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ABSTRACT

The first and rate-limiting step of steroidogenesis is catalyzed by the
mitochondrial cholesterol side chain cleavage system that is dependent on NADPH.
The pathways of NADPH generation in steroidogenic mitochondria include three
major routes catalyzed by: 1. NADP-linked malic enzyme, 2. NADP-linked
isocitrate dehydrogenase, and 3. nicotinamide nucleotide transhydrogenase. The
main route may differ among cell types and across species. Generally operation of
alternative routes, with different substrates is not excluded. The oxidation of
NADPH by the mitochondrial P450 systems is not tightly coupled with substrate
metabolism, as these systems can reduce O, by a single electron to produce harmful
superoxide radical. To minimize such futile NADPH oxidation, NADPH generation
may be regulated by two types of mechanisms: 1. Feedback mechanisms that
maintain the ratio of NADPH/NADP+ at a steady-state level by enhancing the
rate of NADPH production to keep up with its rate of oxidation, e.g., allosteric
regulation of enzymes involved in NADPH production. 2. Hormonal signals that
enhance the level of NADPH production in coordination with steroidogenesis. One
major hypothesis with experimental evidence is that stimulation of mitochondrial
NAD(P)H synthesis is mediated by Ca*+ as a second messenger of tropic factors.
Tropic stimulation of cells increases the levels of Ca*+ in the cytosol and then in
the mitochondrial matrix, and the rise in Ca** activates enzymes involved in
NAD(P)H synthesis. These regulatory mechanisms most probably operate in
concert adjusted to the steroidogenic activity of the cell.
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INTRODUCTION

The tropic hormones of steroidogenic tissues can stimulate maximal
steroidogenic response within a few minutes. This rapid process involves the
mobilization of cholesterol from intracytoplasmic vesicles and its transfer into the
mitochondria where cholesterol is converted into pregnenolone by the side chain
cleavage system (1, 2). This conversion and most of the subsequent steps of steroid
hormone biosynthesis are monooxygenation reactions (hydroxylations) catalyzed by
cytochrome P450 type enzymes (3). These reactions depend on molecular oxygen
and electrons donated by NADPH with the following stoichiometry:

R-H + NADPH + H* + O, - R-OH + NADP* + H,O

The electrons are transferred from NADPH to P450 by an electron transfer
system. The NADPH specificity of these systems derives from the cofactor
specificity of the electron transfer proteins. The mitochondrial P450 systems are
located on the matrix side of the inner membrane, and include an NADPH specific
adrenodoxin reductase and adrenodoxin (3, 4). The microsomal systems depend on
a single NADPH specific P450 reductase. Some microsomal P450s may receive the
second electron from NADH through cytochrome by reductase and cytochrome bg
(5).

This review summarizes studies on the pathways and regulation of NADPH
synthesis and consumption by the mitochondrial P450 systems. Early research on
the mechanism of acute stimulation of steroidogenesis examined the pathways of
NADPH supply (6). Yet, as the research trends shifted to other areas, this subject
was left incompletely understood. The studies reviewed provide evidence that
NADPH supply to the mitochondrial P450 systems is regulated and coupled to
steroidogenesis, yet, the mechanisms of this coupling remain to be elucidated.

ROUTES OF NADPH BIOSYNTHESIS IN MITOCHONDRIA

Studies during the 1950°s and later showed that Krebs cycle intermediates such
as succinate, isocitrate and a-ketoglutarate could support steroid hydroxylation in
mitochondria (6-9). The actions of these metabolites were shown to be dependent
on their stimulation of NADP+ reduction to produce NADPH (6, 10).

The reactions of the Krebs cycle take place in the mitochondrial matrix
bounded by the highly impermeable inner mitochondrial membrane. Yet,
substrates of the cycle can be transported into the mitochondria by specific carriers,
such as the pyruvate carrier, and di- and tricarboxylate carriers (11). Thus, the
effects of substrates on intra-mitochondrial reactions can be studied by their
addition into purified intact isolated mitochondria.
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A major source of NADPH in the cell is the cytosolic pentose phosphate
pathway. However, NADPH cannot be transported into mitochondria (12).
Exogenously added NADPH can be used in mitochondrial steroid hydroxylation
only if the mitochondria are permeabilized by high concentrations of Ca++* or
other treatments (8, 12).

The major routes of NADPH production in the mitochondria of steroidogenic
cells are depicted in Fig. 1. This scheme includes three routes of NADPH synthesis
catalyzed by: 1. NADP linked malic enzyme, 2. NADP linked isocitrate
dehydrogenase, and 3. nicotinamide nucleotide transhydrogenase. Although, many
studies on this subject have pointed out a specific major route, they have generally
not excluded operation of other routes, with different intermediates.

Because of the cyclic nature of the Krebs cycle, the addition of a specific
substrate can stimulate NADPH production at more than one site. Thus, the
operation of a route was generally shown by testing the ability of a specific
substrate to support steroid hydroxylation in the presence of inhibitors of specific
routes. The interpretation of these studies is further complicated by the use of
inhibitors that may affect more than one reaction, the secondary effects of the
substrates, the method of preparation of the mitochondria, the degree of coupling
of oxidative phosphorylation and other factors (13).

The involvement of malic_enzyme in NADPH synthesis in bovine adreno-
cortical mitochondria was indicated by the observation that pyruvate was formed
during fumarate supported reactions, concomitant with the reduction of NADP+
(14, 15). Malic enzyme is a 65 kdalton protein (16) that catalyzes the following
reaction:

L-malate + NADP* & pyruvate + CO, + NADPH + H+

At the initial characterization of this enzymatic activity it was suggested to be
the major source of NADPH for steroid hydroxylation in adrenal cortex
mitochondria (14). However, many studies in diverse systems showed the existence
of alternative pathways, and questioned the centrality of the role of this enzyme in
NADPH synthesis (for review see ref. 13). Inorganic phosphate (P,) was shown to
stimulate malate uptake into mitochondria and malate dependent pyridine
nucleotide reduction, presumably via malic enzyme (17).

Isocitrate_dehydrogenase catalyzes decarboxylation of isocitrate to form o-
ketoglutarate according to the following reaction:

isocitrate + NAD(P)* + H* 2 a«-ketoglutarate + CO, + NAD(P)H

In the mitochondria there are two forms of isocitrate dehydrogenase, an NAD
specific form and an NADP specific form. The NADP specific enzyme is
considered as one source of NADPH for steroid hydroxylation based on the
observations that isocitrate can stimulate steroid hydroxylation without being
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FIGURE 1
Routes of NADPH synthesis in the mitochondria of steroidogenic cells.
Abbreviations: AD, a-ketoglutarate dehydrogenase; ID, isocitrate dehydrogenase;
MD, malate dehydrogenase; ME, malic enzyme; PD, pyruvate dehydrogenase; SD,
succinate dehydrogenase; TH, transhydrogenase; C-I, C-III, and C-IV, complexes
of the electron transport chain of oxidative phosphorylation system.
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completely inhibited by respiratory inhibitors (18). The utilization of this pathway
apparently varies between cell types and mitochondrial preparations as isocitrate
supported steroid hydroxylation can be inhibited to different degrees in various
systems (18, 19).

One of the more intensively studied routes of NADPH synthesis is
transhydrogenation with NADH (13, 20). NADH is generated during some
reactions of the Krebs cycle and during fatty acid B-oxidation (Fig. 1). The
nicotinamide nucleotide transhydrogenase catalyzes the interconversion of NADH
and NADPH according to the reaction:

NADH + NADP+ & NAD+ + NADPH

The transhydrogenase purified from bovine heart is a single polypeptide of 120
kdalton that also functions as a proton pump in the inner mitochondrial membrane
(20). In the forward direction NADPH synthesis is coupled with H* translocation
from the cytoplasmic side into the matrix of the mitochondria, and the converse
occurs for the reverse reaction. Thus, because of its coupling to the proton (H+)

electrochemical gradient across the inner membrane, the transhydrogenase is also
linked to oxidative phosphorylation (20). In addition to this transhydrogenase,
mitochondrial enzymes that have both NAD and NADP dependent isoforms, such
as isocitrate dehydrogenase, may also function as a transhydrogenase without being
coupled to the proton electrochemical gradient (20).

The involvement of transhydrogenases in NADPH production is indicated by
several lines of evidence: 1. Addition of NADH into permeabilized mitochondria
supports steroid hydroxylation, despite the NADPH specificity of the P450 systems
(21). 2. Increased levels of NADH is correlated with enhanced steroid
hydroxylation (21). 3. Stimulation of steroid hydroxylation by Krebs cycle
intermediates can be inhibited by inhibitors of oxidative phosphorylation
presumably by their inhibition of energy linked transhydrogenases (9, 19, 21-23).
4. NADH generating fatty acid oxidation could support steroid hydroxylation while
the Krebs cycle was inhibited (24).

Besides the routes noted above preliminary evidence has been reported for an
ATP dependent reduction of NADP*+ by succinate in ovarian corpora lutea
mitochondria (25).

A cursory comparison of the studies noted above shows that the major routes
of NADPH generation may differ among steroidogenic cell types (e.g., adrenal
cortex zones, and corpus luteum) and across species. Yet, this conclusion should be
stated with the caveat that some differences might have been caused by different
conditions of mitochondrial preparation and incubation.

As noted above, early studies suggested that several alternative routes of
NADPH generation may be functional in steroidogenic mitochondria. Recent
studies indicate that there may be subpopulations or compartments of cholesterol
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side chain cleavage systems with different metabolic environments and exposures to
reducing equivalents (9, 26). Both isocitrate and succinate can support cholesterol
side chain cleavage in rat adrenal mitochondria, at similar initial rates but different
saturation levels (9, 26). The responses to these two substrates differed in
additional parameters suggesting the presence of pools of cholesterol side chain
cleavage activity with heterogeneous responsiveness (9, 26). The responses of
P450scc and P450c11 activities to some substrates are synergistically enhanced by
the presence of other substrates, thus showing complex interactions among the
pathways (27).

IS NADPH SYNTHESIS COREGULATED WITH STEROIDOGENESIS?

Many of the studies summarized above showed that steroid metabolism by the
mitochondrial P450s is stimulated rapidly upon addition of various intermediates in
the pathways of NADPH synthesis. These results appear to indicate a lack of
control in the utilization of NADPH and raise several questions regarding the
supply and consumption of NADPH by the mitochondrial P450 systems: Is
NADPH constantly available to the P450 systems even in absence of steroid
substrates? Is NADPH synthesis coupled to steroid metabolism, and if so what are
the mechanisms that co-regulate steroid substrate delivery and NADPH synthesis?

As in other metabolic systems, some control mechanisms would be expected to
operate to minimize futile NADPH synthesis and utilization in steroidogenic
mitochondria. A priori at least two control mechanisms can be hypothesized:

1. Coupling of NADPH oxidation by the mitochondrial P450 systems to steroid
hydroxylation, i.e., NADPH is available to the P450 system freely, but its oxidation
is dependent on the metabolism of a steroid substrate.

2. Coupling of NADPH synthesis to stimulation of steroidogenesis, i.e., the
signals that stimulate steroidogenesis also stimulate NADPH synthesis.

Recent studies relevant to these hypotheses are summarized below.

NADPH OXIDATION BY THE P450 SYSTEMS IS NOT TIGHTLY COUPLED
TO STEROID METABOLISM

Each steroid hydroxylation is dependent on two electron reduction of one
molecule of O,. Besides this normal biochemical function, P450 systems can also
reduce O, by a single electron to produce harmful superoxide radical (28). This
phenomenon has been termed as "uncoupling of electron transfer from
hydroxylation” or as "leaky electron transfer”.

To determine the degree of coupling in mitochondrial P450 systems we
recently tested the ability of reconstituted P450scc and P450c11 systems to oxidize
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NADPH in the absence and presence of their respective steroid substrates (29, 30).
Both P450scc and P450c11 systems were observed to oxidize NADPH in the
absence of their substrates, transferring electrons to O, and producing superoxide.
This leakage of electrons appeared to flow mainly through the P450. Adrenodoxin
reductase did not represent a significant source of electron leakage. The addition of
the substrate cholesterol reduced the leakage from P450scc, leaving only about 10%
of the electrons leaking from P450scc to O, for superoxide production, while the
remainder was used in substrate hydroxylation to produce pregnenolone. P450ci1
was much more leaky than P450scc. During deoxycorticosterone metabolism by
P450c11, more than 50% of the electron flow from NADPH was consumed in
oxygen radical formation. For both P450 systems the rates of steroid product and
superoxide formation increased as NADPH concentration was increased (30).

The above findings and previous studies (see ref. 30) indicated that in
mitochondrial P450 systems NADPH oxidation is not tightly coupled with substrate
metabolism. Earlier studies in cultured adrenocortical cells had shown that in
contrast to P450scc, P450c11 can undergo rapid inactivation after addition of some
"pseudosubstrate” steroids (31, 32). As this inactivation was prevented by
antioxidants it was hypothesized that it represents a P450 generated oxygen radical
mediated effect (32, 33). To test this hypothesis we determined the effects of the
same series of steroids on oxygen radical formation in reconstituted systems with
purified P450c11l (30). In these studies, the steroids with no adverse effect on
P450c11 activity in cultured cells, also showed no stimulatory effect on electron
leakage in the reconstituted P450c11 system. Whereas, the steroids that enhanced
P450c11 degradation in cells, also increased NADPH oxidation by the purified
P450c11 system. These stereospecificity correlations, and the finding that P450ct1
is much more leaky than P450scc, provided strong evidence that the observations
with purified enzymes do reflect electron transfer and leakage reactions in living
cells (30).

A study that examined the redox state of adrenodoxin by ESR spectroscopy
concluded that adrenodoxin remains fully reduced in hypophysectomized rat
adrenals with or without ACTH treatment (34). These findings were interpreted to
minimize the role of ACTH regulation of reducing equivalent supply (34). This
interpretation requires a caveat that cellular metabolism could have changed within
minutes after induction of anesthesia and prior to the removal of the adrenal. In
reconstituted systems adrenodoxin has been invariably observed to be rapidly
oxidized to generate superoxide radical (ref. 29 and refs. therein). The constant
maintenance of adrenodoxin in reduced state would thus be expected to introduce
what has been referred as an "electron gun" inside the mitochondria to produce
harmful radicals. Yet, the possibility cannot be eliminated that inside the
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mitochondria the reduced forms of the P450 system proteins may remain stably
reduced in absence of steroid metabolism. The high concentrations of antioxidants
in steroidogenic cells have been hypothesized to serve as scavengers for the radicals
produced by the P450 systems (32, 35, 36).

MECHANISMS OF REGULATION OF NADPH SYNTHESIS

The observations summarized in the previous section indicate that if NADPH
is constantly available to the mitochondrial P450 systems then NADPH would be
oxidized in a futile cycle generating harmful oxy-radicals without coupling to steroid
metabolism. If these results reflect the physiological situation in the cell, then it
would be imperative to regulate the availability of NADPH to these enzymes to
minimize their futile oxidation of NADPH.

The subject of regulation of NADPH synthesis raises many questions: Is the
level of NADPH maintained at a steady-state while its rate of production is
enhanced to keep up with its rate of oxidation? If so, what are the allosteric
modulators and enzymes that regulate NADPH production? Is the level of NADPH
increased in the mitochondria upon hormonal stimulation of steroidogenesis? If so,
what are the second messengers and processes that effect this change? To simplify
a discussion of these and other questions we shall consider two distinct but non-
exclusive short-term mechanisms for regulation of NADPH levels in steroidogenic
mitochondria:

1. Feedback mechanisms to maintain the ratio of NADPH/NADP+ at a near
steady-state by enhancing the rate of NADPH production to keep up with its rate
of oxidation. These mechanisms include regulation of enzyme activities by feedback
loops of allosteric regulators. This type of mechanisms operate in the control of
oxidative phosphorylation of ATP synthesis (37). A recent hypothesis suggested
that transhydrogenase and NAD- and NADP-linked isocitrate dehydrogenases
operate in cooperation to control the activity of the Krebs cycle (38), though the
hypothesized direction of dehydrogenase function (NADPH — NADH) is opposite
to that expected in steroidogenic mitochondria. By analogous mechanisms the
synthesis of NADPH may be regulated by enzymes that are sensitive to redox levels
of NAD(P)*, or accompanying changes in the matrix concentration of ions or
substrates consumed during NAD(P)H generation. As noted above, one of the
prominent enzymes in NADPH synthesis is transhydrogenase. The coupling of this
enzyme to the electrochemical gradient and its regulation by ions and substrates
indicate one control site for NADPH production (20).

2. Hormonal signals to regulate NADPH production in coordination with
steroidogenesis. Some early studies suggested that tropic hormones regulate the
Krebs cycle and NADPH production (6, 39). Besides tropic hormones, the steroid
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precursor for 118-hydroxylation, deoxycorticosterone, was shown to enhance the
Krebs cycle activity, while steroid end products, progesterone and corticosterone
were observed to be inhibitory (39)

The strongest direct evidence for the hypothesis that tropic hormones enhance
NADPH production was provided by recent studies in adrenal glomerulosa cells
(40). Measurement of the intracellular concentration of NAD(P)H by fluorescence
revealed that NAD(P)H level increases in parallel with aldosterone production in
response to K+ stimulation (40). The rise in NAD(P)H fluorescence was shown to
be of mitochondrial origin as it could be duplicated by the application of amytal, an
inhibitor of mitochondrial complex I. This also provided evidence that NADPH was
probably generated from NADH by transhydrogenation (40).

One of the major signal transduction mechanisms in adrenal glomerulosa cells
involves Ca*+ (41). The K+ induced rise in NAD(P)H level in adrenal glomerulosa
cells is associated with an increase in the intracellular concentration of Ca*+
([Ca*™],), suggesting that changes in [Ca**+]; may regulate NAD(P)H levels (40).
Among the many second messengers activated by tropic hormones (4), Ca* * is one
that can be transported from the cytosol across the mitochondrial inner membrane
Thus, increased [Ca* *], may also lead to an elevation of [Ca* *] in the matrix (42).
Studies in other types of cells and tissues indicated that enhanced Ca** levels in
the matrix may stimulate some enzymes to enhance NAD(P)H synthesis (42).

In steroidogenic mitochondria feedback regulators and hormonal signals most
probably operate in concert. The relative roles of these mechanisms probably
depend on the steroidogenic activity of the cell.

In addition to short term mechanisms of enzyme activation and intermediate
substrate metabolism, recent studies indicate that NADPH biosynthesis may also
be regulated by long term mechanisms at the level of the expression of the enzymes
in the pathways of NAD(P)H production. ACTH was shown to induce the
expression of mitochondrial mRNAs encoding subunits of oxidative phosphoryla-
tion system enzymes, in parallel with the induction of steroidogenic enzyme genes
in adrenocortical cells in culture (43, 44). In bovine corpora lutea a low but
significant correlation was observed between mitochondrial P450 system enzymes
and a cytochrome oxidase subunit (45). In mouse ovary the activities of isocitrate
dehydrogenase and other enzymes of glucose metabolism vary in parallel with the
steroidogenic capacity of the ovary (46). Yet, the expression of enzymes involved in
energy production does not appear to be tropic hormone regulated in all types of
steroidogenic cells (43, Lehoux et al., unpublished observations).

The questions raised above highlight major gaps in our understanding of
regulation of reducing equivalent supply, and require further study of the
regulation of NADPH regeneration for the mitochondrial P450 systems in
steroidogenic cells.
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