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We are dl familiar with gress. But we must make a diginction between acute stress,
and the fignt or flight response, and chronic pathologica dstress exemplified by
Addison's disease.

Acute Chronic

Brain Alertness/Attention  UP ?

Sleep DOWN Disrupted

Memory UP Disrupted
Heart Rate upP ?
Respiration Rate UP ?
Thermogenesis UP ?
Consumption/Obesity DOWN UP
Gastric DOWN Disrupted
Pigmentation - UP
Psychiatric Depression - UP

Anxiety - upP

Pain sensitivity DOWN UP

Stress and antistress hor mones

We know a little about how the stress response is mediated; we know rather less about
how the responseisturned off. Many hormones are involved.

Hormones and stress
Stress Antistress
CRF, urocortin Stresscopin/urocopins2 and 3?
Corticotropin / ACTH MSH analogs? Aguouti at the MC4 receptor?
Corticosterone DHEA?
Adrenalin ?
angiotensin?
melatonin
neuropeptide Y
orexin
orphanin FQ/nociceptin
progesterone
prolactin
substance P




How is stress measured?

Is anxiety the same as chronic sress? Do commonly used tedts, for instance the
elevated plus maze, or the tail flick test, realy measure ether stress or anxiety? How
does dress, anxiety or depression affect performance in a '‘cognitive’ tests such as the
watermaze?

Focus on two case studies

Here we will discuss emerging evidence for two new anti-stress mechanisms.  Firdt,
potential  antagonism between CRF and stresscopins/urocortins, second, the seeming
antagonism of the stress response by DHEA. For keen students, the antagonism of the
melanocortin receptor type 4 (MC4) by agouti may be of interest (for a good Sarter
review see 1,2).

Case-study 1. Antistress activity at the hypothalamus -> pituitary
junction.

Conventional wisdom suggests that CRF (=CRH) released from the hypothdamus
reaches the pituitary where it directs the secretion of ACTH. CRF targets two
receptors, CRF-R1 and CRF-R2, with different digributions. Both are expressed
widdy in the bran but with highet expresson in the pituitay. CRF-R1 is the
predominant receptor in human bran with CRH-R2 predominating in periphera
organs. CRF predominantly binds to CRF-R1, and interference with CRF-R1 has
pronounced anxiolytic effects, suggesting that CRF principdly exerts its pro-stress
activity via CRF-R1.

However, as discussed by Reul and Holsboer (3), ligands targeting CRF-R2 can have
awxiolytic OR anxiogenic properties depending on how the test is done. If CRF
principaly targets CRF-R1, then CRF-R2 no doubt plays a modulatory role.

This interpretation is bolstered by the discovery that there are severd ligands for both
CRF-R1 and R2.

Urocortin.  This was discovered in 1995 by the Salk group, and was found to activate
both CRF-R1 and CRF-R2, efficiently rdeasng ACTH. It is expressed widdy in the
bran and peripherd tissues, but in rodents mogt highly in the pituitary, suggesting
that it is involved in autocrine control.  In human, some sudies have argued that it is
not expressed sgnificantly in ether the hypothalamus or pituitary,

Sheau Hsu and Aaron Hsueh (4); Stanford. They decribe an EST/genomic
database search for sequence motifs based on the CRH-urocortin family, induding
fish and amphibian sequences. This yielded many sequences, that were then screened
for proteolytic cleavage dtes flanking the primary sequence. On these criteria they
sequences that they dubbed stresscopin (SCP) and stresscopin-related protein (SRP) .
Full-length sequences were found to encode a prepro-hormones of 120-161 amino
acids, with mature proteins of 40-43 amino acids (like CRF itsdf, 41 amino acids). In
gtu hybridization showed that both are expressed widely aswdl asin the brain.
Pharmacologic activity reveded, in cdl culture, that SCP and SRP are potent
agonigs of CRF-R2, promoting cCAMP production, but are ineffective at CRF-R1. In



vivo, SCP and SRP failed to promote ACTH secretion under conditions where both
CRF and its relative, urocortin, were effective.  More refined andyss reveded tha
SCP and SRP have sgnificant effects on indirect effects of sress - induding oedema
in response to heat, anorexia and bod intake, etc. But the pharmacology is complex,
and short and long exposures may have different effects.

Vale and Sawchenko (5,6), Salk Institute. These authors report smilar findings,
cdling their peptides urocortin-1l and urocortin-11l.  They confirm that these peptides
sectively bind to the CRF-R2 receptor. le, they do not activate ACTH release.

Hormone Alternative name Receptor Action

CRF CRF-R1 ACTH release

urocortin CRF-R1 and CRF-R2 ACTH release

urocortin Il stresscopin-related (SRP) CRF-R2 no ACTH release; switch off?
urocortin 11l stresscopin (SCP) CRF-R2 no ACTH relase; switch off?

What do they do? Overdl, we must conclude that the urocortins modulate "stress-
related autonomic, neuroendocring, and behaviourd function”. Hsu argues that these
are anti-stress or 'stress-coping’ hormones, mediating the recovery phase of the stress
repponse. Or, put differently, "we must learn to imitate the body's own
autopharmacologic efforts to combat the stress factor in disease".

CRF Urc Urc2/SRP Urc3/SCP
ACTH release
Enhanced activity
Anti-oedema

Feeding suppression

Gastric emptying suppression

Case study Il Is DHEA really an antiglucocorticoid?

There have been many suggestions that DHEA can have antiglucocorticoid activity.
Andyss of this contention requires an underganding & many leves.

1. Antiglucocorticoid action of DHEA. Severa studies have shown, in the brain
and in the immune system, that DHEA can counteract the effects of glucocorticoids.

PARAMETER GLUCOCORTICOID DHEA
Learning/memory High doses inhibit Promotes
Synaptic potentiation High doses inhibit Promotes

Contextual fear conditioning Promotes Inhibits
TH induction in brain Sound stress increases Reversed
Neurotoxicity Promotes Protective
Serum IGF1 Suppressed Promotes
IL2 synthesis Inhibits Promotes
Immunity Suppression Restores

Astrocyte proliferation Inhibits Inhibition reversed

Hepatic lipid release Promotes Reversed




| Thymic involution/cell loss Promotes Reversed |

Neverthdess, the effects of DHEA are not dways identica to those of a conventiond
glucocorticoid antagonist.  For instance, while both DHEA and RU486 were able to
reverse  CORT-induced immunosuppresson, it was dso de to induce
immunosuppresson brought about by burn dress, while RU486 was ineffective (7).
This could suggest that DHEA is acting a receptors that RU486 fails to target.

2. DHEA, CORT and ageing. As individuds age, there is a progressve increase in
CORT leves and a decline in DHEA. While CORT upregulation is not massve,
DHEA plummets (8).

- DHEA declines
withage in human
{From Hinson and
Raven, 1999)

Plasma DHEA (g}
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Smilar declines are seen in other primates, asymptotic with maximum lifetime [the
situation in rodents is confused, but the absence of CYP17 expression in the rodent
adrenal may explain why pregnenolone, and not DHEA, is the major blood steroid.]
Lifetime changes are not known. Although there are reasons to suppose that DHEA
deficency is caudly linked to cognitive and immune decine in the ddely,
replacement trids have mogly had negdive reaults, dthough dgnificant pogtive
benefits on mood and well-being were seen in patients with adrenal dysfunction. e,
DHEA does something.

3. Mechanism of DHEA decline. DHEA, like glucocorticoids, are produced in
reponse to ACTH dimulation.  However, the steroidogenic capecity of the adrend
varies throughout life (reviewed in 8).

The fetal adrenal produces large amounts of DHEA and its sulfate, but no
cortisol, because the key enzyme 3betaHSD is absent. Sulfation of DHEA dso
diverts the hormone towards export and away from CORT production. Feta-derived
DHEA/S is an important precursor for materia edtradiol synthess. Reduced DHEA/S
levels on delivery are associated with fetd distress, growth retardation etc.

In the infant there is a dramdic decline in DHEA levels, due to mgor
remoddling of the adrend.

The corticd layers of the adrena adopt two (possibly three) differentiation
faes. Inner layers express the sulfotrandferase, but not 3betaHSD, while the outer
layers express 3betaaHSD but not sulfotransferase.  Thus outer layers make CORT,
while inner layers divert precursors to DHEA/S export.

Why do DHEA levels decline with age? There are no clear morphologica or
enzymatic corrdates. Suggestions have included (a) increased 3betaHSD activity (b)
change in CY P17 function (c) generd reduction in steroidogenic capacity of the outer
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layers. It is interesting that excess expresson of cytochrome b5 in adrend adenomas
was found to increase CYPL7 activity and DHEA production. Perhaps energy and
oxygen supply to the adrend dictates which pathway is followed? DHEA synthess
requires oxidative and energy-dependent CYPL17 activity;, the pathway to CORT
gynthess involves oxidoreductase (3betaHSD) activity. Could changes in cofactor
requirements be responsible? Energy stress promoting CORT?
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4. Uncoupling and the DHEA-CORT switch. [t has been asserted that the ratio of
DHEA to CORT is more critical than the absolute levels of ether. Notably, the
DHEA/CORT ratio is not congtant (Box).



Oberbeck et al. (Hannover Medical School) 1998. Endocrine mechanisms of stress-induced DHEA-secretion. J
Endocrinol Invest 1998 Mar;21(3):148-53

Acute psychological stress of a first time parachute jump stimulated DHEA and cortisol secretion in healthy
volunteers. A significant shift from cortisol to DHEA occurred during this stress exposure. This effect was more
pronounced in subjects receiving the beta-adrenoceptor antagonist propranolol prior to the jump. In contrast,
infusion of epinephrine (0.10 microgranvkg/min) or norepinephrine (0.15 microgranvkg/min) for 20 min neither
affected DHEA plasma levels nor the DHEA/cortisol ratio. However, pretreatment with propranolol resulted in a
significant increase of the DHEA/cortisol ratio upon infusion of the beta-adrenoceptor agonist epinephrine. These
data demonstrate that during acute psychological stress stimulation of adrenal steroid release is accompanied by
a shift towards DHEA. Augmentation of this effect by beta-adrenoceptor blockade indicates a beta-adrenoceptor-
dependent mechanism affecting DHEA release.

In ederly subjects, while DHEA remains reponsve to ACTH, the DHEA response is
ggnificantly dampened while CORT production is unaffected or increased. In norma
adults, CORT production resumes fast after adrenal suppresson, while DHEA
production is dow to resume. Stress in adults causes a drop in DHEA but an increase
in CORT.

5. Is DHEA meabolisn required? DHEA is metabolised, in diverse tissues
including brain, to 17betaHSD and 7dphaOH derivaives - androstenediol and
7dpha-hydroxyDHEA (7HD). The latter predominates, but the role of 7HD product
is not known. It has been suggested that 7-oxygenation of DHEA activates the
molecule, and memory, immune and metabolic effects are increased. The active
molecule has not been identified (7dpha, 7oxo, 7beta or downstream derivatives) but
it is of note that the enzyme respongble, CYP7B, is most abundantly expressed in the
dentate gyrus of the hippocampus.

6. Does DHEA counter CORT action or mediate feedback downregulation of
CORT production?  Adminisration of DHEA produces a reduction in cortisol
levels, both in hedthy volunteers and in rodents. The mechanism is not known, but
because DHEA can aso act a central GABA and sgma gtes, it could feed back to
the brain to control adrena output. In support, the central GABAA agonist apraozam
decreased plasma cortisol but increased DHEA (box), systemic sgma agents dso
affect adrend outpuit.

Kroboth et al (Pittsburgh) 1999. Alprazolam increases dehydroepiandrosterone concentrations. J. Clin

Psychopharmacol 19:114-124.

The gamma-aminobutyric acid (GABA) agonist al prazolam is known to decrease adrenocorticotropic hormone and
cortisol concentrations. Dehydroepiandrosterone (DHEA) is secreted synchronously with cortisol by the adrenal

glands and demonstrates diurnal variation. The major objective of thisstudy wasto determinewhether dprazolam
affects concentrations of DHEA and DHEA -S, the sulfated metabolite. In vitro studies have demonstrated that
DHEA -S, and perhaps DHEA, have GABA antagonistic activity. Another objective was to determine whether

DHEA -S and/or DHEA concentrations are related to psychomotor impairment after al prazolam. Thirty-eight
healthy volunteers (25 young men, aged 22-35, and 13 elderly men, aged 65-75) received asingleintravenousdose
of alprazolam 2 mg/2 min (part 1). Fifteen young and 13 elderly men responded to alprazolam and agreed to
participate in part 2 of the study, which was a crossover of placebo and al prazolam infusion to plateau for 9 hours.

Plasma samples at 0, 1, 4, and 7 hours were assayed for steroid concentrations. Alprazolam produced (1)

significant increasesin DHEA concentrations at 7 hoursin both young and elderly men; (2) significant decreases
in cortisol concentrations; and (3) no change in DHEA -Sconcentrations. The réelationship between psychomotor
decrement and DHEA concentrations at 7 hours after al prazolam 2 mg/2 min was described by a u-shaped curve (p




< 0.0047). Both the linear and quadratic components of the equations for the tests were significant (p < 0.002).
These results suggest that al prazolam modulates peripheral concentrations of DHEA and that DHEA and/or
| DHEA -S may have an in vivo rolein modulating GABA receptor-mediated responses.

7. 1sDHEA declineinvolved in other disorders?

Ferrando et a. (Cornell, New Y ork) 1999. Dehydroepiandrosterone sulfate (DHEAS) and testosterone: relation to
HIV illness stage and progression over one year. JAcquir Immune Defic Syndr 22:146-154.

This study explored associations between serum dehydroepiandrosterone sulfate (DHEAS), free and total
testosterone levels, and HIV illness markers, including viral load, and the behavioral problems of fatigue and
depressed mood. Subjects were 169 HIV-positive men evaluated at baseline, 6, and 12 months for levels of
DHEAS, total and free testosterone, HIV RNA, CD4, HIV symptoms, opportunistic illnesses, fatigue, and
depression. Men with AIDS (N = 105), compared with men with less advanced ilIness, had lower mean levels of
DHEAS. Baseline DHEA S was positively correlated with CD4 count, HIV symptom severity, and wasinversely
correlated with HIV RNA. Baseline DHEAS below the laboratory reference range (96 microg/dl) was associated
with history of opportunistic infections and malignancies (adjusted odds ratio [OR], 4.4; 95% confidenceinterva
[CI], 1.9-10.4) and with incidence of these complications or death over 1 year (adjusted OR, 2.6; 95% ClI, 1-7.2).
Initiating protease inhibitor combination therapy was associated with an increasein DHEAS over 6 months. Free
testosterone was inversely correlated with HIV RNA, but there were no other significant associations between
testosterone and HIV illness markers. No hormone was rel ated to fatigue or depression. This study confirms that
low serum DHEAS is associated with HIV illness markers, including viral load, and carries negative prognostic
value. Further, protease inhibitor therapy may result in increased circulating DHEAS.

Remarks; Central control of behaviour.

All hormones affect dl measurable behaviours. Therefore, al hormones modulate
sress, anxiety and depression, but the effects they have will depend on where, when,
how long, what concentration, etc.
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Abstract

B-ring hydroxylation is a mgjor metabolic pathway for cholesterols and some steroids. In liver, -
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 ‘&-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; 7oxygenated 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 7oxygenation. Such molecules may have provided early growth
and stress signals; arelic 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 signalling pathway.
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1. 7-oxygenated steroidsand sterols

Steroid and sterol oxidoreduction governs biological activity and metabolic fate. Oxidative loss of the
cholesterol side-chain generates steroids; oxidoreduction of the steroid nucleus (3, 11 and 17 positions in
particular) dictates activity and specificity. Recent work now points to an important role for B ring (6 and 7
position) modification.

7-oxygenated steroids and sterols are widespread in mammals, birds, fish and plants. Sterol
processing in liver provides the best example of B-ring oxygenation. Hepatic A-hydroxylation of
cholesterols is the rate-limiting step for bile acid synthesis and elimination (Eigure 1). B-ring hydroxylation
of sex steroidsin liver may also represent metabolic elimination.

Neverthelesss, prominent B-ring hydroxylation is also seen in diverse extra-hepatic tissues. This
could argue against simple substrate inactivation. The major 3b-hydroxysteroids including
dehydroepiandrosterone (DHEA), pregnenolone, and androstane-3b,17b-diol (A/anediol) are efficiently 7a-
hydroxylated in diverse tissues including brain [1-16] (Figure 3, with some & and % modification
depending on the substrate conformation. Other steroids are modified: testosterone is 7a-hydroxylated in
testis[17,18] while 5a-3a steroids giverise to 6a-OH derivatives in prostate and lymphocytes[7,13,19].

With the exception of hepatic bile acid formation via 7a-hydroxylation, almost nothing is known
of the biological role of B-ring oxygenated sterols and steroids. One insight is provided by studies on the
enzymes that catalyze their synthesis.

2. B-ring hydroxylated molecules: enzymes mediating their formation

2.1, Serol 7-hydroxylation

At least three enzymes mediate sterol Bring hydroxylation in liver. (1) CYP7A, whose expression is
restricted to liver, hydroxylates cholesterols at the 7a position [20,21]; the enzyme has not been reported to
metabolize steroids. (2) Studies on mice lacking CYP7A revealed an aternative pathway for bile-acid
synthesis via a related enzyme, CYP7B [22,23], expressed in liver and multiple other tissues (below). (3) A
hepatic 7a-hydroxylase specific for 24(S)-hydroxycholesterol, CYP39A1, has aso been described [24]. In
brain, but not in other tissues, 24(S) hydroxylation of cholesterol is a major export pathway [25-27]; brain-
derived 24(S)-hydroxycholesterol is further metabolized in liver by CYP39A1.

2.2. Seroid 7-hydroxylation

In brain, severa different B-ring hydroxylase enzymes were suspected. Although DHEA is primarily 7a-
hydroxylated, inhibitor studies pointed to a second enzyme with activity at 7b [12, 14-16]. Al/anediol is
principally 6a-hydroxylated in brain and prostate [6,7,9,28], suggestive of afurther enzyme.

We reported molecular cloning of an enzyme from rodent hippocampus, CYP7B, with sequence
similarity to CYPA [29]. The enzyme differs from CYP7A in a number of significant respects. First, in
addition to catalyzing the a-hydroxylation of sterols (25- and 26-hydroxycholesterols; [30-32]), it is
robustly active against steroids including DHEA, pregnenolone, and androstene-3b,17b-diol (A/enediol);
17b-estradiol was also modified at a lower rate [31]. Second, CYP7B is not restricted to liver, and is
expressed widely in the brain and other tissues [29,33]. In addition to affecting sterol 7a-hydroxylation in
liver [34], CYP7B gene disruption abolished steroid and sterol hydroxylation in diverse tissues including
brain, spleen, thymus, heart, lung (in male), prostate, uterus and mammary gland [33]. Third, CYP7B may
modify other positions including 6a and 7b: knockout mice fail to modify A/anediol (that is normally 6a-
hydroxylated) while recombinant CYP7B enzyme expressed in vaccinia or in yeast generates minor
secondary metabolites including 7b-hydroxysteroids [33, Vico et a., in preparation]; 7b metabolites are also
abolished in CYP7B knockout mice [33] though onwards metabolism from 7a was not excluded [see Lardy,
thisvolume].

2.3. Other Bring hydroxylases

Hepatic steroid metabolism includes hydroxylation at the & position by members of the CYP3A family
[35,36]. Outwith liver, CYP7B appears to be the primary steroid and sterol hydroxylase, though a distinct
testosterone &- hydroxylase has been described in testis (CYP2A9/15 [17,18]) and in human (but not
rodent) prostate, G- hydroxylation of J-3a steroids is performed by a non-P450 enzyme [7,13]. Other
enzymes may exist.

MS Lathe page 2



3. Signalling by B-ring oxygenated sterols

Sterol hydroxylation at the 7a-position is central to bile acid synthesisin liver; the role steroid and sterol B-
ring hydroxylation in other tissues is unknown. There is evidence that they may play regulatory and/or
signalling roles, exemplified (below) by effects on cholesterol regulation and apoptosis; other diverse
effects of B-ring modified sterols have been noted (not reviewed).

3.1 Cholesterol homeostasis

Excess cholesterol represses its own synthesis and upregulates hepatic CYP7A expression to promote
elimination. Conversely, bile acid excess can repress expression of CYP7A. Complex transcriptional
regulation acts via a series of nuclear hormone receptors including LXRa, LXRb, FXR and LRH-1 [37-39]
that mediate responses to oxygenated sterols and bile acids. B-ring modification does not appear to be
essential for this regulation. While 6a-hydroxycholesterol may activate LXR [40] and 6a-
epoxycholesterols and 7oxocholesterol can inhibit [41], LXR is most efficiently activated by 22(R)- and
24(S)-hydroxycholesterols [42,43]. Though 6- or 7-hydroxylated sterols could contribute to this regulation,
B-ring hydroxylated sterols may exert effects via other pathways.

3.2. Apoptosis contral
One pathway links cholesterol supply to cell proliferation and/or programmed cell death. Oxysterols are
inhibitors of cell activation and proliferation, and can induce cell death, particularly in lymphocytes [44-47].
7b-OH and ‘Zoxocholesterols are neurotoxic [48]. The most potent apoptosis-inducing activity found in
oxidized LDL was identified as 7-hydroperoxycholesterol (7b-OOH-cholesterol) [49,50]]. Death in these
models can be viaclassical apoptotic pathways[51,52].

Cell death may be a consequence of cholesterol biosynthesis inhibition; however, the specific
pathways by which sterols can induce apoptosis remain to be elucidated.

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

The maor metabolic route for dehydroepiandrosterone (DHEA) in extra-hepatic tissues is via 7a-
hydroxylation [31-33]. The metabolism of DHEA is of some interest. DHEA (and pregnenolone) promote
synaptic plasticity and memory function in experimental animals [53-59]. Further, blood DHEA levels fal
markedly with age in primates [61-65]. Cognitive decline 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 function [66,70,71] although beneficial effects are reported in adrenal dysfunction [72].

DHEA may require metabolism in target tissues. It is of note that the DHEA metabolizing enzyme
CYP7B is particularly well-expressed in the hippocampus [29,33], a brain region centraly involved in
memory formation. Lardy and colleagues suggested that 7a-hydroxylation of DHEA is on a metabolic
pathway to more potent derivatives [73] and recently reported that 7-oxoDHEA (that may interconvert with
7-OH derivatives) is more active in promoting brain function that DHEA [74]. We have observed that 7a-
OH DHEA is more active than DHEA in preventing hypoxic cell death of neurones in vitro (Martin, Lathe,
Seckl and Wulfert, unpublished data). In the brain, therefore, 7-oxygenation seems to be associated with
activation of DHEA.

4.2. Theimmune system

DHEA and its metabolites promote the immune response in experimental animals [75-84]; however,
attempts to boost immune-responsiveness in the elderly by DHEA replacement have not been entirely
promising [85].

Asin brain, DHEA may require metabolism for bioactivity. CYP7B is expressed in thymus and in
lymphocytes [33; our unpublished data]. There is debate about the stereoconfiguration of the active
metabolite. 7a-OH DHEA is a mgor immunity-promoting derivative of DHEA [86,87] others have argued
that 7b-OH derivatives of A/enediol are most effective [78,82,88,89; Loria, thisvolume].
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4.3 Origins of 7b-hydroxylated molecules

Both 7a and 7 modified molecules have biological activity, particularly in the immune system, but the
origin of 7-OH molecules is enigmetic (see Lardy, this volume). Severa routes are possible (1) Enzymatic
hydroxylation. Trace -modified molecules are seen in CYP7B reactions [31]; alosteric modulation could
favor 1 modification (see [12]). (2) Epimerization. 7a-hydroperoxycholesterol (7a-OOH cholesterol) and
7a-OH cholesterol may spontaneously epimerize to their 7 counterparts [88,89]; a 7-epimerase similar to
the 3-epimerase enzyme [90] could contribute. (3) Dehydrogenation and reduction. 11bHSD activity
against 7a-hydroxycholesterol [91] generates 7-oxo molecules that could in turn generate 7b-OH
derivatives. All three are consistent with abolition of both 7a and 7b derivatives by disruption of the
CYP7B [33].

5. Did signalling by B-ring hydroxylated molecules predate conventional steroid signalling?
5.1. Dearth of conventional receptor targets

No dedicated conventional (nuclear) receptor has been identified for 7-OH steroids. These could then act
through via gating (ligand inactivation) of typical nuclear receptors, through the modulation of cell-surface
ion channels (particularly in brain), or at atypical receptors.

Alanediol and DHEA are modest agonists of the estrogen and androgen receptors (ER and AR)
[92,93]. Foxygenation reduces activity of both molecules [1,94]. Qearly hydroxylation can gate nuclear
receptor access, but the significancein vivo isunclear.

Hydroxylation of steroids (and possibly sterols) may modulate activity at cell-surface ion channels.
Diverse channels respond to steroids [95], but the GABA 4 receptor has received most attention. DHEA and
related steroids are antagonists of GABA A, promoting neuronal activity (while 3a-5a steroids are agonists
with potent anaesthetic properties). B-ring hydroxylation of DHEA and related steroids could gate accessto
these receptors.

Gating of either sex steroid receptors or ion channels such as GABA 4 does not easily explain the
apopotic regulatory action and brain/fimmune system effects of these molecules. For instance, GABA
agonists can inhibit apoptosis, but steroids are orders of magnitude more effective than the classic GABA
agonist, muscimol [96]. This implies that they are binding to other receptors. This could make sense if
these targets predated both the development of ion-channel sensitivity to steroids and the radiation of the
steroid hormone receptor superfamily.

5.2. Late emergence of steroid signalling

Traditional wisdom depicts depicts the evolution of intercellular steroid signalling from intracellular sterol
signalling by an evolutionary breakthrough - the oxidative removal of the long hydrophobic side-chain of
cholesterol via the action of the P450scc (side-chain cleavage; SCC) enzyme, CYP11B. This interpretation
may be incomplete.

Steroid signalling proper emerged late in eukaryotic evolution. The genome of the yeast,
Saccharomyces cerevisae, contains no homolog to the vertebrate steroid hormone receptor family. Steroid
signalling proper has been placed with primitive fishes during the massive radiations taking place in the
Cambrian period [97-100]. lon-channel sensitivity to steroids only appears late in chordate evolution [101].
Therefore, the full spectrum of growth, differentiation, and reproduction was achieved, in precursors to the
vertebrate lineage, without conventional steroid signalling at either nuclear or ion channel receptors. These
processes might have been subserved by sterols (rather than steroids) acting at atypical receptors.

53. Emergence of doerol-derived messengers: Bring modified derivatives can be generated non-
enzymatically

Membrane sterols probably arose from terpenoids including the hopanoids of bacteria [102,103] with which
they share axial and longitudinal dimensions required for membrane stabilization (but not the 3b-hydroxy
group of steroids/sterols). Sterols of modern eukaryotes generally contain the 3b-hydroxy group, including
ergosterol and lanosterol of fission and budding yeasts (S cerevisae, S pombe), plant phytosterols such as
stigmasterol, and the insect (and crab) hormone ecdysone (Eigure 4).

Signalling molecules can arise from abundant cell components. Membrane sterols are relatively
insoluble; chemical oxidation of cholesterol primarily generates the more soluble 7a-OH, 7b-OH and 7oxo
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derivatives (Figure 5). Lower amounts of 6a-OH molecules, 5a-6a epoxides, and 7a and b-
hydroperoxides are aso produced, as are side-chain oxidized cholesterols. Oxygenation at the 56
unsaturated bond (perhaps facilitiated by the 3b-hydroxy group) may produce 5-6 epoxides that convert to
7-hydroperoxides, followed by thermal degradation to produce 7a-OH, H-OH and 7oxo-cholesterols
[88,89,104-107]. Products of other membrane sterols may be similar [108]. B-ring oxidation is promoted
by horseradish peroxidase, lipoxygenases, gamma irradiation and metal ions (most particularly copper ion)
and reduced in the presence of metal chelating agents (reviewed by Schroepfer [109]).

54. What do we know about the earliest serol messengers?

Through increased solubility, and ron-enzymatic production, 7oxygenated sterols have considerable
signalling potential. First, oxidized cholesterols are toxic, can bind to DNA and have mutagenic activity
[110-112] possibly providing an early driving force for inducible elimination (arelic of which may be found
in the CYP7A export pathway). Second, they have the potential to signal both sterol abundance (growth) or
sterol oxygenation (oxidative stress), suggestive of early growth and stress signals.

This latter idea finds some support in the structure of modern steroid receptors. The earliest
steroid-type nuclear receptor most resembled the present estrogen receptor; this primordial receptor
subsequently diverged to generate the estradiol/growth (ERa, ERb, ERR) and glucocorticoid/stress families
(GR, MR, PR and later AR) [106,123-125)].

Early ligands could have included 7modified molecules. (1) Estrogen receptors. These respond
to diverse 3-hydroxylated steroids [124,117]; ligand binding to modern ERa is promoted by small &
substitutions that fit into an unoccupied cavity in the receptor [117]. (2). Glucocorticoid receptors. These
are activated by 11b-hydroxylated steroids. Cruciadly, the 11b and 7a positions are rotationally
symmetrical figure §: emphasized by an 11b-hydroxysteroid dehydrogenase with dual 11b- and 7a-
dehydrogenase activity [91] and promotion of ligand binding to ERa by 11b-substitutions [117]. Early 11b
modifications may have exploited receptor targets binding 7a molecules. Thus, existing #modified
molecules (produced non-enzymatically) could have been early ligands for the joint precursor to ER and
GR.

6. Early receptorsmay haveincluded intracellular sterol sites

If signalling by sterols, possibly Zmodified sterols, predated steroid signalling proper, what were the
earliest targets for regulatory sterols? Molecular cloning experiments have begun to reveal a class of
intracellular sterol-responsive targets (see Moebius, this volume; reviewed in [118]). These include the
emopamil binding protein (EBP), the sigma site, and the peripheral benzodiazepine receptor (PBR). (1)
EBP encodes a sterol C8-C7 isomerase that catalyzes the penultimate step in the synthesis of cholesterol
[119-123]. (2) Sigma-1 shares significant homology with yeast ERG2 (ergosterol synthesis, C8-C7 sterol
isomerase) enzyme [122,124,125] but its catalytic activity has not yet been elucidated; related sigma-2 and -
3 receptors have been discussed. (3) The peripheral benzodiazepine receptor (PBR) participates in
translocating cholesterol from the outer to the inner mitochondrial membrane [126-128]. These sites
emerged early in evolution.  Sigma finds a strict equivalent in the S cerevisae ERG2 gene product. PBR
has only distant relatives in S cerevisae but a close counterpart in the fission yeast Schizosaccharomyces
pombe (SPBC725.10); EBP has no obvious match in either yeast but the EBP-related protein EBRP is
highly homologousto a S cerevisiae gene product, Y DL222C, of unknown function.

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 modulated 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 pathwaysisvital.

6.1. Didthefirs Seroidsact at serol Stes? - 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
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significant affinity for natural steroids including glucocorticoids, estrogens (and antiestrogens) and DHEA
[129-137]. 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 (CY P7B, 11b-HSD)
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 endogenous sterols. By this means
steroids could, and can, control cell life and death at a systemic level. 7-oxygenation of 3b-hydroxysteroids
including DHEA may reflect conservation of early signalling pathways. In the search for targets for B-ring
modified steroids, intracellular sterol stes may deserve some attention.

Acknowledgements

This work was supported in part by a grant from the EC (BIO4-CT98-0311). | am indebted to G. Ourisson
and K. Chapman and for very helpful suggestions, and to R. Bortolomeazzi and S. Chapman for advice on
sterol chemistry.

References

| Li K, Foo T, Adams JB. Products of dehydroepiandrosterone metabolism by human mammary
tumors and their influence on estradiol receptor binding. Steroids 1978;31:113-27.

[2] Isaacs JT, McDermott IR, Coffey DS. Characterization of two new enzymatic activities of the rat
ventral prostate: 5al pha-androstane-3beta,17beta-diol 6apha-hydroxylase and 5alpha-androstane-
3beta, 17beta-diol 7alpha-hydroxylase. Steroids 1979;33:675-92.

[3] Guiraud JM, Samperez S, Jouan P. Studies on the 5alpha-androstane-3beta,17beta-diol-6a pha-
hydroxylase and on the 5alpha-androstane-3beta,17beta-diol-7apha-hydroxylase in anterior
hypophysis of malerats. Steroids 1982;40:625-39-92.

4 Sundin M, Warner M, Haaparanta T, Gustafsson JA. Isolation and catalytic activity of cytochrome
P450 from ventral prostate of control rats. Journal of Biological Chemistry 1987;262:12293-7.

[5] Warner M, Kohler C, Hansson T, Gustafsson JA. Regional distribution of cytochrome P-450 in the
rat brain: spectral quantitation and contribution of P-450b,e, and P-450c,d. J Neurochem
1988;50:1057-65.

[6] Akwa Y, Morfin RF, Robel P, Baulieu EE. Neurosteroid metabolism. 7alpha-Hydroxylation of
dehydroepiandrosterone and pregnenolone by rat brain microsomes. Biochem J 1992;288:959-64.

[7 Gemzik B, Parkinson A. Hydroxylation of 5alpha-androstane-3beta,17beta-diol by rat prostate
microsomes: potent inhibition by imidazole-type antimycotic drugs and lack of inhibition by steroid
5alpha-reductase inhibitors. Arch Biochem Biophys 1992;296:366-73.

[8] Khalil MW, Strutt B, Vachon D, Killinger DW. Metabolism of dehydroepiandrosterone by cultured
human adipose stromal cells: identification of 7alpha-hydroxydehydroepiandrosterone as a major
metabolite using high performance liquid chromatography and mass spectrometry. J Steroid
Biochem Mol Biol 1993;46:585-95.

9 Strémstedt M, Warner M, Banner CD, MacDonald PC, Gustafsson JA. Role of brain cytochrome
P450 in regulation of the level of anesthetic steroidsin the brain. Molec Pharmacol 1993;44:1077-83.

[10] Zhang J, Larsson O, Bjorkhem 1. 7alpha-hydroxylation of 25-hydroxycholesterol and 27-
hydroxycholesterol in human fibroblasts. Biochim Biophys Acta 1995;1256:353-9.

[11] Payne DW, Shackleton C, Toms H, Ben-Shlomo |, Kol S, deMoura M, Strauss JF, Adashi EY. A
novel nonhepatic hydroxycholesterol 7alpha-hydroxylase that is markedly stimulated by interleukin-
1beta. Characterization in the immature rat ovary. J Biol Chem 1995;270:18888-96.

[12] Doostzadeh J, Morfin R. Studies of the enzyme complex responsible for pregnenolone and
dehydroepiandrosterone 7al pha-hydroxylation in mouse tissues. Steroids 1996;61:613-20.

[13] Dombroski R, Casey ML, MacDonald PC. Human saturated steroid 6alpha-hydroxylase. J Clin
Endocrinol Metab 1997;82:1338-44.

[14] Doostzadeh J, Morfin R. Effects of cytochrome P450 inhibitors and of steroid hormones on the
formation of 7hydroxylated metabolites of pregnenolone in mouse brain microsomes. J Endocrinol
1997;155:343-50.

[15] Doostzadeh J, Cotillon AC, Morfin R. Hydroxylation of pregnenolone at the 7alpha and 7beta
positions by mouse liver microsomes. Effects of cytochrome p450 inhibitors and structure-specific
inhibition by steroid hormones. Steroids 1998;63:383-92.

MS Lathe page 6



[16] Doostzadeh J, Cotillon AC, Benalycherif A, Morfin R. Inhibition studies of dehydroepiandrosterone
7apha and 7beta-hydroxylation in mouse liver microsomes. Steroids 1998;63:608-14.

[17] Sonderfan AJ, Arlotto MP, Parkinson A. Identification of the cytochrome P-450 isozymes
responsible for testosterone oxidation in rat lung, kidney, and testis. evidence that cytochrome P-
450a (P45011A1) is the physiologically important testosterone 7alpha-hydroxylase in rat testis.
Endocrinology 1989;125:857-66.

[18] Kurose K, Isozaki E, Tohkin M, Fukuhara M. Cloning and expression analysis of a new member of
the cytochrome P450, CYP2A15 from the Chinese hamster, encoding testosterone 7alpha-
hydroxylase. Arch Biochem Biophys 1999;371:270-6.

[19] Zhou Z, Shackleton CH, Pahwa S, White PC, Speiser PW. Prominent sex steroid metabolism in
human lymphocytes. Mol Cell Endocrinol 1998;138:61-9.

[20] Noshiro M, Nishimoto M, Morohashi K, Okuda K. Molecular cloning of cDNA for cholesterol
7apha-hydroxylase from rat liver microsomes. Nucleotide sequence and expression. FEBS Lett
1989;257:97-100.

[21] Jelinek DF, Andersson S, Slaughter CA, Russell DW. Cloning and regulation of cholesterol 7alpha-
hydroxylase, the rate-limiting enzyme in bile acid biosynthesis. JBiol Chem 1990;265:8190-7.

[22] Ishibashi S, Schwarz M, Frykman PK, Herz J, Russdl DW. Disruption of cholesterol 7alpha-
hydroxylase gene in mice. |. Postnatal lethality reversed by bile acid and vitamin supplementation. J
Biol Chem 1996;271:18017-23.

[23] Schwarz M, Lund EG, Setchdl KD, Kayden HJ, Zerwekh JE, Bjérkhem |, Herz J, Russell DW.
Disruption of cholesterol 7alpha-hydroxylase gene in mice. 1l. Bile acid deficiency is overcome by
induction of oxysterol 7alpha-hydroxylase. JBiol Chem 1996;271:18024-31.

[24] Li-Hawkins J, Lund EG, Bronson AD, Russell DW. Expression cloning of a oxysterol 7apha-
hydroxylase selective for 24-hydroxycholesterol. J Biol Chem 2000;275:16543-9.

[25] Bjorkhem |, Litjohann D, Breuer O, Sakinis A, Wennmam A. Importance of a novel oxidative
mechanism for elimination of brain cholesterol. Turnover of cholesterol and 24(S)-
hydroxycholesterol in rat brain as measured with 1802 techniques in vivo and in vitro. J Biol Chem
1997,272:30178-84.

[26] Bjorkhem I, Litjohann D, Diczfalusy U, Stahle L, Ahlborg G, Wahren J. Cholesterol homeostasis in
human brain: turnover of 24S-hydroxycholesterol and evidence for a cerebral origin of most of this
oxysterol in the circulation. J Lipid Res 1998;39:1594-600.

[27] Bjorkhem |, Diczfalusy U, Litjohann D. Remova of cholesterol from extrahepatic sources by
oxidative mechanisms. Curr Opin Lipidol 1999;10:161-5.

[28] Warner M, Stromstedt M, Méller L, Gustafsson JA. Distribution and regulation of 5alpha-
androstane-3beta, 17beta-diol hydroxylase in the rat centra nervous system. Endocrinology
1989;124:2699-706.

[29] Stapleton G, Steel M, Richardson M, Mason JO, Rose KA, Morris RG, Lathe R. A novel cytochrome
P450 expressed primarily in brain. JBiol Chem 1995;270:29739-45.

[30] Schwarz M, Lund EG, Lathe R, Bjorkhem I, Russell DW. Identification and characterization of a
mouse oxysterol 7alpha-hydroxylase cDNA. JBiol Chem 1997;272:23995-4001.

[31] Rose KA, Stapleton G, Dott K, Kieny MP, Best R, Schwarz M, Russell DW, Bjorkhem I, Seckl J,
Lathe R. Cyp7b, a novel brain cytochrome P450, catalyzes the synthesis of neurosteroids 7alpha-
hydroxy dehydroepiandrosterone and 7alpha-hydroxy pregnenolone. Proc Natl Acad Sci U S A
1997;94:4925-30.

[32] Martin KO, Reiss AB, Lathe R, Javitt NB. 7apha-hydroxylation of 27-hydroxycholesterol: biologic
role in the regulation of cholesterol synthesis 7apha-hydroxylation of 27-hydroxycholesterol:
biologic rolein the regulation of cholesterol synthesis. JLipid Res 1997;38:1053-8.

[33] RoseK, Allan A, Gauldie S, Stapleton G, Dobbie L, Dott K, Martin C, Wang L, Hedlund E, Seckl
JR, et a. Neurosteroid Hydroxylase CYP7B: Vivid Reporter Activity in Dentate Gyrus of Gene-
Targeted Mice and Abalition of a Widespread Pathway of Steroid and Oxysterol Hydroxylation. J
Biol Chem 2001;276:23937-44.

[34] Li-Hawkins J, Lund EG, Turley SD, Russell DW. Disruption of the oxysterol 7apha-hydroxylase
genein mice. JBiol Chem 2000;275:16536-42.

[35] Miyata M, Nagata K, Shimada M, Yamazoe Y, Kato R. Structure of a gene and cDNA of a major
constitutive form of testosterone 6beta-hydroxylase (P450/6betaA) encoding CYP3A2: comparison
of the cDNA with PA50PCN2. Arch Biochem Biophys 1994;314:351-259.

[36) Da D, Ba R, Hodgson E, Rose RL. Cloning, sequencing, heterologous expression, and
characterization of murine cytochrome P450 3a25*(Cyp3a25), a testosterone 6beta-hydroxylase. J
Biochem Mol Toxicol 2001;15:90-9.

MS Lathe page 7



[37] Russell DW. Nuclear orphan receptors control cholesterol catabolism. Cell 1999;97:539-42.

[38] Goodwin B, Jones SA, Price RR, Watson MA, McKee DD, Moore LB, Galardi C, Wilson JG, Lewis
MC, Roth ME, et a. A regulatory cascade of the nuclear receptors FXR, SHP-1, and LRH-1
represses bile acid biosynthesis. Mol Cell 2001;6:517-26.

[399 Lu TT, Repa JJ, Mangelsdorf DJ. Orphan nuclear receptors as eLiXiRs and FiXeRs of sterol
metabolism. JBiol Chem 2001;in press

[40] Song C, Hiipakka RA, Liao S. Selective activation of liver X receptor alpha by 6alpha-hydroxy bile
acids and analogs. Steroids 2000;65:423-7.

[41] Song C, Hiipakka RA, Liao S. Auto-oxidized cholesterol sulfates are antagonistic ligands of liver X
receptors: implications for the development and treatment of atherosclerosis. Steroids 2001;66:473-9.

[42] Janowski BA, Willy PJ, Devi TR, Fack JR, Mangelsdorf DJ. An oxysterol signaling pathway
mediated by the nuclear receptor L X Ralpha. Nature 1996;383:728-31.

[43] Lehmann JM, Kliewer SA, Moore LB, Smith-Oliver TA, Oliver BB, Su JL, Sundseth SS, Winegar
DA, Blanchard DE, Spencer TA, et a. Activation of the nuclear receptor LXR by oxysterols defines
anew hormone response pathway. JBiol Chem 1997;272:3137-40.

[44] Richert L, Beck JP, Shinitzky M. Inhibition of IL-2 secretion and IL-2 receptor appearance of
activated lymphocytes pretreated with hydroxylated sterols. Immunol Lett 1986;13:329-34.

[45] Moog C, Aubertin AM, Kirn A, Luu B. Oxysterols, but not cholesterol, inhibit human
immunodeficiency virusreplication in vitro. Antivir Chem Chemother 1998;9:491-6.

[46] Lizard G, Lemaire S, Monier S, Gueldry S, Ned D, Gambert P. Induction of apoptosis and of
interleukin-1beta secretion by 7beta-hydroxycholesterol and 7-ketocholesterol: partial inhibition by
Bcl-2 overexpression. FEBS Lett 1997;419:276-80.

[47] Johnson BH, Ayaa-Torres S, Chan LN, El-Naghy M, Thompson EB. Glucocorticoid/oxysterol-
induced DNA lysisin human leukemic cells. J Steroid Biochem Mol Biol 1997;61:35-45.

[48] Chang JY, Liu LZ. Neurotoxicity of cholesterol oxides on cultured cerebellar granule cells.
Neurochem Int 1998;32:317-23.

[49] Maavas B, Rasetti MF, Roma P, Fogliatto R, Allevi P, Catapano AL, Gali G. Evidence for the
presence of 7-hydroperoxycholest-5-en-3beta-ol in oxidized human LDL. Chem Phys Lipids
1992,62:209-14.

[50] Chisolm GM, Ma G, Irwin KC, Martin LL, Gunderson KG, Linberg LF, Morel DW, DiCorleto PE.
7beta-hydroperoxychol est-5-en-3beta-ol, a component of human atherosclerotic lesions, is the
primary cytotoxin of oxidized human low density lipoprotein. Proc Natl Acad Sci U S A
1994;91:11452-6.

[51] Hwang PL. Inhibitors of protein and RNA synthesis block the cytotoxic effects of oxygenated
sterols. Biochim Biophys Acta 1992;1136:5-11.

[52] Lizard G, Monier S, Cordelet C, Gesquiere L, Deckert V, Guedry S, Lagrost L, Gambert P.
Characterization and comparison of the mode of cell death, apoptosis versus necrosis, induced by
7beta-hydroxycholesterol and 7-ketocholesterol in the cells of the vascular wall. Arterioscler Thromb
Vasc Biol 1999;19:1190-200.

[53] RobertsE, Bologa L, Flood JF, Smith GE. Effects of dehydroepiandrosterone and its sulfate on brain
tissue in culture and on memory in mice Effects of dehydroepiandrosterone and its sulfate on brain
tissue in culture and on memory in mice. Brain Res 1987;406:357-62.

[54] Flood JF, Roberts E. Dehydroepiandrosterone sulfate improves memory in aging mice. Brain Res
1988;448:178-81.

[55 Flood JF, Smith GE, Roberts E. Dehydroepiandrosterone and its sulfate enhance memory retention in
mice. Brain Res 1988;447:269-78.

[56] Flood JF, Morley JE, Roberts E. Memory-enhancing effects in male mice of pregnenolone and
steroids metabolically derived from it. Proc Natl Acad Sci U S A 1992;89:1567-71.

[571 Yoo A, Harris J, Dubrovsky B. Doseresponse study of dehydroepiandrosterone sulfate on dentate
gyrus long-term potentiation. Experimental Neurology 1996;137:151-6.

[58] Diamond DM, Branch BJ, Fleshner M. The neurosteroid dehydroepiandrosterone sulfate (DHEAS)
enhances hippocampal primed burst, but not long-term, potentiation. Neurosci Lett 1996;202:204-8.

[59] Hood JF, Farr SA, Johnson DA, Li PK, Morley JE. Peripheral steroid sulfatase inhibition potentiates
improvement of memory retention for hippocampally administered dehydroepiandrosterone sulfate
but not pregnenolone sulfate. Psychoneuroendocrinology 1999;24:799-811.

[60] Orentreich N, Brind J., Rizer RL, Vogelman JH. Age changes and sex differences in serum
dehydroepiandrosterone sulfate concentrations throughout adulthood. J Clin Endocrinol Metab
1984;59:551-5.

MS Lathe page 8



[61] Orentreich N, Brind JL, Vogelman JH, Andres R, Baldwin H. Long-term longitudinal measurements
of plasma dehydroepiandrosterone sulfate in normal men. J Clin Endocrinol Metab 1992;75:1002-4.

[62] Sapolsky RM, Vogelman JH, Orentreich N, Altmann J. Senescent decline in serum
dehydroepiandrosterone sulfate concentrations in a population of wild baboons. J Gerontol
1993;48:B196-200.

[63] Belanger A, Candas B, Dupont A, Cusan L, Diamond R Gomez JL, Labrie F. Changes in serum
concentrations of conjugated and unconjugated steroids in 40- to 80-year-old men. J Clin Endocrinol
Metab 1994;79:1086-90.

[64] Lane MA, Ingram DK, Ball SS, Roth GS. Dehydroepiandrosterone sulfate: a biomarker of primate
aging slowed by calorierestriction. J Clin Endocrinol Metab 1997;82:2093-6.

[65] Morley JE, Kaiser F, Raum WJ, Perry HM, 3rd, Flood JF, Jensen J, Silver AJ, Roberts E. Potentially
predictive and manipulable blood serum correlates of aging in the healthy human male: progressive
decreases in bioavailable testosterone, dehydroepiandrosterone sulfate, and the ratio of insulin-like
growth factor 1 to growth hormone. Proc Natl Acad Sci U S A 1997;94:7537-42.

[66] Moraes AJ, Nolan JJ, Nelson JC, Yen SS. Effects of replacement dose of dehydroepiandrosteronein
men and women of advancing age. J Clin Endocrinol Metab 1994;78:1360-7.

[67] Sheay CN. A review of dehydroepiandrosterone (DHEA). Integr Physiol Behav Sci 1995;30:308-13.

[68] Nestler JE. Advances in understanding the regulation and biologic actions of
dehydroepiandrosterone. Curr Opin Endocrinol Diabetes 1996;3:202-11.

[69] Hinson JP, Raven PW. DHEA deficiency syndrome: a new term for old age? J Endocrinol
1999;163:1-5.

[70] Wolf OT, Kirschbaum C. Dehydroepiandrosterone replacement in elderly individuals: still waiting
for the proof of beneficial effects on mood or memory. J Endocrinol Invest 1999;22:316.

[71] Baulieu EE, Thomas G, Legrain S, Lahlou N, Roger M, Debuire B, Faucounau V, Girard L, Hervy
MP, Latour F, et a. Dehydroepiandrosterone (DHEA), DHEA sulfate, and aging: contribution of the
DHEAge Study to a sociobiomedical issue. Proc Natl Acad Sci U S A 2000;97:4279-84.

[72] Hunt PJ, Gurnell EM, Huppert FA, Richards C, Prevost AT, Wass JA, Herbert J, Chatterjee VK.
Improvement in mood and fatigue after dehydroepiandrosterone replacement in Addison's disease in
arandomized, double blind trial. J Clin Endocrinol Metab 2001;85:4650-6.

[73] Lardy H, Partridge B, Kneer N, Wei Y. Ergosteroids: induction of thermogenic enzymes in liver of
rats treated with steroids derived from dehydroepiandrosterone. Proc Natl Acad Sci USA
1995;92:6617-9.

[74] Shi J, Schulze S, Lardy HA. The effect of 7oxo-DHEA acetate on memory in young and old
C57BL/6 mice. Steroids 2000;65:124-9.

[75] Daynes RA, Dudley DJ, Araneo BA. Regulation of murine lymphokine production in vivo. II.
Dehydroepiandrosterone is a natural enhancer of interleukin 2 synthesis by helper T cells. Eur J
Immunol 1990;20:793-802.

[76] Danenberg HD, Alpert G Lustig S, Ben-Nathan D. Dehydroepiandrosterone protects mice from
endotoxin toxicity and reduces tumor necrosis factor production. Antimicrob Agents Chemother
1992;36:2275-9.

[77] Danenberg HD, Ben-Yehuda A, Zakay-Rones Z, Friedman G. Dehydroepiandrosterone (DHEA)
treatment reverses the impaired immune response of old mice to influenza vaccination and protects
from influenzainfection. Vaccine 1995;13:1445-8.

[78] Loria RM, Padgett DA. Androstenediol regulates systemic resistance against lethal infections in
mice. Arch Virol 1992;127:103-15.

[79] Padgett DA, Loria RM. Endocrine regulation of murine macrophage function: effects of
dehydroepiandrosterone, androstenediol, and androstenetriol. J Neuroimmunol 1998;84:61-8.

[80] Araneo BA, Shelby J, Li GZ, Ku W, Daynes RA. Administration of dehydroepiandrosterone to
burned mice preserves normal immunologic competence. Arch Surg 1993;128:318-25.

[81] Ben-Nathan D, Padgett DA, Loria RM. Androstenediol and dehydroepiandrosterone protect mice
against lethal bacterial infections and lipopolysaccharide toxicity. JMed Microbiol 1999;48:425-31.

[82] Padgett DA, Loria RM, Sheridan JF. Endocrine regulation of the immune response to influenza virus
infection with ametabolite of DHEA -androstenediol. J Neuroimmunol 1997;78:203-11.

[83] Padgett DA, MacCalum RC, Loria RM, Sheridan JF. Androstenediol-induced restoration of
responsiveness to influenza vaccination in mice. J Gerontol A Biol Sci Med Sci 2000;55:418-24.

[84] Solerte SB, Fioravanti M, Vignati G, Giustina A, Cravello L, Ferrari E. Dehydroepiandrosterone
sulfate enhances natural killer cell cytotoxicity in humans via locally generated immunoreactive
insulin-like growth factor I. J Clin Endocrinol Metab 1999;84:3260-7.

MS Lathe page 9



[85] Danenberg HD, Ben-Yehuda A, Zakay-Rones Z, Gross DJ, Friedman G. Dehydroepiandrosterone
treatment is not beneficial to the immune response to influenza in elderly subjects. J Clin Endocrinol
Metab 1997;82:2911-4.

[86] Morfin R, Courchay G. Pregnenolone and dehydroepiandrosterone as precursors of native 7
hydroxylated metabolites which increase the immune response in mice. J Steroid Biochem Mol Biol
1994:50:91-100.

[87] Lafaye P, Chmidlewski V, Nato F, Mazie JC, Morfin R. The 7apha-hydroxysteroids produced in
human tonsils enhance the immune response to tetanus toxoid and Bordetella pertussis antigens.
Biochim Biophys Acta 1999;1472:222-31.

[88] Teng J, Kulig MJ, Smith LL, Kan G, van Lier JE. Sterol metabolism. XX. Cholesterol 7beta-
hydroperoxide. J Org Chem 1973;38:119-23.

[89] Beckwith ALJ, Daview AG Davison IGE, Maccoll A, Mruzek MH. The mechanisms of the
rearrangements of allylic hydroperoxides: 5alpha-hydroperoxy -3beta-hydroxycholest-6-ene and
7a pha-hydroperoxy -3beta-hydroxychol est-5-ene. J Chem Soc Perkin Trans 1989;11:815-24.

[90] Huang XF, Luu-The V. Molecular characterization of a first human 3(al pha-->beta)-hydroxysteroid
epimerase. J Biol Chem 2001;275:29452-7.

[91] Song W, Chen J, Dean WL, Redinger RN, Prough RA. Purification and characterization of hamster
liver microsomal 7aphahydroxycholesterol dehydrogenase. Similarity to type | 1lbeta
hydroxysteroid dehydrogenase. J Biol Chem 1998;273:16223-8.

[92] Hackenberg R, Turgetto I, Filmer A, Schulz KD. Estrogen and androgen receptor mediated
stimulation and inhibition of proliferation by androst-5-ene-3beta,17beta-diol in human mammary
cancer cells. J Steroid Biochem Mol Biol 1993;46:597-603.

[93] Nephew KP, Sheeler CQ, Dudley MD, Gordon S, Nayfield SG, Khan SA. Studies of
dehydroepiandrosterone (DHEA) with the human estrogen receptor in yeast. Mol Cell Endocrinol
1998;143:133-42.

[94 Chang HC, Miyamoto H, Marwah P, Lardy H, Yeh S, Huang KE, Chang C. Suppression of Delta(5)-
androstenediol-induced androgen receptor transactivation by selective steroids in human prostate
cancer cells. Proc Natl Acad Sci U SA 1999;96:11173-7.

[95] Rupprecht R, Holsboer F. Neuroactive steroids: mechanisms of action and
neuropsychopharmacol ogical perspectives. Trends Neurosci 1999;22:410-6.

[96] Waters SL, Miller GW, Aleo MD, Schnellmann RG. Neurosteroid inhibition of cell death. Am J
Physiol 1997;273:869-76.

[97] Baker ME. Steroid receptor phylogeny and vertebrate origins. Molec Cell Endocrinol 1997;135:101-
7.

[98] Avyaa FJ, Rzhetsky A. Origin of the metazoan phyla: molecular clocks confirm paleontological
estimates. Proc Natl Acad Sci U SA 1998;95:606-11.

[999 Bromham L, Rambaut A, Fortey R, Cooper A, Penny D. Testing the Cambrian explosion hypothesis
by using amolecular dating technique. Proc Natl Acad Sci U S A 1998;95:12386-9.

[100] Agarwal MK. Receptors for mammalian steroid hormones in microbes and plants. FEBS Lett
1993;322:207-10.

[101] Oliver AE, Deamer DW, Akeson M. Evidence that sensitivity to steroid anesthetics appears late in
evolution. Brain Res 1991;557:298-302.

[102] Rohmer M, Bouvier P, Ourisson G Molecular evolution of biomembranes: structural equivalents
and phylogenetic precursors of sterols. Proc Natl Acad Sci U SA 1979;76:847-51.

[103] Ourisson G, Nakatani Y. The terpenoid theory of the origin of cellular life: the evolution of
terpenoids to cholesterol. Chem Biol 1994;1:11-23.

[104] van Lier JE, Smith LL. Autooxidation of cholesterol via hydroperoxide intermediates. J Org Chem
1970;35:2627-32.

[105] Teng JI, Smith LL. Sterol metabolism. XXIV. On the unlikely participation of singlet molecular
oxygen in several enzyme oxygenations. JAm Chem Soc 1973;95:4060-1.

[106] Smith LL, Kulig MJ, Mueller D, Ansari GAS. Oxidation of cholesterol by dioxygen species. J Am
Chem Soc 1978;100:19:6206-11.

[107] Lercker G, Bortolomeszzi R, Pizzale L, Vichi S. Thermal degradation of single 7cholesteryl acetate
hydroperoxide. Chromatographia 1996;42:29-33.

[108] Bortolomeazzi R, De Zan M, Pizzale L, Conte LS. Mass spectrometry characterization of the 5apha-
, 7apha, and 7beta-hydroxy derivatives of beta-sitosterol, campesterol, stigmasterol, and
brassicasterol. JAgric Food Chem 1999;47:3069-74.

[109] Schroepfer GJ, Jr. Oxysterols: modulators of cholesterol metabolism and other processes. Physiol
Rev 2001;80:361-554.

MS Lathe page 10



[110] Blackburn GM, Rashid A, Thompson MH. Interaction of 5alpha-6alpha-cholesterol oxide with DNA
and other nucleophiles. JChem Soc Chem Commun 1979;420-41.

[111] Sevanian A, Peterson AR. Cholesterol epoxide is a direct-acting mutagen. Proc Natl Acad Sci U SA
1984;81:4198-202.

[112] Fretland AJ, Qmiecinski CJ. Epoxide hydrolases: biochemistry and molecular biology. Chem Biol
Interact 2000;129:41-59.

[113] Laudet V. Evolution of the nuclear receptor superfamily: early diversification from an ancestral
orphan receptor. J Mol Endocrinol 1997;19:207-26.

[114] Escriva H, Safi R, Hanni C, Langlois MC, Saumitou-Laprade P, Stehelin D, Capron A, Pierce R,
Laudet V. Ligand binding was acquired during evolution of nuclear receptors. Proc Natl Acad Sci U
S A 1997,94:6803-8.

[115] Baker ME. Adrena and sex steroid receptor evolution: environmental implications. J Mol
Endocrinol 2001;26:119-25.

[116] Miyamoto H, Yeh S, Lardy H, Messing E, Chang C. Delta5-androstenediol is a natural hormone with
androgenic activity in human prostate cancer cells. Proc Natl Acad Sci U SA 1998;95:11083-8.

[117] Fang H, Tong W, Shi LM, Blair R, Perkins R, Branham W, Hass BS, Xie Q, Dial SL, Moland CL, et
a. Structure-activity relationships for a large diverse set of natural, synthetic, and environmental
estrogens. Chem Res Toxicol 2001;14:280-94.

[118] Lathe R, Seckl JR. Neurosteroids and brain sterols, in Mason JI, ed.Genetics of Steroid Biosynthesis
and Function. Harwood Academic, 2001, in press.

[119] Silve S, Dupuy PH, Lahit-Lebouteiller C, Kaghad M, Chalon P, Rahier A, Taton M, Lupker J, Shire
D, Loison G. Emopamil-binding protein, a mammalian protein that binds a series of structurally
diverse neuroprotective agents, exhibits delta8-delta7 sterol isomerase activity in yeast. J Biol Chem
1996;271:22434-40.

[120] Silve S, Leplatois P, Josse A, Dupuy PH, Lanau C, Kaghad M, Dhers C, Picard C, Rahier A, Taton
M, et a. The immunosuppressant SR 31747 blocks cell proliferation by inhibiting a steroid
isomerase in Saccharomyces cerevisiae. Mol Cell Biol 1996;16:2719-27.

[121] Hanner M, Moebius FF, Weber F, Grabner M, Striessnig J, Glossmann H. Phenylalkylamine Ca2+
antagonist binding protein. Molecular cloning, tissue distribution, and heterologous expression. J
Biol Chem 1995;270:7551-7.

[122] Hanner M, Moebius FF, Flandorfer A, Knaus HG, Striessnig J, Kempner E, Glossmann H.
Purification, molecular cloning, and expression of the mammalian sigmal-binding site. Proc Natl
Acad Sci U S A 1996;93:8072-7.

[123] Moebius FF, Bermoser K, Reiter RJ, Hanner M, Glossmann H. Yeast sterol C8-C7 isomerase:
identification and characterization of a high-affinity binding site for enzyme inhibitors. Biochemistry
1996;35:16871-8.

[124] Kekuda R, Prasad PD, Fei YJ, Leibach FH, Ganapathy V. Cloning and functional expression of the
human type 1 sigmareceptor (hSigmaR1). Biochem Biophys Res Commun 1996;229:553-8.

[125] Jbilo O, Vida H, Paul R, De Nys N, Bensaid M, Silve S, Carayon P, Davi D, Galiegue S, Bourrie B,
et a. Purification and characterization of the human SR 31747A-binding protein. A nuclear
membrane protein related to yesst sterol isomerase. JBiol Chem 1997;272:27107-15.

[126] Besman MJ, Yanagibashi K, Lee TD, Kawamura M, Hall PF, Shively JE. Identification of des-(Gly-
Ile)-endozepine as an effector of corticotropin-dependent adrenal steroidogenesis. stimulation of
cholesterol delivery is mediated by the peripheral benzodiazepine receptor. Proc Natl Acad Sci U S
A 1989;86:4897-901.

[127] Sprengel R, Werner P, Seeburg PH, Mukhin AG, Santi MR, Grayson DR, Guidotti A, Krueger KE.
Molecular cloning and expression of cDNA encoding a peripheral-type benzodiazepine receptor. J
Biol Chem 1989;264:20415-20.

[128] Krueger KE, Papadopoulos V. Periphera-type benzodiazepine receptors mediate translocation of
cholesterol from outer to inner mitochondrial membranes in adrenocortical cells. J Biol Chem
1990;265:15015-22.

[129] Su TP, London ED, Jaffe JH. Steroid binding at sigma receptors suggests a link between endocrine,
nervous, and immune systems. Science 1988;240:219-21.

[130] Su TP, Shukla K, Gund T. Steroid binding at sigma receptors: CNS and immunological implications.
Ciba Found Symp 1990;153:107-16.

[131] Phan VL, Su TP, Privat A, Maurice T. Modulation of steroidal levels by adrenalectomy/castration
and inhibition of neurosteroid synthesis enzymes affect sigmal receptor-mediated behaviour in mice.
Eur JNeurosci 1999;11:2385-96.

MS Lathe page 11



[132] Maurice T, Phan VL, Urani A, Kamei H, Noda Y, Nabeshima T. Neuroactive neurosteroids as
endogenous effectors for the sigmal (sigmal) receptor: pharmacological evidence and therapeutic
opportunities. Jpn J Pharmacol 1999;81:125-55.

[133] Monnet FP, Mahe V, Robel P, Baulieu EE. Neurosteroids, via sigma receptors, modulate the
[3H]norepinephrine release evoked by N-methyl-D-aspartate in the rat hippocampus. Proc Natl Acad
Sci USA 1995;92:3774-8.

[134] Moebius FF, Striessnig J, Glossmann H. The mysteries of sigma receptors. new family members
reveal arolein cholesterol synthesis. Trends Pharmacol Sci 1997;18:67-70.

[135] Bergeron R, de Montigny C, Debonnel G. Potentiation of neuronal NMDA response induced by
dehydroepiandrosterone and its suppression by progesterone: effects mediated via sigmareceptors. J
Neurosci 1996;16:1193-202.

[136] Paul R, Silve S, De Nys N, Dupuy PH, Bouteiller CL, Rosenfeld J, Ferrara P, Le Fur G, Casdllas P,
Loison G. Both the immunosuppressant SR31747 and the antiestrogen tamoxifen bind to an
emopanmil-insensitive site of mammalian Delta3-Delta7 sterol isomerase. J Pharmacol Exp Ther
1998;285:1296-302.

[137] Urani A, Privat A, Maurice T. The modulation by neurosteroids of the scopolamine-induced learning
impairment in mice involves an interaction with sigmal (sigmal) receptors. Brain Res 1998;799:64-
77

[138] Bean R, Seckl JR, Lathe R, Martin C. Ontogeny of the neurosteroid enzyme Cyp7b in the mouse.
Mol Cell Endocrinol 2001;174:137-44.

MS Lathe page 12



Figures

Fig. 1. Co-action of CYP7A and CY P7B on cholesterolsto form bile acids.
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Figure redrawn from Schwarz et al. [30].
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Fig. 2. 7-hydroxylation of hydroxycholesterol and 3b-hydroxysteroids.
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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
CYPTB 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
neonatesis very much more widespread and abundant [138].
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Fg. 4. Sterols/steroids from different organisms.
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Notes: 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 (eg. bacteriohopantetrol [103];
Pcycloartenol rather than lanosterol is the sterol precursor in plants.

MS Lathe page 16



Fig. 5. Non-enzymatic oxidation products of cholesterol.
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Fig. 6. Rotational symmetry between the 7a and 11b positions of the steroid nucleus. Some binding sites
for 7a-modified molecules may accept 11b-modified equivalents.
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The CRF peptide family and their
receptors: yet more partners
discovered

Frank M. Dautzenberg and Richard L. Hauger

Abnormal signaling at corticotropin-releasing factor CRF, and CRF, receptors
might contribute to the pathophysiology of stress-related disorders such as
anxiety, depression and eating disorders, in addition to cardiac and inflammatory
disorders. Recently, molecular characterization of CRF, and CRF, receptors and
the cloning of novel ligands — urocortin, stresscopin-related peptide/urocortin I,
and stresscopin/urocortin |l - have revealed a far-reaching physiological
importance for the family of CRF peptides. Although the physiological roles of
the CRF, receptor remain to be defined, the preclinical and clinical development
of specific small-molecule antagonists of the CRF, receptor opens new avenues
for the treatment of psychiatric and neurological disorders.
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For more than a century, the ability of the body to
adapt to stressful stimuli and the role of stress
maladaptation in human diseases have been
intensively investigated. However, in 1981 the
isolation and characterization of corticotropin-
releasing factor (CRF) [1] forged a major
breakthrough in understanding the human stress
response. Today, a considerable body of evidence
suggests that CRF peptides play biologically diverse
roles in generating the stress response by acting at
CRF, and CRF, receptors that are differentially
expressed on brain neurons located in neocortical,
limbic and brainstem regions of the CNS and on
pituitary corticotropes. In addition to their
neurotransmitter and neuroendocrine roles [2—4],
CRF ligands acting at their peripheral receptor sites
might regulate cardiovascular and inflammatory
processes, among others. The CRF binding protein
(CRF-BP) might also modulate the stress response by
limiting CRF receptor activation [5]. However, with
the recent identification of two new members of the
CRF peptide family, stresscopin-related
peptide/urocortin 11 and stresscopin/urocortin 111
from human, mouse and fish, it is not surprising that
we are still deciphering the regulatory intricacies of
the body’s stress system that are essential for
homeostasis and survival. In this article, recent
findings regarding the molecular properties,
distribution and regulation of CRF ligands and their
receptors will be discussed.

Structure and tissue distribution of CRF and urocortin
CRF exists as a 41-amino-acid polypeptide in a large
variety of mammalian species and is generated by
cleavage of the C-terminus of pre-proCRF, the
196-amino-acid precursor [2]. Human and rat CRF

(h/rCRF) are identical to one another but differ from
ovine CRF (0CRF) by seven amino acids (Fig. 1).
Two non-mammalian CRF-like peptides, the
40-amino-acid amphibian peptide sauvagine (SVG)
and the 41-amino-acid fish peptide urotensin I (URO),
share [(50% sequence identity with h/rCRF (Fig. 1).
Although SVG and URO were originally considered to
be CRF homologs in fish and amphibians, the cloning
of CRF from fish and frogs [2] and mammalian
urocortin (UCN), a 40-amino-acid CRF peptide [6],
established that vertebrates possess additional
members of the CRF peptide family. To date, UCN has
been isolated from human, rat, mouse and sheep
[6-8]. UCN is more highly conserved than is CRF
across species and closely resembles fish URO
(53-63% amino acid identity) but diverges from CRF
(43-45% amino acid identity) and SVG (35% amino
acid identity). The CRF and UCN precursor genes
both contain two exons with the second exon encoding
the entire precursor protein [7]. No additional
bioactive peptides appear to be encoded by their
precursor genes.

CRF mRNA and protein are abundantly
distributed in the CNS with major sites of
expression in the parvoventricular nucleus of the
hypothalamus, cerebral cortex, cerebellum and the
amygdalar—hippocampal complex, an area important
for stress adaptation, learning and memory [9]. In the
periphery, CRF is expressed in the adrenal gland,
testis, placenta, gut, spleen, thymus and skin [2].
In the brain, expression of UCN mRNA and protein
is restricted to the Edinger—Westphal locus, the
hypothalamic area and a small population of neurons
in the forebrain [10]. In the periphery, UCN is broadly
expressed, particularly in the pituitary,
gastrointestinal tract, testis, cardiac myocytes,
thymus, spleen and kidney [11].

Identification of two novel members of the CRF family
Because the CRF, receptor binds UCN with >100-fold
greater affinity than it binds CRF, UCN was
hypothesized to be the endogenous ligand of the CRF
receptor [2,4]. However, the limited overlap between
the expression of UCN-containing neurons and those
neurons expressing CRF, receptors in the rat CNS
suggested that additional endogenous CRF receptor
ligands existed in mammals [10]. Recently, UCN-like

2
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Peptide Sequence Length Identity
(%)
hCRF SEEPPI SLDL TFHLLREVL EMARAEQL AQQAHSNRKL MEI | 41 100
oCRF SQEPPI SLDLTFHLLREVLEMTKADQLABQAHSNRKLLDI A 41 83
URO NDDPPI SI DLTFHLLRNM EMARI ENEREQAGLNRKYLDEV 41 54
hUCN DNPSLSI DLTFHLLRTLLELARTQSQRERAEQNRI | FDSV 40 43
SVG ZGPPI SI DLSLELLRKM EI EKQEKEKQQAANNRLLLDTI 40 48
hSRP | VLSLDVPI GLLQI LLEQARARAAREQATTNARI LARV 38 34
mUCNII VI LSLDVPI GLLRI LLEQARYKAARNQAATNAQI LAHV 38 34
hSCP FTLSLDVPTNI MNLLFNI AKAKNL RAQAAANAHL MAQY 38 32
mUCNIII FTLSLDVPTNI MNI LFNI DKAKNL RAKAAANAQL MAQI 38 26

TRENDS in Pharmacological Sciences

Fig. 1. Alignment of members of the corticotropin-releasing factor (CRF) peptide family. The
amino acids that are homologous between the CRF peptides are boxed. Human stresscopin-related
peptide (SRP) and human urocortin Il (UCNII) (originally designated human urocortin-related
peptide [14]) are identical. Human stresscopin (SCP) and human UCNIII also have identical

amino acid sequences. Abbreviations: h, human; m, mouse; o, ovine; SVG, sauvagine;

URO, urotensin .

Box 1. CRF receptor nomenclature

To facilitate scientific investigation, a standardized nomenclature of
receptors and their endogenous ligands is a prerequisite. After the
corticotropin-releasing factor CRF, receptor was cloned, the following
system for classifying CRF receptors was adopted: (1) the two receptors
were numerically ordered (CRF, and CRF,) [a]; and (2) a capital letter was
used to designate splice variants (CRF,, ,and CRF,, .). Because the

CRF, receptor is highly selective for urocortin (UCN) compared with the
CRF, receptor, renaming the CRF, receptor as the ‘urocortin’ receptor is
being considered. However, this nomenclature could fail to distinguish the
biology of both receptors because UCN binds equally well to both CRF, and
CRF, receptors [b-€]. The isolation of stresscopin (SCP)/UCNIIl and
stresscopin-related peptide (SRP)/UCNII [f-h] further complicates the issue
because both ligands show similarly low homologies with UCN and CRFE
Finally, the possibility of a third CRF receptor has been raised. Therefore,
we encourage the research laboratories that isolated SRP/UCNII and
SCP/UCNIII to agree on common names for these two novel ligands.

The IUPHAR receptor nomenclature committee should then consider
revising the current CRF receptor classification system.
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genes were identified in the pufferfish genome [12].
Although URO is highly conserved among fish species
(>93% identity), UCN-like peptides sequenced in
pufferfish were only [20% homologous with fish URO
and mammalian UCN. The search for novel members
of the CRF family culminated with the cloning of
stresscopin (SCP) and stresscopin-related peptide
(SRP) from human cDNA [13] and urocortin Il (UCNII)
and urocortin 111 (UCNIII) from mouse cDNA [14,15].
To simplify the terminology for these new members of
the CRF peptide family (Box 1), the species homologs
will be abbreviated as SRP/UCNII and SCP/UCNIII.

Although the SCP/UCNIII and SRP/UCNII
precursors predict 38-amino-acid mature peptides
[14,15], isolating and sequencing SCP/UCNIII and
SRP/UCNII peptides will be required to establish
their native sequences. Although amino acid
sequences of human and mouse SCP/UCNI 1 are
~90% identical, only 76% sequence conservation has
been reported for SRP/UCNII homologs. SRP/UCNII
shows moderate homology to h/rCRF (34%), hUCN
(43%), SCP/UCNIII (37—-40%) and URO (34%) but
minimal homology to SVG (<25%) (Fig. 1).
SCP/UCNIII is more distant from other members of
the CRF family (18-32% identity) (Fig. 1). CRF
peptides only share four amino acids with each other
(Fig. 1) and secondary structure, rather than linear
sequence, appears to determine biological activity.
Because human SRP/UCNI I lacks the standard
consensus site required for proteolytic cleavage and
C-terminal amidation [13] (i.e. a glycine residue
followed by a lysine or an arginine residue), this
peptide might not be processed to a biologically active
forminvivo [13,14]. Because the human SRP/UCNII
gene encodes a glycine followed by the basic amino
acid histidine, an unidentified enzyme might be
capable of cleaving SRP/UCNI I thereby forming an
amidated, biologically active peptide. Cloning of this
novel enzyme could resolve whether or not human
tissues synthesize only three out of the four CRF-like
peptides isolated in rodents.

SRP/UCNII mRNA is highly expressed in the
paraventricular, supraoptic and arcuate nuclei of the
hypothalamus, the locus coeruleus, and motor nuclei
of the brainstem and spinal cord [13,14]. In the
periphery, SRP/UCNII mRNA is detected in the heart,
adrenal gland and peripheral blood cells [13].
Important brain sites that express SCP/UCNIII
mRNA include the rostral perifornical area of the
hypothalamus, the posterior part of the bed nucleus of
the stria terminalis, the lateral septum and the medial
amygdaloid nucleus [13,15]. Although SCP/UCN 111
mRNA is considerably less abundant than
SRP/UCNII mRNA, high levels of SCP/UCNIII mRNA
expression have been detected in the gastrointestinal
tract, muscle, adrenal gland and skin [13,15].

CRF receptor subtypes
cDNAs encoding CRF, and CRF, receptors have been
cloned from vertebrates as evolutionary distant as
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fish and humans [4,16]. Both CRF, and CRF, receptors
belong to the class B subfamily of seven-transmembrane
receptors that signal by coupling to G proteins. The
CREF, receptor, a 397-438-amino-acid protein, has
three functional splice variants, CRF,, .. Although
their N-terminal sequences and tissue distribution
differ, these splice variants show no major
pharmacological differences [2,4]. There is one
functional variant and several non-functional
variants of the CRF, receptor, a 415-420-amino-acid
polypeptide [2,4]. The CRF, and CRF, receptors are
remarkably homologous ([I70% amino acid identity).
The lowest degree of homology (<60% amino acid
identity) exists in their extracellular domains,
particularly in the N-termini (40% identity).

By contrast, intracellular and transmembrane
domains are highly homologous (80—85% amino

acid identity) with third intracellular loops being
completely identical between all cloned CRF
receptors [4,16]. Because both CRF, and CRF,
receptors signal via cAMP as a second messenger, the
stimulatory G protein (G,) most probably couples to
this intracellular loop [17]. A CRF, receptor isolated
from catfish has been found to be highly homologous
with the CRF, receptor ([B5% amino acid identity)
[16]. Although the pituitary gland is the main locus of
CRF, receptor expression in many species, CRF, (but
not CRF,) receptor expression has been detected in
the catfish pituitary [16]. Mammalian homologs of
the catfish CRF, receptor might not exist.

CRF receptor expression in the mammalian CNS

and periphery

CRF, receptor mRNA is widely expressed in
mammalian brain and pituitary. Highest densities of
CRF, receptor mRNA have been found in the anterior
pituitary, cerebral cortex, cerebellum, amygdala,
hippocampus and olfactory bulbs [18,19]. In primates,
but not in rodents, CRF, receptor mRNA is found in the
hypothalamus and locus coeruleus. In the periphery, a
low level of CRF, receptor mRNA expression occurs in
the testis, ovary and adrenal gland [11,20]. Although
peripheral CRF, receptors can upregulate during
pregnancy [21] and inflammation [22], the CRF,
receptor appears to be more crucial in regulating brain
and pituitary functions whereas the CRF, receptor
might be more important in the periphery.

CRF, receptor mRNA is widely expressed in
peripheral tissues, particularly in cardiac myocytes,
gastrointestinal tract, lung, ovary and skeletal muscle
[23-25]. Interestingly, the CRF receptor splice
variantis the CRF, receptor that is peripherally
expressed in rodents whereas the CRF,, receptor is
the major splice variant found in the periphery of
humans [4]. The CRF,, receptor is the dominant CRF,
receptor splice variant expressed in the mammalian
brain. Central CRF,, receptor mRNA is expressed
in adiscrete pattern with highest densities in the
parvoventricular nucleus of the hypothalamus, lateral
septum, amygdala, hippocampus and retina
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[19,23,25]. The major non-neuronal brain sites for
CREF, receptor expression are the choroid plexus and
arterioles, where only CRF,; receptor mRNA is found
[18]. Interestingly, the rat pituitary and cortex express
CRF, receptor mRNA exclusively whereas in primates
and Tupaia these tissues express substantial levels of
both CRF, and CRF, receptor mMRNA [19,25]. Thus,
the CRF, receptor might possess additional functions
in primates.

Pharmacology of CRF, and CRF, receptors and CRF
receptor antagonists

Homologs of CRF and CRF-like peptides (e.g. UCN,
URO and SVG) bind with high affinities to the
mammalian CRF, receptor in a nonselective manner
[26,27]. Only the amphibian CRF, receptor
discriminates between CRF, UCN, URO and SVG [4].
UCN, SVG and URO bind to the CRF, receptor with
affinities considerably higher than that of h/rCRF and
0CRF, which are more potent at CRF, receptors [6,27].
These findings coupled with recent data showing that
SCP/UCNIII and SRP/UCNI I fail to bind and activate
CRF, receptors [13-15] provide evidence that the
CRF, receptor possesses ligand selectivity. Recently,
SCP/UCNIII and SRP/UCNII were observed to bind
exclusively to the CRF, receptor, although the K ; of
SCP/UCNIII is more than tenfold lower than K
values for UCN and SRP/UCNII [13,15]. Therefore, it
is tempting to speculate that a SCP/UCNI I1-selective
receptor exists in mammals.

Recently, the N-terminally truncated SVG analog,
antisauvagine-30, has been found to display >300-fold
selectivity for CRF, over CRF, receptors [27,28].

This CRF,-receptor-specific antagonist has become a
valuable tool for in vivo characterization of CRF,
receptor function. Several non-peptidic small molecules
have been designed to antagonize CRF, receptors
with >1000-fold selectivity over CRF, receptors [29].
Inclinical trials, the CRF, receptor antagonist
R121919 has produced antidepressant properties in
patients with major depression [30]. Although one
series of oxo-7H-benzo[e]perimidine-4-carboxylic acid
derivatives exhibited high-affinity binding at both CRF,
and CRF, receptors [31], its antagonist activity at CRF,
receptors has not been investigated. Given the high
degree of sequence conservation between CRF, and
CRF, receptors, particularly in the predicted pocket
where small-molecule antagonists would be expected
to bind [32], the paucity of CRF,-receptor-selective
antagonists is surprising. Finally, CRF-BP inhibitors
are being studied as potential medications for
Alzheimer’s disease and obesity [33].

CRF receptor signaling and regulation

G-protein coupling and CRF receptor signaling
pathways

Itis well established that the binding of CRF receptor
agonists to extracellular domains of the CRF, or CRF,
receptor transforms the membrane conformation of
these receptors into an active state, thereby
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Fig. 2. Corticotropin
releasing factor (CRF)
receptor signaling
pathways and their
regulation. CRF, and CRF,
receptors signal mainly
through G (1), which
leads to increased levels
of cAMP. In addition, both
CRF receptors have been
shown to couple to Gq and
signal via the
phospholipase C (PLC)
pathway. G-protein
receptor kinase 3 (GRK3)
mediation of CRF,
receptor desensitization
has recently been
discovered but little
information exists
regarding molecular
mechanisms for CRF
receptor desensitization,
internalization and
recycling, which might
differ based on the
specific cellular and/or
neuronal background.
Abbreviations: AC,
adenylyl cyclase; ARR,
arrestin; DAG,
1,2-diacylglycerol; IC3,
intracellular loop 3;
Ins(1,4,5)P,, inositol
(1,4,5)-trisphosphate;
PKA, protein kinase A;
PKC, protein kinase C;
PP2A, phosphatase 2A;
Ptdins(4,5)P,,
phosphatidylinositol
(4,5)-bisphosphate.
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increasing their affinity for the G, protein (Fig. 2).
CRF, and CRF, receptors signal in a variety of brain-
derived and peripheral cell lines (Table 1) by coupling
to G, leading to the stimulation of adenylyl cyclase
and activation of protein kinase A (PKA) and other
cAMP pathway events [17,34]. Nevertheless, other
second messengers might be implicated in CRF
receptor signaling. Multiple G proteins have been
observed to couple to CRF, receptors endogenously
expressed in the placenta and cerebral cortex or
overexpressed in HEK293 cells [21,35,36]. In Leydig
cells and placenta, CRF, receptors might signal
exclusively via Gq-mediated stimulation of
phospholipase C (PLC) and formation of inositol
phosphates [35]. CRF,, receptors endogenously
expressed in A431 cells also stimulate the formation
of inositol (1,4,5)-trisphosphate [Ins(1,4,5)P,] [37].
The observation that CRF increases intracellular
Ca?* concentrations in astrocytes and melanoma cells
suggests that the undefined CRF receptor subtypesin
these settings might also signal via the PLC pathway
[38,39]. However, two studies suggest that CRF,
receptors in cerebral cortex and transfected LLCRK-1
cells can couple to both G_ and G proteins thereby
activating cCAMP and PLC pathways (Fig. 2) [40].
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SVG and UCN (but not h/rCRF) can stimulate
phosphorylation of cAMP response element-binding
protein (CREB) and mitogen-activated protein kinase
(MAPK) in cells that overexpress CRF, or CRF,
receptors [35,41]. The PKA inhibitor H89 blocked
formation of phosphorylated CREB but not
phosphorylated p44/42 MAPK [41], which suggests that
SVG-stimulated MAPK phosphorylation does not
require PKA activation. MAPK becomes phosphorylated
and activated in third-trimester human myometrial
cells exposed to UCN possibly via Gq—mediated
Ins(1,4,5)P, formation and PKC activation [35]. Because
CRF, receptor activation promotes neurite growth in
CATH.a cells that can be blocked by PKA and MAPK
kinase inhibitors [42], these two downstream
signaling events might have important roles in
neuronal function. Signaling pathways that become
selectively activated when endogenous ligands bind to
CRF, or CRF, receptors might mediate physiological
responses in the brain, pituitary and peripheral tissues.

G-protein receptor kinases and CRF, receptor
desensitization

During stress adaptation, sustained exposure of the
anterior pituitary to high concentrations of CRF
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Table 1. Cell lines that express endogenous CRF receptors?

Cellline CRF receptor Species and origin Signaling Refs
AtT20 CRF, Mouse anterior pituitary CAMP (G)) [58]
CATH.a CRF, Mouse brain CAMP (G)) [42]
NCI-H82 CRF, Human small lung cell carcinoma CAMP (G,) [59]
Y 79 CRF, Human retinoblastoma CAMP (G,) [44]
IMR-32 CRF, Human neuroblastoma CAMP (G,) [46]
HEK293 CRF, Human embryonic kidney (not all subclones CAMP (G,) [34]
express the receptor)
SH-SY5Y CRF Human neuroblastoma CAMP (G)) [60]
HSC-2 and HaCaT CRF Human keratinocyte CAMP (G)) [61,62]
SK-MEL188 CRF, Human melanoma Caz* [62]
ATR5 CRF,, Rat aortic smooth muscle CAMP (G)) [11,13]
A431 CRF,g Human epidermoid Caz* [37]
H5V CRF, and CRF, Mouse endothelioma iNOS inhibition [63]
HUVEC CRF, Human umbilical vein endothelial iNOS stimulation [63]
AR-5 CRF,, Rat amygdala CAMP (G,) [64]
aAbbreviations: CRF, corticotropin-releasing factor; iNOS, inducible nitric oxide synthase.

produces desensitization of CRF-stimulated cAMP
accumulation and decreased adrenocorticotropic
hormone (ACTH) release in corticotrope cells [17,43].
Likewise, when anterior pituitary or AtT20 cells are
exposed to increased concentrations of CRF, large
reductions in CRF-stimulated cAMP accumulation
and ACTH release and downregulation of CRF,
receptors also develop [17]. In a setting favoring
strong G-protein receptor kinase (GRK) action

(i.e. high agonist concentration), CRF-stimulated
cAMP accumulation was markedly decreased in
human retinoblastoma Y79 and neuroblastoma
IMR-32 cells exposed to CRF [44—-46]. An increasing
degree of homologous CRF, receptor desensitization
occurs in brain-derived cells exposed to physiological
concentrations of CRF without changes in CRF,
receptor mRNA levels [43,46]. However, CRF,
receptor mMRNA expression decreases in anterior
pituitary cells exposed to CRF for several hours [47].
Homologous CRF, receptor desensitization can be
markedly inhibited in Y79 cells after a large
reduction in GRK3 expression is induced by

uptake of a GRK3 antisense oligonucleotide or
transfection of a GRK3 antisense cDNA construct
[45]. These findings suggest that GRK3-mediated
phosphorylation contributes importantly to the
homologous desensitization of brain CRF, receptors.
However, a high degree of CRF receptor
phosphorylation was detected in COS cells expressing
an epitope-tagged CRF, receptor after exposure to
CRF [48]. Because COS cells express GRK2, but not
GRK3[49], GRK2 appears to be capable of
desensitizing CRF, receptors in this cell system.
However, homologous desensitization of CRF,
receptors was significantly less in transfected
HEK?293 and Ltk cells compared with native cells
endogenously expressing CRF, receptors [40,44],
suggesting that GRK2 might be less effective than
GRK3 in desensitizing CRF, receptors. Nevertheless,
the importance of cell type and structural motifs in
determining GRK CRF,-receptor specificity is not
presently known.
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Regulation of CRF, receptors

Stress and left ventricular hypertrophy can increase
UCN mRNA expression and downregulate CRF,
receptor mMRNA expression in the heart [11,50,51].
When aortic smooth muscle A7R5 cells or ventricular
myocytes are exposed to UCN or h/rCRF, a dose-
dependent reduction in CRF, receptor mRNA
expression develops [11,50]. However, the
homologous desensitization of CRF, receptors has not
been investigated to date.

A possible pathophysiological role of CRF receptors in
anxiety and depression

Many studies implicate alteration of CRF, and/or
CRF, receptor functioning in the etiology of human
stress disorders, particularly anxiety and depression
[17,52-55]. Severe anxiety and depression has been
hypothesized to result from exaggerated
neurotransmission in one or more of the following
CRF-regulated pathways mediating the stress
response: the hypothalamic—pituitary—adrenal (HPA)
axis, the locus coeruleus (LC) noradrenaline-mediated
system, and the 5-HT-mediated dorsal raphe nucleus
system. Patients with severe melancholic depression
exhibit behavioral and physiological symptoms that
are associated with overly active CRF-driven stress
systems, including comorbid anxiety and agitation
and HPA axis dysregulation [52-55]. Post-mortem
measurement of very high concentrations of CRF in
the cerebrospinal fluid of severely depressed suicide
victims has provided additional support for the
hypothesis that chronic hypersecretion of CRF

plays a leading role in the etiology of major depression
[52,53]. Although one post-mortem study of
depressed suicide victims reported downregulation of
CREF, receptors in the frontal cortex, a subsequent
study found no evidence for brain CRF receptor
downregulation in depressed patients who committed
suicide [53,56]. In addition, mRNA levels for CRF,
and CRF, receptors were not different in anterior
pituitaries collected from depressed suicide victims
and controls [57].
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Fig. 3. Interactions
between mammalian
corticotropin releasing
factor (CRF)-like peptides,
their receptors and the
CRF binding protein (CRF-
BP). Binding to the CRF-BP
or activation of CRF, or
CRF, receptors stimulates
or decreases a wide range
of physiological
responses. Abbreviations:
SCP, stresscopin; UCN,
urocortin.
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Chemical name

H89: N-[2-(p-Bromocinnamylamino)ethyl]-
5-isoquinolinesulfonamide



