-
lated steroics [116,117]; ligand binding to moden ER« is
promoted by small d-substitutions that fit into an unoc-
cupied cavity in the receptdi17]. (2) Glucocorticoid re-
ceptors: these are activated byptfilydroxylated steroids.
Crucially, the 1B- and &-positions are rotationally sym-
metrical Fig. 6): emphasized by an Bthydroxysteroid de-
hydrogenase (HSD) with dual p1and #-dehydrogenase
activity [91] and promotion of ligand binding to ERby

Fig. 6. Rotational symmetry between the-7and 1B-positions of the
steroid nucleus. Some binding sites far-ihodified molecules may accept
113-modified equivalents.

and GR. 304

305
306

6. Early receptors may have included intracellular
sterol sites

If signaling by sterols, possibly 7-modified sterols, pres?
dated steroid signaling proper, what were the earliest targets
for regulatory sterols? Molecular cloning experiments hax®
begun to reveal a class of intracellular sterol-responsive tas-
gets (see Moebius, this volume; reviewed118]). These 311
include the emopamil binding protein (EBP), the sigma
site, and the peripheral benzodiazepine receptor (PBR).3(%)
EBP encodes a sterol C8-C7 isomerase that catalyzessthe
penultimate step in the synthesis of cholest¢td9—123] 315
(2) Sigma-1 shares significant homology with yeast ERGi2
(ergosterol synthesis; C8-C7 sterol isomerase) enzysme
[122,124,125but its catalytic activity has not yet been eluckas
dated; related sigma-2 and -3 receptors have been discussed.
(3) The PBR participates in translocating cholesterol fram
the outer to the inner mitochondrial membrda@6-128] 321
These sites emerged early in evolution. Sigma finds a stsiet
equivalent in theS. cerevisiadERG2 gene product. PBRs23
has only distant relatives i. cerevisiaédut a close coun- 324
terpart in the fission yeas$. pombgSPBC725.10); EBP 325
has no obvious match in either yeast but the EBP-relatesl
protein EBRP is highly homologous toSa cerevisiagiene 327
product, YDL222C, of unknown function. 328
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These and other enzymes and transporters accompanied

the evolutionary switch to sterol-rich membranes, and are
contenders for the early regulatory targets for oxygenated
sterols. However, it is not known which, if any, were mod-
ulated by B-ring oxygenated molecules.

Some major drugs target intracellular sterol sites. Ligands
have marked effects on apoptosis and the immune system.
An anti-estrogen (tamoxifen) used in hormone-responsive
breast cancer may act via sterol sites; important brain-active
drugs, including anti-epileptics (diazepam), anti-ischemics
(emopamil), and neuroleptics (haloperidol) are ligands for
sterol sites. Sterols modulate the risk of Alzheimer’s disease.
An understanding of these primitive pathways is vital.

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

The first steroids, sterols lacking the hydrophobic
side-chain of cholesterol, may have targeted existing sterol
sites. In support, steroid action at oxysterol targets has been
demonstrated. Some sterol sites have significant affinity for
natural steroids including glucocorticoids, estrogens (and
anti-estrogens) and DHEA129-137] Different steroids
can have markedly different downstream effects at the same
sterol site. Functional overlap between sterols and steroids
is emphasized by present-day enzymes (CYP7B;HED)
that can modify both types of molecule.

Modern systemic steroids (including DHEA, estradiol,
and glucocorticoids and their metabolites) continue to target
sterol sites, acting in concert or in competition with endoge-
nous sterols. By this means steroids could, and can, con-
trol cell life and death at a systemic level. 7-Oxygenation
of 3B-hydroxysteroids including DHEA may reflect conser-
vation of early signaling pathways. In the search for targets
for B-ring modified steroids, intracellular sterol sites may
deserve some attention.
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