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Abstract

A theory is presented outlining how organisms can function and benefit from multifunctionality of
hormones in order to enhance greatly the information-carrying potential of endocrine signaling. Hormones
are produced continuously as micropulses, and intermittently as larger pulses. It is generally believed that
micropulses generate fluctuating basal hormone concentrations, which may consistently elicit particular
responses among diverse variables. Evidence is discussed suggesting that in contrast to the hormone
micropulses, the larger endogenous hormone pulses may elicit responses which may differ from one pulse to
another and may therefore serve different physiological functions. In this paper we postulate that an
endogenous hormone pulse is a specific form of a multisignal message that serves a certain physiological
function. Different pulses of a hormone may be signals of diverse multisignal messages that serve different
functions. A multisignal message may elicit congruous responses by selectively enhancing some actions and
suppressing other actions of the component signals. Various roles of signals of multisignal messages are
discussed, as well as processes that may be involved in the diversity and selectivity of actions of different
pulses of a hormone. Hormones also are converted into other hormones; we analyze how precursor and
derived hormones may function independently of each other, and how precursor hormones may give rise to
permissive effects. Mechanisms involved in therapeutic and adverse effects of hormone administrations are
analyzed, and a strategy is suggested for developing more selective hormonal therapies.
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1. Introduction

It is generally recognized that any one hormone elicits several diverse responses in different
organs and tissues, as well as in individual cells. Actions that serve a single physiological function,
we will call congruous or pleiotropic actions. Actions that serve unrelated physiological functions
we will designate disparate or incongruous actions.
However, disparate actions of hormones have complicated the assessment of their physiological

functions (Yates and Maran, 1974). In this paper we propose a theory of the mode of functioning
of organisms with hormones that have diverse physiological functions. Because hormones are
used as therapeutic agents, we discuss also how they may produce both beneficial and adverse
effects, and propose a strategy for developing more selective hormonal therapies.

2. Pulses, micropulses, and negative pulses of hormones

Hormones circulate in blood plasma at small, basal concentrations, elicited by a steady
production of hormone micropulses (Boyle et al., 1997; Carnes et al., 1988, 1993; Fehm et al.,
1984; Gudmundsson and Carnes, 1997; Holl et al., 1991; Ookhtens et al., 1974). At variable
intervals, larger hormone pulses are generated (B.ackstr .om et al., 1982; Boyle et al., 1997; Brabant
et al., 1992; Carnes et al., 1992, 1993; Frantz, 1979; Gudmundsson and Carnes, 1997; Holl et al.,
1991; Judd, 1979; Krieger, 1979; Krieger and Allen, 1975; Licinio et al., 1994; Ookhtens et al.,
1974; Rebar and Yen, 1979; Seif and Robinson, 1979), elicited by diverse endogenous and
exogenous signals; these pulses are themselves signals of physiological control systems. Hormone
micropulses are produced continuously, even during the production of the larger pulses
(Greenspan et al., 1986; Carnes et al., 1988, 1993; Brabant et al., 1992).
Some hormones are released steadily at high rates, and for brief periods their rates of release

may be greatly decreased. Mart!ınez de la Escalera and Weiner (1992) have shown that the steady
large concentrations of dopamine in the hypothalamic-pituitary portal system lead to occupation
of most dopamine D2 receptors of pituitary lactotrophs. As a result, prolactin secretion by the
lactotrophs is inhibited. These authors have shown that a brief reduction in dopamine
concentration leads to a rapid dissociation of dopamine from its receptors, which increases the
release of prolactin by the lactotrophs. Prolactin secretion in response to TRH pulses is also
increased (Mart!ınez de la Escalera and Weiner, 1992). Thus, such brief reductions in the plasma
concentration of dopamine can be considered negative dopamine pulses.
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Under the term hormone pulse, we will encompass both moderate and large transient increases
in hormone concentrations, as well as negative hormone pulses. Hormone micropulses and the
corresponding changes in basal hormone concentrations appear to function independently of the
larger hormone pulses, and will be discussed separately.

3. Kinetics of hormone pulses

The studies of Dallman and Yates (1969) on the kinetics of corticosterone plasma
concentration, show that an i.v. step infusion of corticosterone produces initially a rapid increase
in plasma corticosterone concentration that cannot be described by a single exponential function;
this is followed by a slower exponential increase that leads to a steady concentration. When the
infusion is stopped, corticosterone concentration decreases exponentially with a time-constant
similar to that of the late rising phase. The initial rapid increase in hormone concentration can be
considered a feedforward process (Houk, 1988), generated by a reduction in the disposal rate of
the hormone by the distribution-binding-metabolism elements (Dallman and Yates, 1969).
When a hormone pulse is elicited by an endogenous signal, e.g. a cortisol pulse elicited by an

ACTH pulse, the feedforward process may be considerably larger. Urquhart and Li (1968) and
Urquhart (1969, 1970) have shown in adrenal glands perfused in situ, that a stepwise increase in

ACTH concentration elicits an overshoot in the cortisol secretory response, after which the secretion
rate declines slowly towards a steady-state value. Furthermore, a stepwise decrease in ACTH

concentration reduces the cortisol secretion rate rapidly. Thus, the initial overshoot, and the rapid
reduction in cortisol secretion rates in response to an ACTH pulse, indicate feedforward processes
in both the rising and declining phases of the secretory response. Not only the secretion rates of
cortisol but also its disposal rates in response to an ACTH pulse present feedforward processes.
ACTH has been shown to decrease glucocorticoid disposal rates (Berliner et al., 1961; de Moor
et al., 1961; Dougherty and Berliner, 1958; Kusama et al., 1970). This effect may add to the
decreased glucocorticoid disposal rate observed by Dallman and Yates (1969) during the initial
part of an exogenous glucocorticoid administration. Together, the feedforward processes of
hormone secretion and disposal rates, would increase the efficacy and decrease the duration of
hormone pulses.
Formally similar feedforward processes (also called autocatalytic or positive feeback effects in

other contexts) have long been known to occur in electrical pulses of nerve axons. During the
initial part of the rising phase of an action potential, depolarization of the cell membrane increases
sodium conductance across the membrane; this increases sodium influx, which further depolarizes
the cell membrane (Hodgkin and Huxley, 1952).

4. Unidirectional rate-sensitivities of hormone-responsive cells

Evidence discussed by Clynes (1962) supports the notion that biological control systems have
unidirectional rate-sensitivities; if they are sensitive to rates of increase of a variable, they are
either insensitive or less sensitive to rates of decrease of the same variable, and vice versa.Dallman
and Yates (1969) have shown that the negative-feedback path of corticosterone has a pronounced
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rate-sensitivity to increases, but not to decreases, in the plasma concentration of corticosterone.
Pituitary lactotrophs appear to be sensitive only to the rate of decrease of dopamine
concentration. Unidirectional rate-sensitivities of hormone-responsive cells prevent suppression
of the response to the rising phase of a hormone pulse by the declining phase. Mart!ınez de la
Escalera and Weiner (1992) have shown that effects of a negative dopamine pulse prevail beyond
the duration of the pulse.

5. The two cybernetic types of hormone pulses

A hormone with plasma concentrations subject to negative feedback control may give rise to
two cybernetic types of pulses: those produced in response to a transient change in the setpoint of
its controlling system, and those that are independent of its setpoint. The latter pulses correspond
to feedforward strategies (Houk, 1988). Yates et al. (1961) have shown that the production of a
corticosterone pulse elicited by a laparotomy or a moderate i.v. pulse injection of histamine, can
be suppressed by an i.v. injection of corticosterone that mimics the endogenous corticosterone
pulse. These observations indicate that the endogenous corticosterone pulses are a response to a
transient increase in the setpoint of the corticosterone controlling system. In contrast, as has been
shown also by Yates et al. (1969), the corticosterone pulse elicited by a larger i.v. pulse injection of
histamine, cannot be suppressed by an i.v. injection of corticosterone that mimics the endogenous
corticosterone pulse. Thus, this large corticosterone pulse is a feedforward process. As indicated
by Houk (1988), feedforward processes increase the speed of response of controlling systems, and
are subject only to slower control processes, the adaptive controls.

6. Actions of hormone micropulses

Regardless of their small magnitude, micropulses of a hormone probably produce small, basal
actions that serve the diverse physiological functions of the hormone. The small intervals between
micropulses, and unidirectional rate-sensitivities of hormone receptors, may lead to summation of
their minute actions. Effects of changes in basal hormone concentrations, which are elicited by
changes in the magnitude and frequency of hormone micropulses, will be addressed in section 17,
after discussing the conversion of hormones into other hormones.

7. Actions of endogenous hormone pulses

Knowledge that pulses of a hormone elicit pulses of other hormones provides an important
tool for studying the functions of the hormone. Based on their observational studies, Gallagher
et al. (1973), Krieger and Allen (1975), Sherman et al. (1984), Linkowski et al. (1985) and
Krishnan et al. (1988) have concluded that only some ACTH pulses elicit cortisol pulses. Also,
Judd et al. (1974) and Liptrap et al. (1986) have observed that only some luteinizing hormone
(LH) pulses elicit testosterone pulses. Pulses of ACTH and LH that do not elicit cortisol and
testosterone pulses, respectively, are likely to produce other responses, which remain to be
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identified. Even assuming that some hormone pulses elicit no responses, an unlikely assumption, it
would not detract from the notion that different pulses of a hormone have different physiological
roles.
If the pulse of a hormone would affect two or more unrelated physiological functions,

correction of disturbances in one function might produce disturbances in other unrelated
functions. This might generate a chain reaction in which the number of disturbed physiological
functions would increase exponentially, with probably lethal consequences.
As actions elicited by hormone micropulses differ from those elicited by larger hormone pulses;

one would expect hormone micropulses and larger hormone pulses to be controlled independently
of each other. This notion agrees with the suggestion of McKenna et al. (1999) and Heinlein and
Chang (2002) that coregulators (coactivators and corepressors), which interact with nuclear
receptors, and enhance or reduce transactivation of target genes, do not significantly affect basal
transcription rates.

8. Further indications of the multiplicity of hormone functions

Different types, subtypes or isoforms of receptors of a hormone may mediate diverse, and even
opposing actions. As shown by Garc!ıa-S!ainz et al. (1980, 2000), Garc!ıa-S!ainz and Fain (1982),
Fain and Garc!ıa-S!ainz (1980, 1983), Burns et al. (1881), Wright and Simpson (1981, 1982),
Lafontan and Berlan (1995), and Bousquet-M!elou et al. (1995) activation of b-adrenergic
receptors of adipocytes by epinephrine stimulates lipolysis, whereas activation of a-adrenergic
receptors has the opposite effect. Also, as pointed out by McDonnell et al. (2000), the two
subtypes of nuclear estrogen receptors, as well as the two isoforms of progesterone receptors
appear to have two distinct roles.
The notion that different endogenous pulses of a hormone elicit different actions and thus have

different functions, leads to the following question: what factors determine the diversity and
selectivity of actions of different pulses of a hormone? This question will be addressed in the
following sections.

9. Diversity of elicitors of different pulses of a hormone

Different pulses of a hormone may be elicited by diverse signals or sets of signals. Observational
studies by Doell et al. (1981), Wood et al. (1982), Wilkinson et al. (1982), Dempsher and Gann
(1983), Fehm et al. (1983), Sherman et al. (1984), and Krishnan et al. (1988), show that only some
cortisol pulses are elicited by ACTH pulses. Also observational studies by Asher et al. (1989) and
Monfort et al. (1993), show that only some testosterone pulses are elicited by LH pulses. Thus,
such cortisol and testosterone pulses that are not elicited by ACTH and LH pulses, respectively,
are elicited by other signals that remain to be identified.
In addition to ACTH, the following hormones and other signals may increase cortisol secretion:

corticotropin-releasing hormone (CRH) (Andreis et al., 1991b, 1992; Neri et al., 1991), vasoactive
intestinal peptide (VIP) (Bloom et al., 1987; Mazzocchi et al., 1998b), galanin (Mazzocchi et al.,
1998a), interleukin-1 (IL-1) (Andreis et al., 1991a; Ehrhart-Bornstein et al., 1998; Gwosdow, 1995;
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Neri et al., 1991; O’Connell et al., 1994), epinephrine, norepinephrine, and sympathetic nerve
activity (Charlton, 1990; Edwards and Jones, 1987; Engeland and Gann, 1989). Thus, such signals
might elicit cortisol pulses. The observations of Waterman and Simpson (1989) on the multifactorial
nature of the regulation of steroid hydroxylase gene expressions are consistent with this notion.
Also ACTH secretion may be increased, possibly as pulses, by diverse signals, such as CRH,

arginine-vasopressin (AVP), lysine-vasopressin (LVP), oxytocin, cholecystokinin-octapeptide,
angiotensin II, thymulin, serotonin, prostaglandins, nitric oxide, epinephrine, norepinephrine,
IL-1b, and IL-6 (Axelrod and Reisine, 1984; Buckingham et al., 1992; Gaillard et al., 1981;
Hadley et al., 1997; Plotsky et al., 1989; Ur and Grossman, 1994). Such signals might elicit ACTH
pulses. (The response produced by a hormone pulse might be determined in part by the signal or
set of signals that elicit the hormone pulse, but details have not been worked out.)
Some hypothalamic neurons contain and release a single hormone, such as CRH, AVP, LVP,

oxytocin, or cholecystokinin-octapeptide. Each of these hormones may stimulate pituitary ACTH
secretion. Other hypothalamic neurons contain and co-release two hormones, such as CRH and
one of the following hormones: AVP, LVP, oxytocin and cholecystokinin-octapeptide
(Buckingham et al., 1992; Fuxe et al., 1991; Ur and Grossman, 1994). The release or co-release
of these hormones might generate ACTH pulses.
Cortisol pulses elicited by different sets of signals, such as pulses of CRH+ACTH,

AVP+ACTH, CRH+AVP+ACTH, or sets of signals that do not include ACTH pulses, might
produce different responses. Thus, the diversity of responses elicited by different pulses of a
hormone might result in part from the diversity of signals that elicit different pulses of the
hormone. Evans et al. (1996) have shown complex interactions of CRH, cortisol, and pulses of
AVP, on ACTH secretion in pituitary cell suspensions.

10. Hormone pulses, signals of multisignal messages

As diverse signals may elicit different pulses of a hormone, and assuming that these may
produce diverse responses, we advance the hypothesis that an endogenous hormone pulse is an
expression of a multisignal message. Different pulses of a hormone may be signals of diverse
multisignal messages that produce different patterns of congruous actions, and thus have different

physiological roles. The component signals of a multisignal message may be pulses of hormones,
neurotransmitters, neuropeptides, cytokines, growth factors, paracrine and autocrine factors, as
well as other signals. We propose that the various components of the multisignal message act in
concert, permitting and enhancing actions of the component signals that are congruous with its
role, and suppressing other actions.

11. Roles of different components of multisignal messages

11.1. Stimulation of some functions and inhibition of other functions of effector tissues

Probably most known actions of hormones are multifunctional. ACTH may stimulate cortisol
and corticosterone secretion by adrenal cortical cells, and stimulate lipolysis in adipocytes. As
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observed by Bornstein and co-authors (Bornstein et al., 1997), leptin, a hormone produced by
adipocytes, inhibits not only the corticosterone secretory response to ACTH, but also basal
corticosterone secretion. As shown by Morimoto et al. (1998), insulin inhibits not only ACTH- or
norepinephrine-induced lipolysis in adipocytes, but also basal lipolysis. Stimulation of an effector
tissue may elicit a hormone pulse. Both the hormone pulse elicitor and the elicited hormone pulse
may be part of the same multisignal message.

11.2. Permissive roles

A signal has a permissive role when its presence is necessary for a different hormone or agent to
produce a certain response, but the response does not track or depend upon variations in the level
of the permissive agent. Cortisol, 17a-hydroxyprogesterone, and tetrahydrocortexolone inhibit
angiogenesis only in the presence of heparin or a heparin fragment, the permissive signals (Crum
et al., 1985). In contrast, the anti-angiogenic action of 2-methoxyestradiol does not require the
presence of heparin or the heparin fragment (Fotsis et al., 1994). Different mechanisms may be
involved in different permissive effects of hormones. We shall discuss below permissive roles of
hormones that are precursors of other hormones.

11.3. Enhancement of responses to other signals

Giordano and Sayers (1971), Sayers et al. (1971), and Morita et al. (1984) have shown that a
factor present in plasma increases in vitro the corticosterone secretory response to ACTH.
Ackerman et al. (1981) have observed that 2-hydroxyestrone, 2-hydroxyestradiol and 2-methoxy
estradiol, three physiological biotransformation products of estradiol, enhance in vitro
epinephrine-induced lipolytic activity of adipocytes. Under the conditions studied, the estrogen
biotransformation products per se had no lipolytic activity; thus, these compounds might be
components of multisignal messages that enhance the lipolytic activity of epinephrine.

11.4. Suppression of responses to other signals

A factor also present in plasma, has been shown to decrease in vitro the corticosterone secretory
response to ACTH (Fehm et al., 1973; Giordano and Sayers, 1971; Sayers et al., 1971). According
to the concepts discussed above, signals that suppress the corticosterone secretory response to
ACTH, may enhance other ACTH actions, whereas signals that enhance the corticosterone
secretory response to ACTH may suppress other ACTH actions.
Cartier et al. (2001) have shown that nitric oxide produced by the adrenal chromaffin cells,

suppresses corticosterone and aldosterone secretory responses to ACTH, angiotensin II, and
endothelin I, but does not decrease basal production of corticosterone and aldosterone. Thus,
nitric oxide may be a paracrine component of diverse multisignal messages that would suppress
the corticosterone secretory responses to ACTH, angiotensin II, and endothelin I.
Briefly, a signal, e.g., a hormone pulse may be a signal of a multisignal message, if it does

not affect the basal activity of an effector tissue, but enhances or suppresses its response to
another signal.
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Dissociation between changes in plasma bioactive and immunoreactive hormone concentra-
tions, have been observed for ACTH by Besser et al. (1971), Engeland et al. (1989), and Brabant
et al. (1992). These observations are consistent with the notion that some actions of a hormone are
enhanced by other signals, whereas other actions are suppressed. Thus, estimates of hormone
plasma concentrations based on bioassays may be affected considerably by other signals, whereas
estimates based on radioimmunoassays probably are not.

12. Time relationships between signals of a multisignal message

Not only the composition of a multisignal message, but also the time relationships between its
component signals, may determine which responses are elicited. Shipston and Antoni (1992) have
shown that a brief CRH pulse applied in vitro to the pituitary at the beginning of a corticosterone
pulse, transiently suppresses the inhibitory effect of the corticosterone pulse on pituitary ACTH
release. No such suppression is produced when the CRH pulse is applied later, nor with an AVP
pulse applied at any time during the corticosterone pulse.

13. Processes that may participate in determining the diversity and selectivity of actions of different

pulses of a hormone

13.1. Selective increases in blood flow and hormone translocation to effector organs

Urquhart (1965), L’Age et al. (1970), Hinson et al. (1986), and Vinson and Hinson (1992) have
shown that, even at constant ACTH plasma concentrations, increases in adrenal infusion rates
may increase cortisol secretion rates. Benton, Loring and Yates have observed spontaneous
transitions from steady to oscillatory blood flow into the adrenal gland (see Yates and Poston,
1986).
Van Oers et al. (1992) have shown in adrenal glands perfused in situ, that associations of CRF

and ACTH induce increases in adrenal perfusion rates and corticosterone secretion rates; under
the same conditions, neither CRF nor ACTH alone increased adrenal perfusion rates.

13.2. Concerted changes in the activities of hormone-converting enzymes

Some hormones circulate in blood as precursors that are converted by the effector tissues
into active compounds, generating autocrine, paracrine, and endocrine actions. Thyroxine
(T4) is converted into 3,5,3

0-triiodothyronine (T3) and 3,3
050-triiodothyronine (retro-T3) (Reed,

2001). Testosterone is converted into 5a-dihydrotestosterone, 5b-dihydrotestosterone and
estradiol (Horton, 1995). A multisignal message that increases the plasma concentration of the
precursor, may increase the activity of one or several converting-enzymes, and in a concerted
manner, decrease the activities of other converting-enzymes. From the experiments of Carmichael
and Belanger (1984) it can be inferred that LH may increase not only testosterone secretion, but
also prostatic 5a-reductase activity. Thus, production and actions of 5a-dihydrotestosterone
would be enhanced; enzymes that convert testosterone into estradiol might be inhibited.
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Conversely, Slater et al. (2001) have shown that ovarian hyperstimulation in women using a
gonadotropin-releasing hormone agonist and human gonadotropins, increase androgen
metabolism mediated by aromatase, and decrease androgen metabolism mediated by 5-alpha-
reductase.

13.3. Selective activation of each receptor type, subtype, and isoform

As indicated above, different types, subtypes or isoforms of receptors of a hormone may
mediate different, and even opposing responses. Probably different receptor types, subtypes, and
isoforms may be activated selectively by pulses of a hormone that are signals of different
multisignal messages.
As is well known from many studies, hormone receptors may be localized in plasma

membranes, in the cytosol, or in the nucleus, and some, when occupied by their ligand may move
to a new location (Power et al., 1991a, b; Campbell and Watson, 2001; Chen et al., 1999a, b;
Clarke et al., 2000; Diba et al., 2001; Gametchu et al., 1991a, b, 1993, 1999; Norfleet et al., 1999,
2000; Pappas et al., 1995; Powell et al., 1999; Sackey et al., 1997; Thomas et al., 1993; Watson
et al., 1995, 1999a, b, 2002; Watson and Gametchu, 1999, 2001).

13.4. Selective changes in receptors, which may activate and suppress different signaling pathways

As indicated by Bockaert and Pin (1999), receptors may undergo various types of changes, such
as phosphorylations, homo- and heterodimerizations, and binding to proteins other than G
proteins, like arrestins, and PDZ domain-containig proteins. The functional significance of these
changes are being actively investigated.

13.5. Selective activation and suppression of different nuclear transcription processes

Several types of co-activators and co-repressors have been uncovered, which enhance or
suppress a cellular response to a hormone (Heinlein and Chang, 2002; Horwitz et al., 1996; Jenster
et al., 1997; Lemon and Tjian, 2000; McDonnell, 2000; McKenna et al., 1998, 1999, 2000). A
multisignal message might affect selectively, and in a concerted manner, co-activators and co-
repressors, thereby enhancing some cellular responses and suppressing other responses.

13.6. Selective RNA splicing

As has been discussed by Lou and Gagel (2001), a single hormone-responsive gene may
generate hundreds of different mRNA molecules, which may generate hundreds of different
proteins and peptides. The selective inclusion and exclusion of different RNA exons determines
which mRNA molecules are generated, and consequently which proteins and peptides are
synthesized. The proteins and peptides may have disparate or even antagonistic actions. In
addition to the developmental stage of a cell, the composition of multisignal messages might
determine how RNAs are spliced, thus generating proteins and peptides with congruous cellular
actions.
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13.7. Selective protein transformations

A protein synthesized by a cell may be cleaved in diverse ways, and also may be trans-
formed otherwise. Pro-opiomelanocortin (POMC) may give rise to ACTH, N-terminal peptide,
b-lipoprotein, b-endorphin, g-melanocyte stimulating hormone, and ACTH phosphate (Lowry,
1984; Torpy and Jackson, 2001). The products of such cleavages or of other transforma-
tions might depend on the composition of the multisignal messages that stimulate POMC
biosynthesis.

14. Importance of observational studies for uncovering multisignal messages

There have been few observational studies for assessing the actions of endogenous hormone
pulses. However, regardless of their limited number and scope, observational studies of hormone
pulses have generated significant information that is not obtainable from experimental studies.
One cannot emphasize strongly enough the importance of uncovering the compositions and
actions of the diverse multisignal messages of which a hormone is a component signal. In addition
to experimental studies, it requires numerous observational studies with greatly increased scopes.
However, one must be aware of certain difficulties: (1) Some signals may be pulses of hormones
that have not yet been uncovered. (2) Signals reaching different organs may differ, owing to the
selective actions of multisignal messages on blood flow and hormone translocations to different
organs, as well as on local biotransformations of hormones. (3) Furthermore, autocrine and
paracrine signals may be local components of multisignal messages (Cartier et al., 2001; Ehrhart-
Bornstein et al., 1998; Hinson, 1990; Simpson et al., 1996). In an editorial comment on the impact
of genomics and proteomics in endocrinology, Thompson (2002) has discussed current limitations
of these technologies, and has suggested future lines of improvements. These technologies, when
further developed, might be useful in observational studies, for identifying the composition of
multisignal messages, as well as the corresponding cellular responses.

15. Conversion of hormones into other hormones

15.1. Protohormones and metahormones

As well as being signals of various multisignal messages, hormones are also converted into other
multifunctional hormones (Baird et al., 1968; Longcope et al., 1969; Winkel et al., 1980). We shall
use the terms protohormone and metahormone, to designate the relationship between a precursor
hormone and a hormone derived from it. The terms ‘‘protohormone’’ and ‘‘metahormone’’ differ
from the terms ‘‘prohormone’’ and ‘‘hormone metabolite’’, as the latter terms do not refer always
to hormones, whereas the former do. Metahormones are converted into second-generation
metahormones, and these into further generations of metahormones. The following conversions
of hormones into other hormones have been documented (Mellon and Griffin, 2002; Robel et al.,
1991; White, 2001; Winkel et al., 1980): pregnenolone into progesterone and testosterone;
progesterone into deoxycorticosterone and cortisol; deoxycorticosterone into corticosterone;
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corticosterone into aldosterone; testosterone into 5a-dihydrotestosterone, 5b-dihydrotestosterone,
and estradiol; estradiol into 2-methoxyestradiol. Probably many unknown metahormones are
derived from currently known hormones.
Numerous receptors with unknown cognate ligands have been uncovered lately (Enmark and

Gustafsson, 1996; Lala and Heyman, 2000; O’Malley and Conneely, 1992; Zeng et al., 1994). Some of
these so-called ‘‘orphan receptors’’ might be receptors of as yet unknown metahormones derived from
known hormones. The search for the cognate ligands of these receptors that is being pursued in many
laboratories (Cooney et al., 2001; Zeng et al., 1994), may uncover many novel metahormones.

15.2. Relationships between protohormone and metahormone actions

Actions of a metahormone may complement, antagonize, or be unrelated to actions of the
corresponding protohormone. Protohormone and metahormone pulses with actions that
complement each other may be signals of the same multisignal message. Two or more
metahormones derived from the same protohormone also may have complementary actions. For
example, 5a-dihydrotestosterone and 5b-dihydrotestosterone, two metahormones derived from
testosterone, increase erythropoiesis; the former, by increasing the secretion of erythropoietin by
the kidney; the latter, by recruiting inactive erythroid stem cells into an erythropoietin-responsive
phase (Goldberg and Kessler, 1995).
Some actions produced by the exogenous administration of a hormone, may result from

increased production of the corresponding metahormones. For example, mammary growth,
produced in human males by the administration of testosterone (Glass, 2001; Wu et al., 1996),
may result from increased plasma concentrations and actions of estradiol (Matsumoto, 2001), one
of the metahormones derived from testosterone. Also, the increased erythrocyte production
elicited by the administration of testosterone, may result from increased production and actions of
5a- and 5b-dihydrotestosterone.

16. Independence of protohormone and metahormone pulses

16.1. Production of protohormone pulses without eliciting metahormone pulses

As indicated above, exogenous administrations of a protohormone may increase the production
rates and actions of the corresponding metahormones. However, endogenous protohormone
pulses may not elicit pulses of the corresponding metahormones; other components of the
multisignal message may suppress increases in metahormone production rates. Thus, an ACTH
pulse that elicits a cortisol pulse might prevent the production of pulses of cortisol metahormones.
Only if both the protohormone and metahormone pulses are components of the same multisignal
message, would the metahormone pulse not be suppressed.

16.2. Production of metahormone pulses without affecting protohormone plasma concentrations

Some metahormones are synthesized mainly from protohormone produced locally in the same
tissue; e.g. cortisol is synthesized by the adrenal cortex from pregnenolone and progesterone
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produced in the same organ (White, 2001). In such cases, large metahormone pulses can be elicited
without affecting the plasma concentration of the protohormone.
Other metahormones are synthesized mainly from protohormone circulating in the blood, e.g.

estradiol production from plasma testosterone in the human male (Baird et al., 1968; Longcope
et al., 1969), and deoxycorticosterone production from plasma progesterone (Winkel et al., 1980).
In such cases, a metahormone pulse might decrease the plasma concentration of the respective
protohormone, and disturb protohormone-controlled variables. Large ratios of protohormone/
metahormone plasma concentrations and production rates would reduce such undesirable
decreases in protohormone plasma concentrations to insignificant values. Approximately two-
thirds of plasma estradiol in men is derived from plasma testosterone (Baird et al., 1968). The
molar ratios in men of basal testosterone/estradiol plasma concentrations (Attanasio and Gupta,
1980) and blood production rates (Longcope et al., 1969) are approximately 220 and 165,
respectively. Thus, a thousand-fold increase of estradiol blood production rate would reduce
testosterone plasma concentration by approximately only 2%.

16.3. Permissive effects of protohormones

One type of permissive effects of protohormones may be inferred from the above-indicated
data. Metahormone pulses or sustained changes in basal metahormone plasma concentrations
may be elicited even with small protohormone plasma concentrations. However, in the absence of
the protohormone, no metahormone pulses or sustained changes in metahormone plasma
concentrations can occur.

17. Effects of changes in basal hormone concentrations

Basal hormone concentrations may undergo significant changes. Whereas the effect of a
hormone pulse that elicits a pulse of another hormone may be identified readily, the effects of
changes in basal hormone concentrations are not easily discernible. Signals associated with
changes in the basal concentration of a hormone may determine the response to such changes.
Sapolsky et al. (2000) have pointed out that increases in basal plasma concentrations of
epinephrine, ACTH, and glucocorticoid hormones, may occur during different phases of a stress
response. Thus, the effects of a change in the basal concentration of a hormone, like cortisol, may
differ at different phases of a stress response.

18. Biological significance of hormone multifunctionalities

The richness of behavior of organisms, at all their levels of organization, requires numerous
hormone functions serving many controlling systems. If each hormone were synthesized de novo,
and performed one role only, the machinery needed for the production of hormones would be
unwieldy. Hormone multifunctionalities greatly reduce the number of hormones needed for the
functioning of an organism, and consequently, also the biosynthetic machinery of hormones. The
conversion of a multifunctional hormone into other multifunctional hormones by means of few
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reactions, reduces the biosynthetic machinery of hormones even further. The combination of
signals, whether discrete (endocrine, paracrine, and autocrine pulses), or sustained (changes in
basal concentrations of endocrine, paracrine and autocrine factors), as well as selective changes in
blood supply to different organs, enables organisms to produce numerous selective reactions.

19. Effects of hormone administrations

The therapeutic use of hormones makes it important to understand not only the diverse
physiological roles of each hormone, but also the various processes underlying the effects of
exogenous hormone administrations. In contrast to endogenous hormone pulses, which elicit
diverse patterns of congruous actions, exogenous administrations of a hormone elicit a constant
pattern of disparate actions. For example, ACTH administrations consistently enhance the
following processes: secretion of cortisol, corticosterone, aldosterone (Giordano and Sayers, 1971;
Hinson et al., 1986; Sayers et al., 1971; van Oers et al., 1992), androgens, estrogens (Baird et al.,
1969; Parker and Odell, 1980), and interleukin-6 (IL-6) (Judd and MacLeod, 1992) by the adrenal
cortex; it also enhances glucose-induced insulin secretion (Gagliardino et al., 1995), glucose and
amino acid transport into muscle cells (Lebovitz et al., 1965), lipolysis in adipocytes (Scow et al.,
1965; White and Engel, 1958), melanin synthesis in melanocytes (Torpy and Jackson, 2001),
learning, and consolidation of memory (de Wied and Jolles, 1982), and also inhibits urea
production. Such disparate actions can be attributed to the fact that the administered hormone is
not a part of a multisignal message. The same explanation may be valid for the observation by
Smith and O’Malleyl (1999) that transcriptional activities of estrogen receptors are not affected by
co-repressors when estradiol is administered.
The effects of the administration of a hormone, depend, among other factors, on the status of

the organism receiving the hormone. We will describe briefly three conditions that may influence
the response.

19.1. In the absence of the hormone

Multiple disturbances are produced in the absence of a hormone, for lack of the hormone and
of the metahormones of all generations. Exogenous hormone administrations correct the
hormone deficiencies quite effectively, despite the non-physiological rates and routes of hormone
administrations. Stimulator-inhibitor signals, permissive signals, and enhancer-suppressor signals
normally associated with the endogenous hormone pulses, or with changes in basal hormone
concentrations, may diminish the effects of imperfections in hormone administrations.
Deficiencies resulting from lack of the metahormones of all generations are corrected even more
effectively, because metahormone production rates and actions are governed by the needs of the
organism.

19.2. During insufficient production of the hormone

In patients with Addison’s disease, who secrete glucocorticoids and probably derived
metahormones at insufficient rates, administration of physiological glucocorticoid hormones
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tends to correct the hormonal deficiencies. Also patients in severe stress produce glucocorticoid
hormones at insufficient rates; the exogenous administration of glucocorticoid hormones
increases the survival rates of such patients (Munck et al., 1984; Munck and N!aray-Fejes-T !oth,
1992; Munck and N!aray-Fejes-T !oth, 1994). As Munck et al. have pointed out, various effects of
glucocorticoid administrations in unstressed organisms would be detrimental during stress.
However, these authors have suggested that such effects might be beneficial by neutralizing
possible harmful overreactions of the organism. As indicated above, Hafezi-Moghadam et al.
(Hafezi-Moghadam et al., 2002) have shown that glucocorticoids have a protective action on the
cardiovascular system, which is mediated by non-transcriptional activation of nitric oxide
synthase. Based on the theory of hormone multifunctionalities presented here, we believe that the
diverse signals generated during different phases of the stress response, selectively suppress
detrimental actions of glucocorticoid hormones and of the corresponding metahormones, and
enhance actions that promote survival.
Patients in severe stress from metastatic neoplasia, frequently receive more active synthetic

glucocorticoid derivatives like dexamethasone (Gums and Smith, 1999). These compounds have
the advantages of a longer half-life and a lack of mineralocorticoid activity. However, their
prolonged use might lead to some hormone deficiencies, as the biotransformation products of
these synthetic compounds may not substitute all metahormones derived from physiological
glucocorticoid hormones.

19.3. During adequate production of the hormone

When a hormone is produced at adequate rates, the exogenous administration of the hormone
may elicit three types of effects: (1) Disparate actions that serve the various functions of the
hormone. (2) Disparate actions of the metahormones derived from the administered hormone. (3)
Effects that result from suppressing the production and actions of other hormones and their
metahormones.
Administration in vivo of cortisol, for example, may elicit the following types of effects: (1)

Actions of cortisol per se, corresponding to its various functions. (2) Actions of cortisol
metahormones, which remain to be uncovered. Both the increase in cortisol plasma concentration
and the consequent decrease in ACTH plasma concentration would enhance production and
actions of cortisol metahormones. (3) Decreased or suppressed production and actions of the
following hormones and the respective metahormones: ACTH, deoxycorticosterone, corticoster-
one, aldosterone, adrenal androgens, estrogens, and IL-6. Thus, the effects of the exogenous
administration of the hormone would reflect physiological functions of several hormones; some
effects would reflect increased production and actions of various hormones, whereas other effects
would reflect decreased or suppressed production and actions of other hormones.

19.4. Pharmacological effects

Effects of a hormone produced only when the hormone is administered at rates greatly
exceeding physiological production rates, are considered pharmacological effects. As indicated by
Munck et al. (1984), the physiological significance of pharmacological effects has not been
clarified. According to the concepts discussed above, pharmacological effects might result from
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either of the following two processes: (1) Increases in the concentrations and actions of further
generations of metahormones produced by large increases in the plasma concentrations of
protohormones and of earlier generations of metahormones. (2) Suppression of the production
and actions of other hormones. Thus, a pharmacological effect of a hormone may reflect an
enhanced or suppressed physiological action of another hormone.

19.5. Ingle’s permissive effects

As stated above, there are probably many types of permissive effects of hormones involving
different mechanisms. The permissive effect described by Ingle (1954) can be summarized as
follows: (1) Administration of a glucocorticoid hormone, like cortisol or corticosterone,
stimulates protein catabolism in a dose-related manner; this effect corresponds to a stimulator
role. (2) A noxious stimulus, e.g. a bone fracture, increases plasma concentrations of
glucocorticoid hormones and stimulates protein catabolism. The magnitude of the catabolic
response depends on the intensity of the stimulus; a multiple fracture enhances protein catabolism
more than a single fracture. (3) In adrenalectomized animals, which lack glucocorticoid
hormones, noxious stimuli do not enhance protein catabolism. (4) In adrenalectomized animals,
administration of small doses of cortisol or corticosterone, which maintain a ‘‘eucorticoid state’’,
restores the protein catabolic response to noxious stimuli.
Thus, with respect to protein catabolism, glucocorticoid hormones have both a stimulator effect

and a permissive effect. Either of the following two mechanisms might elicit such dual effects.

1. Protein catabolism is stimulated by glucocorticoid hormones per se. According to this
hypothesis, Ingle’s observations could be explained as follows: (a) Administration of
glucocorticoids to intact animals increases glucocorticoid plasma concentrations and protein
catabolic actions. (b) Noxious stimuli increase the secretion of glucocorticoid hormones, which
enhances protein catabolism. (c) In adrenalectomized animals, in the absence of glucocorti-
coids, no protein catabolic action occurs. (d) In adrenalectomized animals receiving small
maintenance doses of glucocorticoids, signals generated by noxious stimuli might enhance the
protein catabolic actions of even the small concentrations of glucocorticoids. If this hypothesis
were correct, it might be possible to produce protein catabolic actions by glucocorticoid
hormone administrations in vitro.

2. Protein catabolism is stimulated not by glucocorticoid hormones per se, but by glucocorticoid
metahormones. According to this hypothesis, Ingle’s observations could be explained as
follows: (a) Administration of glucocorticoids increases plasma concentrations and actions of
glucocorticoid metahormones that enhance protein catabolism. (b) Noxious stimuli increase
the production and actions of glucocorticoid metahormones that enhance protein catabolism.
(c) Without glucocorticoids, no glucocorticoid metahormones can be produced, and
consequently, in adrenalectomized animals, noxious stimuli do not enhance protein catabolism.
(d) Administration of small doses of glucocorticoid hormones to adrenalectomized animals
restores the production of glucocorticoid metahormones. Large ratios of protohormone/
metahormone plasma concentrations make it possible, even with small plasma concentrations
of glucocorticoid hormones, to increase greatly plasma concentrations and actions of
glucocorticoid metaphormones that enhance protein catabolism. Signals elicited by noxious
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stimuli might further enhance the protein catabolic action of the glucocorticoid metahormones.
If, as we believe, this is the correct hypothesis, glucocorticoid metahormones that stimulate
protein catabolism might be extracted and isolated from appropriate tissues.

20. A strategy for developing more selective hormonal therapies

In recent years, compounds like tamoxifen and raloxifen, which antagonize the actions of
estradiol on the mammary gland, have been shown to retain some actions of estrogens in other
organs or tissues, like the increase in mineral bone density. These observations have generated
great interest in developing other selective estrogen receptor modulators (SERMs) (McDonnell,
1999; Smith and O’Malley, 1999).
Here we propose a different strategy for developing more selective hormonal therapies.

Administrations of hormones that increase the hormone plasma concentrations above normal
values produce both beneficial and adverse effects. To prevent the adverse effects, it is important
to understand the mechanisms involved in the beneficial as well as in the adverse effects. As
discussed above, the administration of a hormone may produce three types of effects: (1) Effects
from increased concentrations and actions of the administered hormone. (2) Effects from
increased concentrations and actions of metahormones derived from the administered hormone.
(3) Effects from decreased production and actions of other hormones. One may infer the type of
each effect, by studying, in addition to the effects of administrations of the hormone, the

composition and actions of the various multisignal messages of which the hormone is a part. With this
knowledge, hormonal therapies might be improved greatly.
A therapeutic effect of the hormone itself could be produced selectively by reproducing the

multisignal message that elicits only that effect. If the therapeutic effect attributable to a novel
metahormone, it may lead to its isolation, identification, synthesis, and therapeutic use.
Administration of the metahormone is likely to produce fewer adverse effects than administration
of the corresponding protohormone. Identification and reproduction of the multisignal message
that selectively produces the therapeutic effect of the novel metahormone would reduce adverse
effects even further. A therapeutic effect produced by the suppression of another hormone can be
achieved, probably with fewer adverse effects, using hormone antibodies or selective hormone
antagonists. Adverse effects produced by the suppression of hormones can be decreased or
prevented by the concomitant administration of the suppressed hormones.

21. Concluding remarks

In this paper we advance the theory that each hormone has several functions that are performed
in various ways: (1) Micropulses elicited steadily at high frequencies produce small basal actions
serving the diverse functions of the hormone. (2) Larger pulses, elicited at variable intervals, are
postulated to be part of multisignal messages that produce selectively actions serving a single
physiological function. Different pulses of the hormone may be part of diverse multisignal
messages that elicit different responses, serving different physiological functions. (3) In addition, a

ARTICLE IN PRESS

J.J. Mandoki et al. / Progress in Biophysics & Molecular Biology 86 (2004) 353–377 369



hormone may serve as precursor in the biosynthesis of many multifunctional hormones, and may
therefore have many different permissive roles.
Functions of hormones may be uncovered using both experimental and observational studies,

and identifying the composition and actions of the diverse multisignalr messages of which the
hormone is a part. Studies of the pharmacological actions of a hormone, identification of its
biotransformation products and their actions, may lead to uncovering novel metahormones.
Knowledge gained by all such studies will enhance our understanding of endocrine physiology
and will lead to improvements in the use of hormones in Medicine.
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