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Natural Preventive Healthcare

November 18, 1996

Dr. Elizabeth A. Yetley, Director

Office for Special Nutritionals, HFS-450
Center for Food Safety and Applied Nutrition
Food and Drug Administration

200 C Street, N.-W.

Washington, D.C. 20204

Dear Dr. Yetley:

Notice is hereby given pursuant to the requirements of Section 403(r)(6)(21 U.S.C. 343
(r)(6)) of the Federal Food, Drug and Cosmetic Act of statements of nutritional support
which have been made on the label and in the labeling in connection with the marketing of
the dietary supplement DHEA (dehydroepiandrosterone), 50 mg tablet. DHEA 50 mg tablet
was first marketed with these statements of nutritional support on November 1, 1996. The
statements of nutritional support are as follows:

Label:
DIRECTIONS: Take one tablet daily or as directed by your health care professional.

DHEA is produced by the adrenal glands and is therefore found naturally in the body. It
plays an important role in many physiological functions¥*.

WARNINGS*: . Not for children under 18 years of age.
° Do not use if pregnant or nursing.
° Do not use if you have prostate problems.

*THESE STATEMENTS HAVE NOT BEEN EVALUATED BY THE FOOD AND
DRUG ADMINISTRATION. THIS PRODUCT IS NOT INTENDED TO DIAGNOSE,
TREAT, CURE, OR PREVENT ANY DISEASE.

A Label copy is attached.
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Dr. Elizabeth A. Yetley, Director

Office of Special Nutritionals
Page 2 , November 18, 1996
Labeling:
Front Page: Introducing,
DHEA with Quality
You Can Trust
. Back Page: We don't Take Quality for Granted
We Put Our Quality to the Test
Our DHEA Products Have Been Rigorously .
Tested For Potency, Purity and Dissolution
Purity

eWe stringently test our DHEA raw materials for purity using one of the most accurate
analytical methods available, High Performance Liquid Chromatography (HPLC). A typical HPLC
tracing is shown in Figure 1.

Potency

e We test our DHEA tablets for potency using precise HPLC methods before the products go to
market.

_Dissolution

e We test our DHEA tablets for dissolution to determine whether they will break down properly
in the body. Our methodology is based on the Dissolution Procedure of the United States
Pharmacopoeia 23 and National Formulary 18.

DHEA 25 mg and DHEA 50 mg are available in bottles of 60 tablets.

A Labeling copy is attached.

Very truly yours,
XetaPharm, Inc.

A subsidiary of

Xechem, International Inc.

Reoavey

Ramesh Chandra Pandey, Ph.D.
President and CEO
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Figure 1. A Typical High Performance Liquid Chromatogram of DHEA
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We don’t Take Quality for Granted

We Put Our Quality to the Teste

Our DHEA Products Have Been Rigorously
Tested For Potency, Purity and Dissolution

Purity

* We stringently test our DHEA raw materials for purity using
one of the most accurate analytical methods available, High
Performance Liquid Chromatography (HPLC). A typical HPLC

tracing is shown in Figure 1.

Potency

* We test our DHEA tablets for potency using precisé HPLC
methods before the products go to market. '

Dissolution

* We test our DHEA tablets for dissolution to determine whether
they will break down properly in the body. Our methodology is
based on the Dissolution Procedure of the United States
Pharmacopoeia 23 and National Formulary 18.

DHEA 25 mg and DHEA 50 mg are available in
' bottles of 60 tablets.

To place an order call customer service at:

1-800-858-5854

o .5 .. 10 15
. Time froin

ETAPRR/ARM

Natural Preventive Healthcare
100 Jersey Avenue

Building B, Ste. 310

New Brunswick, NJ 08901-3279
Tel: (908) 249-0133

Fax: (908) 247-4090

Flgure 1 ,HPLC Tracmg
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Replacement of DHEA in Aging Men
and Women
Potential Remedial Effects?

5. 8. COYEN, A, J. MORALES, AND O. KHORRAM

Department of Reproductive Medicine
University of California, San Diego
La Jolla, California 92093

Aging in men is associated with reduced protein synthesis, decreased lean body mass
and bone mass, and increased body fat.! These body composition changes are
accompanied by a progressive decline in adrenal secrction of dehydroepiandros-
teronc (DHEA) and its sulfate ester (DHEAS),® paralleling those of the growth
hormone (GH)-insulin-like growth factor-1 (GH-IGF-1) system and immune func-
tion.!* Although the GH-IGF-1 system is recognized to promote cellular growth and
mctabolism at multiple sites'¥ and to modulate the immune system in health and
discase, -7 the biologic function of DHEA and DHEAS in humans remains elusive.
Extensive animal experiments have shown that DHEA may have immunoenhanc-
ing*" and protective elfects against viral infection,? glucocorticoid-induced thymic
involution,!* autoantibody formation,'* and age-related deficits such as obesity,
cardiovascular discase, and breast cancer.)*W Thus, DHEA may be viewed as a multifune-
tional steroid hormane. The relevance of these findings in human biology and diseases is
perplexing, because humans and nonhuman primtes are the only species with the capacity
to synthesize and secrete DHEA and DHEAS in quantitics surpassing all other known
steroids. ™ In light of these considerations, assessments of the potential role of DHEA in
human health and disease are of both bivlogic and clinical importance.

Until recently. limited clinical studies were conducted with mega doses of DHEA,
which may induce responses beyond its physiologic action or may, through rapid
biotransformation to putent androgens and estrogens, have biologic impact on target
tissues, including anabolic effects. In time course studies Mortola and Yen,?! using a
L600-myg daily oral dose of DHEA in postmenopausal women (aged 46-61 ycars) for
4 weeks, demonstrated marked increments of potent androgens and estrogens within
1-2 hours, These increments reached 9-fold for testosterone (T), 20-fold for andro-
stenedione (A) and dibwdrotestosterone (DHT), und 2-fold for estrone (Ey) and
estradiol (E») by the 3rd hour after DHEA administration, and levels were sustained
during the entire duration of the study. This hyperandrogenic state imposed by a
pharmacologic dose of DHEA was associated with a significant decline in sex
hormone-hinding globutin (SHBG). thyroid-binding globulin, total cholesterol and
high density lipoprotein cholesterol, and the appearance of insulin resistance.

CELLULAR MECHANISMS OF DHEA DECLINE DURING AGING

Liu et al** reported that the progressive deeline in DHEA and DHEAS during
aging reflected intrandrenal changes in 17a-hydroxyluse enzymatic activities, in that

“This work was supported by National Institutes of Health RO-1 AG-10979-03, National
Tnstitutes of Health Minority Clinical Associiie Physician Award (A.M.) and General Clinical
Rescarch Center USPHA grant MO-1 Rr-(XK27, Ortho American Callege of Obstetrician and
Gynecologist Award (O.K.). and in part by the Clayton Foundation for Research.
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relative deficiency in 17,20 desmolase occurs in aging women, a finding that was
:ccclmly mnﬁrmcdciyn aging men. As | Ta-hydroxylasc and 17,20-desmolase arc P450
Cal7 cnzyme encoded by a single gene, the selective decrease in 17,20-desmolase
with unultered 17e-hydroxylase activity obscrved in older individuals suggests a
functionn! shift with aging opposite that xeen during ndrcnurchclpui.tcrl_y when ll'gc
selective increase in 17,20-desmolase activity leads to a .prcrcrcmml increase in
DHEA and DHEAS levels. The mechanism(s) for this switch-on und swﬂctf-oﬂ' of
17.20 desmolase activity during the anabolic state of puberty and the eatabolic state
of aging remains unclcar. The progressive blunting of the A(._’I' H-mediated pulsatile
activity of DHEA with advancing age (F1G. 1), without affecting the pulsatile rhythm
of cortisol, is highly consistent with a sclective intraadrenal biosynthetic defect for
DIHEA.
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FIGURE 1. Representative 24-hons pulsatile pattern of adrennl DIEA showing a progressive
decline with advancing age in pre- and postmenopausal women.

REPLACEMENT OF DIEA IN AGING MEN AND WOMEN

We tested the supposition that restoring exteacellular levels of DHEA and
DHEAS in individuals of advancing age ta levels in young adults may have beneficial
¢ffects. Because the GH-IGF-1 system and immune function decline with aging in
parallel to DHEA, we hypothesized that these concomitant changes may be l:m.mmn-
ally linked. Studies of replncement doses of S0 and 100 mg of DHEA nthnnmlcrcd
orally st bedtime were conducted in men and women aged d0-70 years in dotble-
blind, placcho-controfled cross-over trinls of 6- and .l.‘.!‘nmqlh durations, In #n
separate study, we determined the effects of in vive administration of S0 mg DIEA
on immune function in aging men.

Studies with a 50-Mg Dose of DHEA

Oral versus Sublingual Route of Administration

The time course and circulating levels of DHEA and DHEAS after oral versus
sublingual routes of administration of 50 mg DHEA in gelatin capsules were
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FIGURE2, Absorption and relative increments of serum levels of DHEA, DHEAS, androstene-
d:;mg (A), !cslns;emgc (T). and dihydrotestosterone (DHT) following oral versus sublingual
administration of a SU0-mg dose of DHEA in aging men and wome

unpublished observations), B men (Marales and Yen,

determined in cight men and cight women. As shown in FIGURE 2, with the exception
of scmm.DHEA levels, the increments over time of cireulating DHEAS, A, T, and DHT
were rapid and were similar between oral and sublingual routes of administration. DHEA
fevels, in contrast, showed a rapid (within 30 minutes) and marked clevation lasting for 2
hours after sublingual than after oral administeation, Therealter, all steroid levels, includ-
ing thase of DHEA, were similar with a slight decline towards the end of the cxpcri'mcm at

YEN ef al.: DHEA IN AGING R}

the 8th hour. Thus, we chose the oral route of administration for subscquent studies
beeause of its case and reliubility of administration in the aging population.

Effects of 50-Mg Oral DHEA Replacement (a 6-Month Trial) '

A randomized placebo-controlled cross-over trial of nightly oral DHEA adminis-
tration (50 mg) of 6-months® duration was conducted in 13 men and 17 women 40-70
years of age During cach treatment period, concentrations of androgens, lipids,
apolipoproteins, 1GF-1, 1GF-binding protcin-1 (IGFBP-1), and IGFBP-3, insulin
sensitivity, pereentage of body fat, libido, and sense of well-being were measured. A
subgroup of men (1 = &) and women (n = 5) underwent 24-hour sumpling at
20-minute intervals for growth hormone determinations.

DHEA and DHEAS serum levels were restored to those found in young adulis®2
within 2 weeks of DHEA replacement and were sustained throughout the 3 months of the
study. A twofold increasc in scrum levels of androgens (A, T, and DHT) was observed in
women, with only a small risc in A in men. These androgen increments in women remain
within the range of young adults. There was no change in circutating levels of SHBG, Eq, or
E; in cither gender. High density lipoprotein levels declined slightly in women, with no
other lipid changes noted for cither gender. Insulin sensitivity, determined by euglycemic

hyperinsulinemic clamp studies, and pereentage of body fut were unaltered. Although
mean 24-hour growth hormone and IGFBP-3 levels were unchanged, serum 1GF-1 levels
increased significantly and 1GFBP-1 decreased significantly, resulting in an clevated
IGF-1/IGFBP-1 ratio for both genders (FIG. 3), suggesting an increased bioavailability of
IGF-1 10 target tissucs.™ This was associated with a remarkable increase in pereeived
physical and psychological well-bemg for both men (67%) and women (84%) and no
change in libido (FiG. 4). These observations and the absence of side effects constitute the
first demonstration of novel cffeets of the replacement dose of DHEA in age-advanced

men and women.
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FIGURE 3. Percentage change from placebo of individual values for serom 1GF-3, 1GFBP-1,
and IGFIIGFBP- ratio after 12 weeks of orid administration of S0 mg DHEA nightly in men
and women, The mean * SE of cach measurement is abwe shown, *p < 0115 compared with

placebo (Morales and Yen't),
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One-Year Study of a 100-Mg Dose of DHEA

A randomized double-blind placebo-controtied experiment of l-year’s duration
was conducted with a 100-mg oral dose of DHEA or placebo. This study was aimed
spucilically to assess the effects of doubling the dose and expanding the duration of
DHEA adnvinistration on biedogic end-points in aging men (1 = 8) and women
(11 = 8) 5063 years of age.

Increments of Circulating Stervids

Basal concentrations of alt androgenic steroids were cither below or near the
lawer end of the normal runge for young adults, Serum DHEAS levels increased
several-fold in both men ind women at the end of 6 months of DHEA, but not
placebo, administration (Fia. §). These values were near or beyond the upper limit
of young adult levels.™* Biotransformation of DHEA in men was limited to a

YEN ef al: DHEA IN AGING
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FIGURE 4. Percentige of men und women who self-reported an improved sense of well-being
after 12 weeks of ossl adminisitaion of S0 mg DHEA nightly and after 12 weeks of placebo
administration (left panel), ***p < 0.005 compared with placebo values. Scored values of libido
ona visual analog seale in men and women after 12 weeks of aral administration of 50 mp
DHEA nightly and after 12 weeks of plicebo administration are shown. **p < 0.01 compared
with oppasite gender values,

doubling of A levels. By contrast, there was a three- 10 fourfold increase in all
androgenic steroids (A, T, and DHT) in women. and the levels reached were above
the upper limits of normal for adult women, Although SHBG levels were unaltered
in men. i 50% dectine was seen in women, This gender disparity may be accounted
for by the refatively greater increments of androgen levels in women, thereby
exerting an inhibitory etlect on hepatic production of SHBG. One woman developed
facial hair that resolved by the end of the study. Gonadotropin levels in both genders
were unatfected by DHEA treatment.

Biologic Markers

As scenin the S0-mg dose study, a significant (p < 0.05) increase in scrum IGF-1
levels occuered in both men and women after 6 months of DHEA tréatment at a
100-mg daily dose (F1a. 6). The relative increment in IGF-1 was greater in subjeets

i : 3 line and in response to pl
FIGURE 5. Circulating DHEAS levels (mean = SE) at baseline
and DUEA (100 mg/d) administration (6 months cach) in aging men (n = 8) and w
(n = 8), (Inset) Changes in individual values,

with low DHEAS levels at bascline. Lean body mass, determined by DEXA, sh
an increasc in both genders, but significance (p < D.O3) was achieved only wher
genders were analyzed together (FiG. 7)_. Knee extension/flexion mpsclc str
{MedX isometric testing) was increascd in men (p < 0.01), but no.‘ in worm:l
whom a strong placcho cffect was cvident (FIG. 8). Lumbar muscle strengt
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IGURE 6. Scrum JIGF-1 levels (mean = SE) at h.lsgclmc-(lll)ﬂ) n perce
:csmnsc: to placeho and DHEA (100 mg/d) sdministration for 6 months in aging mea
and women (1 = R). (Inset) Mean = SE increments (delta). *p < 0,05,
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FIGURE 7.' Lean body mass (LBM ) measured by DEXA at baseline (100%.) and the percent-
age change in response o placebo and DHEA (100 mg/d) administrations in aging men (n = §)
and women (# = 8). (Inset) Increments (delta). *p < 005,
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H(;l!k!{ 8. Knee extension/ lexion muscle strength measured by MedX isometric machine
baseline (X% ) and pereentage change in response to placebo and DHEA (100 mg/d) in aging
men (r = 8) and women (1 = 8) expressed as number of feet. tp < 005 placebo versus
haseline; *p < 0,05 DHEA versus placebo. (Inset) Incrementad changes (delta), o
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unaltered. No time course-related changes were noted in muscle strength determina-
tions. Fat body mass (by DEXA) was significantly decreased in men (p < 0.05) but
not in women (FIG. 9), a finding consistent with that reported by Nestier er al. ¥ In
both genders, no change was noted in lipid profile and apolipoproteins, insulin or
glucose levels, nitrogen halance, basal metabolic rate, bone mineral density, or
urinary pyridiline levels.

In summary, in this extended study (1 year), we have confirmed the ability of
DHEA to'induce an increase in IGF-1. Furthermore, biologic end-points of increases
in lcan body mass and muscle strength of the knce were observed. A strong placebo
cffect was noted in women with regard to musele strength measurements. A daily
dose of 100 mg for 6 months appears to be excessive with respect o the increment of
androgens in women and may induce undesirable androgenic effects with time. Thus,
a potential gender difference in biotransformation of DHEA and bivlogic responses
requires further study.

105

100

% CHANGE

95

BASAL PLACEBO DHEA
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FIGURE 9. Fat body mass (FBM) measured by DEXA at baseline (1007 ) and the percentage
change in response 10 placebo and DHEA (100 mg/d) for 6 months in aging men (n = ) and
aging women (n = 8). (Inset) Increments (delta).

DINEA Administration and Immune Function

Several lines of evidence derived primarily from animal studies have suggested a
role for DHEA in modulating immune function.® " In mice, DHEA administration
demonstrated a protective clleet against viral induced mortality,'? and blocked the
plucocorticoid-mediated thymocyte destruction in vive and in vitro't In g murine
mendel of fupus erythematosus, oral administration of DHEA prevented the forma-
tion of antibodies 10 double-stranded DNA ind protonged survival. ™ In vitro studics
with both murine® and human T cells? have shown that DHEA exerts a stimulatory
effect on 1L-2 seeretion, inhibits NK cell ditferentistion,™ and prevents the age-
related increase in 1L-6 production in murine lymphocytes."™ A study of the
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therapeutic potential of DHEA (200 mg) in human systemic lupus erythematosus
reported an improvement in symptoms, a reduction in corticosteroid requirements, 2
and restoration of impaired 1L-2 production by T cells in vitro.»

To date, the only study examining the in vivo effect of a replacement dose of
DHEA on human immune function is by Casson er al. who reported that in
postmenopausal women DHEA treatment with a 50-mg daily oral dose for 3 weeks
increased NK cell cytotoxicity and decreased the number of CD4 (T helper) cells, but
did not influence in vitro 1L-6 production. The in vivo effects of DHEA treatmcr;t on
the immune function of elderly men have not been reported.

DHEA Administration on Immune Function in Men

_ Assingle-blind placebo-controlled trial of 5 months’ duration was conducted in
nine healthy elderly men who were nonsmokers on no medications, with a mean age
of 63.7 years (range 53-69) and mean body mass index of 26.7 kg/m? (range 22-30).
Subjects took nightly placebo orally for the first 2 weeks followed by oral DHEA (50
mg) for 20 weeks, Fasting blood samples (at 8 AM) were obtained at monthly intervals

IGF-y

8
1aFeP-1
g F{GURE 10. Serum levels (mean * SE) of IGF-I,
s IGFBP-1, and IGF-1/IGFBP-1 ratio in response to pla-
cebo and DHEA (50 mg/d) in nine aging men during
assessments of immune function. **p < 0.01.
IGF-1/8P-1
Q
-
S
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WEEKS OF TREATMENT

YEN e al: DHEA IN AGING 137

‘tasLe 1. Effect of DHEA on Lymphocyte Subsets as Determined by Flow

Cytometry®

Weeks of Treatment
Cell Marker P 2 [ 10 14 1K 20

CD(Beells) 95221 145227 9519 141 z3* 114228 114227 139240
CDl4

(monocytes) 116219 212 =35 14025 142121 147226 1622 29 179229
CD3(Tecells) 6K4 248 667243 61738 654zl 69K 2.7 687237 6.lx4a0
CD4

(Thelper) 442234 WA =47 39829 4052l 446224 D96 413241
COR(T

suppressor) 32737 30230 312231 354231 336229 362219 333238
TCR a/f 592225 559220 426=58 520232 519z 61739 620=xSH
TCR v/ 5711 622097 62=x12 741l 77212 109212 1W0S5=zL1° )

cD2s

(L2 .

receptor) 94212 67=17 48:08° 106223 117227 1501 215° 124x24°
CDST(NK) 2412135 233=29 240=33 260224 28236 09229 31532
CD16 (NK) 154219 13814 1219 182225 153217 199222 210x27*

*Values are expressed as % lymphocytes = SEM.,
*p < 0.05; **p < 0.01 versus placebo (P).

for assessment of immune function and determination of serum levels of IGF-1 and
IGFBP-1. ‘ ,

Our data show that DHEA treatment significantly (p < 0.01) elevated serum
IGF-I levels with a decreasing trend for IGFBP-1 levels resulting in a significant
(p < 0.01) clevation in the IGF-1/IGFBP-1 ratio (FIG. 10), a finding confirming our
previous studies. The cffcct of in vivo DHEA treatment on lymphocyte subsets as
determined by flow cytometry is shown in TABLE 1. In response to DHEA treatment
a biphasic increase (p < 0.01) in monocytes (CD14) at 2 and 20 weeks was found. B
cclls (CD20) showed u fluctuating pattern with transient increases at 2 and 10 wecks
(p < 0.05) followed by a rise (nonsignificant) at 20 wecks. Functional activation of B
cells occurred as evidenced by a dose-related increase in proliferative response to the
B-cell-specific mitogen pokeweed at 12 and 20 wecks (TABLE 2A and B), a response
pattern parallel that sccn in B-cell number. Serum IgG, IgM, and [gA were r
affected (TABLE 2B). DHEA treatment did not affect basal levels of 1L-6 product )
but it enhanced phytohemagglutinin stimulated IL-6 production at 20 weeks (FiG.
1.

The number of total T lymphocytes (CD3) and T-cell subsets (CD4, CD8) was
unaffected by DHEA treatment, However, there was a doubling in the number of T
cells expressing the T-cell receptor v/8 (TCR v/8) (p < 0.01} by 20 weeks of
treatment, but not the «/f receptor (TCR a/B) (TABLE 1). T-cell function was
activated as cvidenced by an increased proliferative response to the T-cell-specific
mitogen phytohemagglutinin (0.1 pg/mi) by 12 weeks (TABLE 2). This was accompa-
nied by a significant (p < 0.01) risc in serum sIL2-R (mcasured by ELISA, Gen-
zyme, Boston, Massachuseits) by 12 weeks, T cclls expressing the IL-2 receptor
(CD25), and the enhanced phytohemagglutinin-induced sceretion of IL-2 (measured
by ELISA, Bisource, Camarillo, California) by 20 weeks (FiG. 12). However, a
transient decrease (p < 0.05) in IL-2R occurred at 6 weeks. The significance of this
finding is unclear. In addition, DHEA treatment significantly (p < 0.01) increased
NK cell number (CD16, CDS57) by 18-20 weeks with a parallel rise in cytotoxicity
(p < 0.01) as detcrmined by a Cr-51 rclease assay using the K-562 cell line as the
target™ (F1G. 13).
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TaBLE 24 Effect of DHEA Treatment on Lymphocytes Response to Mitogen§'

Weeks of Treatment
Baseline Placebo 4 12 20
Pokeweed mitogen .
0.5 pg/m} 842017 1.0=2021 13048 21+041° 21 =045
5 ug/mt 222043 23 %050 252042 382064 53+ 14%°
Phytohemagglutinin
0.1 pg/ml 132014 1.2x013 172025 22x050° 1.2=0.12
2 pg/mi 62223 59 =23 5.9=x1.1 85+23 53=12
“Values are expressed as stimulation index (cpm in treatment wells/cpm in test wells) x
SEM.
°p < 0.05 versus placebo,
TasLE 18. Effect of DHEA Treatment on Circulating Immunoglobulins
Weeks of Treatment
Immunoglobulins Placebo 2 10 20
18G (mg/!) 11,152 = 757 11,015 = 515 10,933 = 675 11,245 x 860
IgA (mg/1) 1,869 = 168 1934 = 191 1860 = 192 1,914 = 174
1gM (mg/1) 1,216 = 208 1,187 = 187 1,223 = 202 1,259 = 209

Our study demonstrates a time-related stimulatory cffect of DHEA on the
immunec function of aging men. Peripheral lymphocytes appear to be targets of
DHEA, with most effects effects occurring with a latent phase of 10-12 weeks. These
results are in accord with the in vitro animal data showing a stimulatory effect of
DHEA on IL-2 production,!"* but in addition we have demonstrated an increase in

IL-6
8000 ——— 100
« STIMULATED  *
o BASAL
o (o]
2 | 6000} 1850 |
Qe °

3000 1 L . . v
P 2 6 14 20
WEEKS OF TREATMENT
FIGURE 11. Concentrations of JL-6 (mean = SE) in cultured lymphocytes under unstimulated

{O—0) and phylohemagglutinin-stimulated (20 ug) conditions determined during placebo and

during DHEA (50 mg/d) treatment. **p < 0.1,
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ing 1L-2 receptors (fop), concentrations of siL-2 S 2000}
receptors in serum (middle), and I1L-2 in culture
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(50 mg/d) treatment. *p < 0.05; **p < 0.01.
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cells cxpressing 1L-2 reccptor and sIL-2 receptor in serum. In contrast with murine
data showing inhibition of an age-related increase in 1L-6 by DHEA, we found an
unaltered low level of basal scerction of IL-6, but augmenicd phytohemagglutinin-
stimulated 1L-6 production in response to DHEA treatment in men. In contrast with
data obtained in postmenopitusal women,? we did not observe a decrease in Cl_)d‘
T cells. Howcever, a similar increase in NK cells was found with a difference in time
course of activation (3 vs 18 wecks, respectively) in posimenopausal women and in
our current study in men. The mechanism(s) by which DHEA exerts its lymphotyto-
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tropic effects is unknown. The temporal synchrony of the increase in circulating
IGF-1 and immune activation by DHEA suggests that the immunoenhancing effects
of DHEA may be mediated by 1GF-I by virtue of its immune regulating propertics,
which have been demonstrated both in vive and in vitro. 3 The question as to just

how these findings translate o immunity against foreign antigens is being addressed
in ongoing studies.

SUMMARY

DHEA in appropriate replacement doses appears to have remedial effects with
respect to its ability to induce an anabolic growth factor, increase muscle strength
and lean body mass, activate immune function, and cnhance quality of life in aging
men and women, with no significant adverse cffects. Further studics are needed to
confirm and extend our current results, particularly the gender differences.
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An Abbreviated Account of Some Aspects
of the Biochemistry of DHEA, 1934-1995

SEYMOUR LIEBERMAN

Department of Obstetrics and Gynecology
St. Luke's-Ronsevelt Hospital Center
Institute for Health Sciences
1000 10 Avenue
New York, New York 10019

1 proposc to discuss some features of the biochemistry of dehydroepiandrosterone
(DHEA) which 1 believe are incomplete. Attention needs to be given 1o these issues
particularly in this volume becausc they may be relevant to some of the subjects that
will be prescnted.

DHEA was first isolated in 1934 from urinc by Butenandt and Dannenbaum.!
Even at the very beginning the haze that envelops our understanding of the
significance of this compound was cvident. In this study DHEA itself was not
isolated; the substance isolated was its 3-chloro derivative. The chlorine-containing
substance was immediately rccognized as an artifact produced from DHEA by
boiling the urine with HCl. What was not known until 1944 was that the most
probable precursor of the chloro compound was the conjugate, dehydrocpiandros-
teronc-3-sulfatc (DHEAS) which was isolated from urine by Munson, Gallagher,
and Koch? in 1944, In 1954 Migcon and Plager! showed that complete extraction of
DHEA from human plasma could be achicved only after acid solvolysis, and tater in
1959 Baulicu* showed that DHEAS was also the form that was most abundant in
plasma.

In the carly years, confusion reigned cven about the name of this compound,
Butenandt and Danncnbaum! first named the compound dchydro-androsterone,
Ruzicka et al.,* who synthesized the compound by degradation of cholesterol, called
it trans-dehydroandrosterone. Fiescr,t in the first edition of his famous 1936 book,
“Chemistry of Natural Products Related to Phenanthracene.” named it “dehy-
droisoandrostcronc.” Between the years 1936 and 1949, the biochemical and endo-
crinc communitics almost always uscd this designation. In 1949 Ficser, in the third
cdition of his book, declared that the compound should be dubbed dehydroepiandros-
terone. Although both names, dchydroisoandrosicrone and dehydroepiandros-
terone, were trivial and the distinction between the two was minimal, the influence of
Fieser at that time was dominant and the community generally accepted the new
name. Ten ycars later, Ficser and Ficser” recommended still another name for this
compound. In their classic book, “Steroids,” published in 1959 they suggested the
name “androstenolone.” This time the new name did not prevail, and dehydrocpi-
androstcrone retained acceptance.

To rcturn to the conjugates of DHEA, its sulfate, DHEAS. is indicated in
FIGURE 1 by the structurc at the bottom lcft. R stands for the steroid moiety. At the
top are shown the structures of the glucuronidate and the N-acetyl glucosaminidate.
Al the bottom right is the structure of the hypothctical and contentious sulfatide
proposed by Oertcl." In the middle 1960s Ocrtcl claimed that DHEA cxists in tissuc
as a lipophilic derivative composcd of the steroid sulfate esterified to a diacyl glycerol
residue. The steroid moiety of one of Ocrtel’s sulfatides was DHEA. During the

- 1
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FIGURE 1. Structures of steroid conjugates.

1960s, Oertel*!" and coworkers described the propertics of these conjugates, includ-
ing their isolation, composition, and biochemicitl transformations. Several investiga-
tors have tried to confirm Oertel’s observations, but they have been uniformly
unsuccessful. Nevertheless, this subject deserves mention particularly because we
have had results that may have relevance to this issue.!! We have presented evidence
that there exists in bovine brain lipophilic complexes of the sulfate esters of
cholesterol and sitosterol. The complex is represented in FIGURE 2 as a diester of
sulfuric acid which when treated with pyridine leads 1o the formation of a sterol
sulfate, shown in the figure as cholesterol pyridinium sulfate. In this case, R is a
lipophitic constituent of unknown structure. Proof that DHEAS occurs in tissues in
an analogous form does not exist, but, like cholesterol, the steroids DHEA and
pregnenolone both possess the 3B-hydroxy-5-ene grouping, What is true for choles-
terol sulfate, that it exists in mammalian brain as a derivative that is soluble in
nonpolar solvents and casily dissociable into cholesterol sulfate by nucleophilic
reagents, perhaps even by methanol, may also be true for the sulfates of DHEA and
pregnenolone. Dialkyl sulfates are very reactive, and this lability might make the
isolation of such conjugates in intact form difticult. If DHEA docs exist in tissue as
such a conjugate, and if it per se has biologic propertics, this molecule would have
rclevance to the theme of this volume.

Another kind of derivative of DHEA and pregnenolone should be mentioned.
Several years ago we isolated from mammalian tissues, fatty acid esters of DHEA,
pregnenolone, and other steroids.!? The steroids have been shown to cxist as esters of

palmitic, stearic, oleic, linolenie, arachidonic, and cicosotrienoic acids. More re- -

cently Hochberg and his coworkers'™ M found that both estradiol and testosteronc
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FIGURE 2. Proposed structure of a nonpolar derivative of cholesterol sulfate and the product
formed upon treatment with pyridine. -

are present in tissucs, particularly fat, as long-lived lipoidal fatty acid csters.
Esterification influcnces the biologic activity of these harmones possibly by increas-
ing their half-lives. In any casc the physiologic significunce of these esters may also
warrant further consideration.

The biosynthesis of DHEA may also be enveloped in some uncertainty. Despite

the general acceptance by endocrinologists of the validity of the scheme shown in -

FIGURE 3, it is my contention that some uncertainty still exists about the proximat
precursors of the Cru-steraids. In the scheme, cleavage of the C-17, C-20 bond of the
Cy-steroid, such as pregnenolone or progesteronc, is shown 1o involve the interme-
diacy of a metabolite that has oxygen functions on two vicinal carbon atoms, that is,
17-hydroxyprogesterone. 17-Hydroxylation and subscquent cleavage (lyase) of the

CN: CH

b |
° S oH

FIGURE 3. Traditional scheme for the conversion of Cy-steroids 1o Cre-steroids.
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C-17, C-20 bond is catalyzed by a bifunctional cytochrome P450, 17-hydroxylase/17,20-
lyase. This enzyme is present in adrenals, testes, and thecal cells of the ovary, It is
apparently not present in granulosa cells of the ovpry, trophoblasts of the human
placenta, and mammalian brain, all sites of steroidogencesis.

Everything known about this enzyme by 1991 was admirably recorded in a
scholarly review by Yanase er al.'® Another review!® published contemporaneously
posed the question: Does this scheme, shown in FIGURE 3, satisfactorily explain all
the facts known about the conversion of Cyy-steroids to Cyy-steroids? Qur iconoclasm
was specifically directed at the question: Was a 17-hydroxylated Cy-steroid an
obligatory intermediate in the conversion as is required by this scheme?

By 1990 scveral reports had cast doubt on this formulation. The 1991 review by
Yanase er al.'$ also recognized that not everything was known about cytochrome
P450,5. They wrote: “the observation that P450,; can catalyze two distinct reactions,
namely the 17-hydroxylation and 17,20-lyase reactions required for the production of
cortisol and androgens, raises the intriguing question: how can we explain the
dissociation between secretion of androgens and cortisol observed at specific devel-
opmental stages in humans?™ They go on to say: “little is known concerning the
mechanism of reaction sclectivity uecurring in the . . . instances of variation in ratios
of 17-hydroxylase and 17,20 lyase. This remains one of the interesting issues to be
undcerstood in the future.”

These ideas contain the assumption that one enzyme, P450,5, is involved in two
processes, cortisol formation and Cyy-androgen production. No uncquivocal cvi-
dence exists that cstablishes this assumption as fact. The enzymic propertics of
P450,; are customarily established by demonstrating in vitro its capacity to convert
progesteronc to 17-hydroxyprogesterone and/or to cleave the latter compound to the
Cio-17-ketosteroids. Its direct involvement in the biosynthesis of cortisol has not
been established. The enzymic products from expression studies of cDNA clones of
the Human enzyme in COS-1 cells are also identified by their capacity to catalyze
these same two reactions; cortisol formation was not determined.!” What precursor
of cortisol could be used as a substrate in these in vitro experiments? The coincidence
of low levels of 17-ketosteroids and low levels of cortisol in 17-hydroxylase deficiency
diseasc doces not logically prove that the same P450 is involved in the two processes.
In a parallel way. aldosterone sceretion is also decrcased in this discase. As this
steroid does not have a 1 7-hydroxyl group, P450,; is probably not directly involved in
its deercased scerction. It has been suggested' that other factors are undoubtedly
responsible for the decrease in aldosterone production. So too, factors other than
P450,; may be invoked ta account for the coincidence of low levels of 17-ketosteroids
and low levels of cortisol. It is possible to imagine explanations for the aforemen-
tioned coincidence other than that which assumes that the P450,, involved in
androgen production is the same as the enzyme that introduces a hydroxyl group on
C-17 during cortisol formation.

The idea that a C-C bond could be split casily only if cach C atom was substituted
with an oxygen function, such as a glycol or a-ketol, came at a time when the chemical
reactivities of reagents such as HIO, or Pb{OAc), were readily known to every
chemist. These properties were discovered in the carly 1930s. Reichstein had
elegantly used them to clucidate the structure of the glucocorticoids, again in the
1930s. A search to determine when the extrapolation of this idea was first applied to
biochemical reactions involving naturatly occurring steroids led to a paper in the
August 1938 issuc of the Journal of the American Chemical Society.™* Its author was
Russel E. Marker, who wrote: “products contain dihydroxy acetone residues which
are readily susceptible to oxidation to yield carbonyl groups at C-17.” He then
mentioned the propertics of HIO, and Ph(OAc), and pointed to the Cye-steroids,

LIEBERMAN: BIOCHEMISTRY OF DHEA ' s

adrenosterone and androstenedione, as products that may arise by analogous
“biochemical” rcactions. He also said that “this thcory will predict the possible
existence in urine or glandular extracts of related steroids.”

On October 20, 1938, the Canadian, Guy Marrian, was the Harvey Lecturer in
New York.'® In his presentation he described how he established the structure of a
Cy-triol that he had isolated from the urine of a patient with adrenal virilism. He had
oxidized this triol with Pb(OAc), and had identified the 17-ketostcroid produced as
etiocholanolone. This 17-ketosteroid and also isoandrosterone were isolated from
that same urine, and so Marrian concluded: “It scemed probable to us that an
oxidation similar to that which can be effected in the lab with Pb(OAc), must have
occurred in the body.”

By 1947 this idea that C-C bonds could only be clcaved when each was substituted
with an oxygen function was gencrally accepted. The Hirschmanns® wrote, “in
general it has been proposed that pregnance derivatives with oxygen substituents =
C-17 and-at C-20 arc metabolized into 17-ketosteroids. This theory is not direct

applicable to the formation of dehydroisoandrosterone.” They believed this to be so

because the compounds they had isolated from the examined urine did not contain a
double bond in the 5-6 position.

The Hirschmanns then made two surprising speculations. They proposed to
explain the fact “that adrenal hyperactivity is frequently associated with a subnormal
output of urinary 17-kctosteroids™ by assuming “that the reaction between Cyy-17-
ketosteroids and C,;-17-hydroxy-20-ketosteroids can proceed in both directions.”
Finally, they found it *“conceivable that the dehydroisoandrosterone necded to
initiate such a synthesis (of Cy; compounds) may be formed from cholesterol without

passing through an intermediate containing 21 carbon atoms.” To the present, no '

proof for either of these two suggestions has been forthcoming.

In 1950 Hechter and his colleagues?! demonstrated that enzymes in the adrenals
could hydroxylate steroids at specific carbon atoms. 11 is of special interest that they
isolated 17-hydroxyprogesterone after perfusing progestcrone through an isolated
bovine adrenal. These considerations led in 1953 10 the proposalZ that “hydrox-
ylation at C-17 of a properly constituted precursor(s) possessing the A3-383-o0l groups
would yield. . . the 17-hydroxylated 20-oxygenated pregnane derivatives which would
be the precursors of urinary 17-ketosteroids. One of these 17-ketosteroids is the
A3-3B-hydroxy-17-ketosteroid, DHEA. The suggestion was made then?? that DHEA
is “not the metabolite of a hormone but is the urinary product from an intermediat
in the biosynthesis of the adrenal hormones.” That intermediate obviously could L
pregnenolone, which at that time (1953) had been isolated only from pig testes. 2

The proposal that pregnenolone was a precursor of DHEA assumed that
17-hydroxylation was an essential feature of the steroidogenic processes Jeading to
the Cio- and Cy-steroid hormones. At that time, most cndocrine biochemists were
fixated—and maybe they still arc—on the absolute necessity of having oxygen
functions on both carhon atoms of the side chain in order for cleavage of the
C-17-C-20 bond to occur, If this were true, 17-hydroxypregnenolone and 17-
hydroxyprogesterone would then be examples of obligatory intermediates not only
for cortisol but also for the 17-ketosteroids such as DHEA and for the hormones
testosterone and estradiol.

‘These considerations naturally led to the proposition that cytochrome P450,, is
an essential enzyme in the biosynthetic pathways by which testosterone and estradiol
as well as cortisol and DHEA are produced. The two-dimensional representations of
the pathways involved in steroid hormone biosynthesis published in every textbook
that deals with this issue clearly propose this central {eature, but these representa-
tions probably do not reflect the natural situation correctly. These schemes are
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FIGURE 4. Summary of the results of Hochberg et al. (A) and Shimizu (B) which suggest that
17-hydroxylation is not essential for the conversion of a Cy-steroid to a Cye-steroid. ’

constructed (by biochemists) to systematize our biochemical knowledge and to
present that knowledge in an casily assimilatable manner. The depicted chemical
relationships, however, do not define the intercellular arrangements. These schemes
may give the impression that the various hormone-producing processes arc randomly
distributed in the relevant endocrine cells. But a better view of the in siftu situation
may be had by considering that there cxist intercellular structures {e.g., multienzyme
complexes), cach of which is dedicated to the production of one specific hormonal
product. Within this view of reality, it may be possible to arrive at the proper
evaluation of the rolc of P450,,.

From our current knowledge it is rcasonable to hold that cytochrome P450,, is
involved in the formation of Cyy-steroids. But it is not unreasonable to ask: Is the
process shown in FIGURE 3 the only pathway by which DHEA can be formed?

A large part of the review Prasad and I wrote in 1990 was devoted to this
question.!* We pointed out that several papers suggested that there may be other
pathways leading to Cyy-steroids. FIGURE 4 presents the results of the two most
compelling studics, those of Hochberg e al.2* and Shimizu.2

Hochberg et al. incubated 20-deoxypregnenotone with rat testes microsomes and
producced testosterone in about 3% yicld.** The C-17-C-20 bond of the substrate was
readily cleaved during the artificial in vitro incubation even though ncither carbon
atom of its side chain bears an oxygen function.

Shimizu® in 1978 incubated deuterated pregnenolone with boar testes micro-
somes and isolated deuterated androstencdiol. The deuterium atom at C-17 present
in the substrate was retained in the product. This result precluded the possibility of a
17-hydroxylated Cy-intermediate, because if it were involved in the process, it could
only have been formed by displacement of the deuterium atom.

Itis unclear why more attention has not been paid by the endocrine community to
Shimizu's result, Hochberg's experiment may be criticized by pointing out that the
substrate 20-dcoxypregnenolone is unnatural and conscquently the result is artificial.

LIEBERMAN: BIOCHEMISTRY OF DHEA ‘ 7

Still, this unnatural substrate resembles cholesterol in that both it and the sterol have

hydrocarbon substitucnts at C-17. On the other hand, the substrate in Shimizu's
experiment is the naturally occurring substance pregnenolone, and the resuft ob-
tained with it clearly indicates a second pathway from Cy-steroids to Cye-steroids,
onc that procceds without the intermediacy of an isolatable 17-hydroxy-20-
ketosteroid.

It may be logical to dub pregnenolone a “putative™ precursor of Cyy-steroids. Is
scepticism about this point also warranted? The bulk of the cvidence suggesting that
a C-20 kectone, such as pregnenolone, is the necessary proximal precursor of
Cie-steroids comes from in vitro experiments in which tissue preparations are
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FIGURE 5, Proposed mechanism by which a Cy-20-ketosteroid is oxidized 10 (a) a Cpy-17-

ketosteroid by oxygenation at Cy or (b) a Cis-17-hydroxysteroid by oxygenation at the C-20
carbonyl group.
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FIGURE 6. Proposed mechanism by which a Cyp-20-ketosteroid is oxidized to a Cyp-17-
ketosteroid or a Cy;-17-hydroxy-20-ketosteroid.

incubated with this C-20 ketone. Two possibilitics are pertinent: the substrate isnot a
true reflection of the natural intermediate or it is. That it is not comes from the
possibility that an unnatural substrate may yicld, in such artificial in vitro experi-
ments, a naturally occurring product, one the investigator expects. There are many
examples of this phenomenon. In vitro experiments, such as these, may suggest how
various metabolic pathways proceed, but they do not reveal the true naturally
occurring substrate. /n vitro incubation experiments can suggest only what is possible.
They do not reveal with certainty what actually prevails in sitee. They certainly do not
reveal the nature of true intermediates for these most likely are transient, nonisolat-
able (at present) specices.

Even if pregnenolone is the true proximal precursor of Cyy-steroids, it is possible
to formulate oxidation patterns that do not involve the intermcediacy of a 17-hydroxy-
20-ketone. These arc shown in FIGURE S, On the left, oxygenation is shown to occur
at C-17. Hydroxylation reactions catalyzed by specific cytochrome P450s are thought
to occur by an H atom abstraction from a substrate followed by a free radical
recombination mechanism. Currently, it is not uncommon to invoke the idea that
some biochemical reactions arc best formulated as frec radical reactions. When the
steroidogenic pathways were {irst being investigated 30-40 years ago, such ideas were
not fashionable. Nowadays, it is acceptable to say that “free radicals play a significant

s -
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rolé in metabolism."¥ The P450 reaction mechanism involves the reduction of
molecular oxygen 1o reactive species, shown in FIGURE 5 in brackets. The alkoxy
radical shown could fragment by B-scission, a well known property of such specics, to
give the 17-ketosteroid. Oxygenation at the C-20 carbonyl group (FIG. 5, right) could
lead by a Baeyer-Villiger rearrangement reaction to yield the 17-hydroxy Cye-steroid.
In neither case is an isolatable 17-hydroxy-20-ketosteroid an obligatory intermediate.

Even if pregnenolonc is the natural precursor and even if oxygenation takes place
at Cys, it is possible to formulate a process that accounts for the formation of both the
Ciy-ketone and 17-hydroxy-20-ketone without the latter being a precursor of the
former. FIGURE 6 shows a scheme in which both products are formed from a common
rcactive nonisolatable specics (shown in brackets).

The fact that the expected product is a 17-ketosteroid, such as DHEA, and is
formed in in vitro cxperiments from pregnenolone is not logical proof that the
cxperimental conditions mimic natural processes. Ketones, particularly those whose
a-carbon atoms bear a hydrogen atom as a substituent, are readily susceptible to
oxidation. A biologic system containing oxidascs, peroxidases, and hydroxylases
cxposed in incubation experiments 1o dioxygen tension several times that prevailing
in sity may generate many potent oxidants such as .O,, HO,, HO., HOOH, and
LOOH. How any onc of these species may react with a methyl ketone such as
pregnenolone must be taken into account before the result is assumed to mimic the
in situ steroidogenic situation.

CHOLESTEROL
heated 7 days
100°¢

CH:' R P
3
~0 - OH °

o o™ H
H H
* *

FIGURE 7. Products isolated from a sample of cholesterol heated at 100°C for 7 days. (A
summary of the results of VanLicr und Smith. 1970. J, Org. Chem. 25: 2627.)
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FIGURE 8. Some characteristic reactions of alkoxy radicals (RO).

Moreover, cytochrome P450s arc known to act as peroxidases.™ This leads to
another proposal for the formation of Cye androgens. In this the proximal precursor
of Ce-steroids is cholesterol. FIGURE 7 shows the oxidation products Smith and his
colleague,. Vanlicr,™ isolated after heating cholesterol for 7 days at 100°C. One
product is the 20-hydroperoxide of cholesterol. They also identified pregnenolone,
DHEA, and androstenediol. Obviously no enzyme is involved in these reactions, but
il in biochemicul conversions the side-chain clcavage enzyme cytochrome P450sce
reacts with cholesterol at C-20, as in FIGURE 8, to form an intermediate such as that
shown in the top left corner, two cleavage routes can be imagined. Both follow the
formation of the 20-alkoxy radical shown in the top center. Alkoxy radicals arc
known to cleave readily by B-scission. $-scission between C-20 and C-22 leads to the

-
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FIGURE 9. Proposed route by which a Ciy-steraid could be formed from a sterolic precursor by
oxygenation occurring at C-17,

20-ketosteroid pregnenolone and B-scission between C-17 and C-20 could lead to a
Cm-stcl’oid.

Another formulation is shown in FIGURE Y, 1a this the cytochrome is assumed to
oxygenate at C-17. The resulting alkoxy radical could cleave between C-17 and C-20,
forming the 17-ketosteroid. Some years ago we showed that cleavage between C-17
and C-20 could occur when an artificial, synthetic precursor, 20-phenyl-pregnene-
diol (FIGURE 10), was used as a substratc with adrenal mitochondria.® Acetophe-
none was identified as one cleavage product, proving that cleavage between C-17 and
C-20 had occurred.

More recent results support such a possibility. We recently reported that a
nonketonic extract of rat brain from which all ketones had been removed (by a
Girard Reagent) would, generate pregnenolone and DHEA when treated with
various chemicals, particularly FeSO,." FIGURE 11 shows our interpretation of this
finding. If hydropcroxides or dioxetanes were present in this nonketonic extract, they
would be expected to react with the reducing agent FeSO, to yield these ketoste-
roids. This extraordinary rcaction, a reducing agent converting a nonketonic com-
pound into a kefone, is a characteristic of hydroperoxides. Thus, in the brain,
cytochrome P450,. catalyzes the conversion of cholesterol to pregnenolone (P). This
20-ketone as well as dchydroepiandrosterone (D) may be formed either enzymati-
cally or by nonenzymatic autooxidation from the hydroperoxides or dioxetancs
(cyclic peroxides) prescat in nonketonic feactions. Thus, the scheme in FIGURE 11
represents another pathway by which dehydroepiandrosterone may be formed in
vitro by a process not involving a Cy-intermediate.

Finally, a fow thoughts about the further mctabolism of DHEA are relevant.
FIGURE 12 shows some interconversions that DHEA may undergo. These intercon-
versions have been known for decades, and they are shown here merely to demon-
strate that DHEA can serve as a biosynthetic precursor of testasterone and therefore
also of cstradiol (not shown). Even here, however, with whal appears to be
straightforward, the natural history of DHEA is not simple; in addition to the

ey
i
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FIGURE 10. Example of cleavage between C-17 and C-20. One product is acetophenone and

MO

the other is a rearranged Ciy-steroid,
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FIGURE 11. Reactions leading to the formation of pregnenolone (P) and thydro‘epiandro&
terone (D) from cholesterol. Reaction 1 represents the generally agcepled _su.ie-chmn' cleavage
catalyzed by P450,.. Compounds I-1V are proposed as nonkc!on!c peroxidic consm'uents of
brain extracts which may lead to the formation of P and D. Reactions 2, 2, 3, and 3' may be
enzymatic or nonenzymatic (autaoxidation),
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molecule itself, having its own biologic role (or perhaps more than one role), this
Che-steroid scrves as a metabolic precursor for at least two other hormones, testoster-
one and estradiol. .

There is nothing extraordinary about this finding. Other steroidal compounds,
such as pregnenolone, serve as progenitors of hormones. For example, pregnenolone
is considered to he a precursor of progesterone, cortisol, aldosterone, an.d also
DHEA. But the circumstances in which DHEA and probably other Cyy-steroids are
used as precursors in estrogen biosynthesis are pereeived to 'havc a curious feature.
Although the cellular factories that make progesterone, cortisol, or aldosteronc are

thought to contain all the components (enzymes, coenzymes, ¢tc.) necessary to

complete the process that transforms the sterol precursor, cholesterol, into the
hormones, the cells that make the Cig-steroid cstradiol arc conceived to be :‘mcom-
pletely endowed.” The cells that produce the estrogenic horrponc are said to be
unable by themselves to make the essential, proximal Cyy-steroidal precursors, such
as DHEA. The estradiol-producing cells in the ovary, the granulosa cells, and the

LIEBERMAN: BIOCHEMISTRY OF DHEA 13

syncotrophoblastic cells in the placenta are considered to be unable to synthesize
from a C,;-precursor the Cyo-intermediate necessary for the production of estradiol.
For 25-30 years, this notion has generally been accepted: the granulosa cells® and
the syncotrophoblastic cells?>* must obtain the essential Cyy-steroidal precursors
from other cells in order to feed the aromatization process. This thesis holds that the
Cio-precursors of the estrogenic hormone must be made in one place; in the ovary it
is the thecal cells and in the placenta it is the adrenal cells of the mother or fetus or
both, following which the Cyg-steroid is transported, in the ovary by diffusion and in
the placenta by the blood, to the estrogen-producing cell where aromatization takes
place. Support for this thesis comes from the finding that cytochrome P450,; has not
been found in either the granulosa cell or the placenta. Because this enzyme is
considered essential for estradiol biosynthesis, its abscnce is considered to support
this thesis, .

So here, too, DHEA is a curiosity; it is involved in an extraordinary process, onc
in which the cclls that require-it as a building block for a process essential for the
perpetuation of the species are supposedly unable to synthesize it. These cells arc
said to depend on help from other suppliers. This scenario has been repeated
unquestioningly time and time again in textbooks and reviews written well into the
1990s. In my judgment evidence supporting this thesis is far from compelling and it is
unwise to consider this thesis as an established fact. Further discussion of this facet
of the biochemistry of DHEA here is inappropriate, but I mention it merely to reveal
another unresolved problem at the center of which is DHEA. It is appropriate to
mention here that in the brain where DHEA is found, the nature of its precursors is
also unclear, In the brain, cholesterol can be converted into pregnenolone, but the
biosynthesis of DHEA from pregnenolone in this organ has not been demonstrated.

This paper attempts to call attention to some gaps in our knowledge of the
biochemistry of DHEA that may have rclevance for some of the papers that follow.

0 0
“0,$0 HO .

Dchydroepiandrosterone sulphate

Dchydroepiandrosterone

!

OH 0
o O

Testosterone . Androstenedione

FIGURE 12. Some metabolic interconversions of dehydroepiandrosterone and its Cis-
relatives.
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Optimum function throughout life of an individual’s immune system is intimatcly
dependent on the highly regulated production and biologic activitics of a weli-
balanced network of protein cytokines and growth factors. Collectively, these mol-
ccules are well estublished to be involved in the proliferation, differentiation, and
survival of the various types of lymphoid cclls that constitute the mammalian immune
system.? Their pleiotropic biologic activitics, however, extend well beyond cell types
associated with the immune system and include control over a diverse array of
cellular and physiologic processes that occur in many distinct tissucs and organ
systems of the body. !

Age, stress, autoimmune discases, and many infectious agents create conditions
that can subvert normal host defenses through their capacity to detrimentally
remodel the host's highly coordinated cytokine network by effectively altering cither
the production of or the cellular responses to these protein molecules. Some of these
conditions can actually elicit, withoul exogenous stimulation, a constitutive produc-
tion of certain cytokine species by hyperactive lymphoid cells. This dysregulation in
gene expression results in constant exposure of all cytokine responsive cells within
the vicinity of the cytokine-producing cells to the modulatory activities of the
abnormally produced and scereted molecules. Dysregulations in cytokine produc-
tion, therefore, can ead 1o an altered state of cellular reactivity to exogenous agents
or antigens and may result in a lowered capacity to clicit protective types of immunc
and inflammatory effector responses. Overexpression of some cytokines may also
lead to increased awtoantibody production which may ultimately procced to the
devclopment of autoimmune discasc. ‘

Steroids represent a class of small molecular weight bioactive molecules derived
from cholesterol, many of which have long been known for their modulatory cffccts

“This work was supported hy National Institutes of Health grants CA25917 and AG11475
and by DVA Medical Research Funds. '

b Address for correspondence: R. A, Daynes, Department of Patholo
Schoal of Medicine, SO N, Medieal Drive, Sult Lake City, UT 84132,
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‘on lymphocytes, macrophages, and other cell types associated with the mammalian

immune system.? Dehydroepiandrosterone (DHEA) is a natural steroid which, in
addition to being the precursor of sex steroids, has been reported by many investiga-
tors to possess immunomodulatory and immunocorrective acu‘vmcs.“'.’ The immuno-
regulatory effects of DHEA are most strikingly demonstrated in experiments .empgg_yl;
ing conditions under which the host is in some way immunologicaily compromised.
Before being secreted into the plasma by the adrenals, most newly synthesized
DHEA in humans is cfliciently sulfated to DHEA-3p-sulfatc (DHEAS). DHEAS is
the dominant species of steroid in the plasma of humans, yet its conct_zntralion
throughout the lifc of an individual is known to fluctuate greatly (FiG. 1). High levels
of DHEAS are prescnt in the plasma of the late-term human fetus and in newborn
infants.! These high circulating levels of DHEAS dramatically decline over the first
6 months of nconatal life.! Low plasma levels of this steroid are found in both males
and females until adrenarche, which usually begins at 6-8 years of age. Plasma
DHEAS levels then rise dramatically to maximum levels of between 1 and 6 pg/mi
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FIGURE 1. Age-associated decline in DHEAS production. Adapted from Orentreich er al.!*

near the end of the sccond decade of life.'® After the peak level of adrenal DHEA
production is reached, adrenal DHEAS output gradually and consistently dccrcascs';
Circulating DHEAS lcvels ultimatcly decreasc 80-90% by the age of 70 or la.ler.""
Interestingly, the functional competency of the immunc system is less suited for
optimum protcctive activity in very young or very old individuals, which represent
times in life when cndogenous DHEAS production levels are at their lowest.
Analysis of plasma DHEAS levels in a large group of elderly human volunteers nal:
established a very positive correlation between DHEAS levels and general health. "
In other historical studics, the quantitation of mean circulating DHEAS levels in
numecrous mammalian specics indicates a direct correlation between serum DHEAS
levels and the average lifespan of the species under cvaluation.® .

We report an overview of the findings of our and others® laboratories flcscnbm; a
varicty of agc-associated abnormalities in both inducible and constitutive cytokine
production. The paossible roles of these agents in creating the scnescent immunc
system arc presented, as are the possible implications of a dysregulated cytokine
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network in altering the function of many organ systems distinct from the immune
system. Our discussion then moves to the restorative effects of supplemental
DHEAS therapy with regard to its ability to correct the dysregulated expression of
cytokine genes in aged animals and the implications of this correction on the
pathophysiology of the aging process. Finally, our current hypothesis of the possible

mechanisms by which DHEAS excrts its diverse array of biochemical effccts is
discussed.

DYSREGULATION IN THE MECHANISMS THAT CONTROL
THE PRODUCTION OF CERTAIN CYTOKINE SPECIES
CONTRIBUTES TO THE IMMUNOSENESCENT PHENOTYPE

Dysregulation of Inducible Cytokine Production with Aging

Under normal conditions highly regulated and coordinated mechanisms exist to
control the rate of cytokine production by lymphoid and nonlymphoid cells. Collec-
tively, the cytokines serve as transiently expressed interccllular signaling molccules
which are involved in providing microcnvironment-specific information to the multi-
tude of cellular clements linked dircetly or indirectly to the immune system.?
Cytokines also provide biochemical information to most of the body's cell and organ
systems.? The mechanisms that regulate celfular proliferation, the acquisition or loss
of effector activities, differentiation processes, and even the resistance or susceptibil-
ity 10 apoptosis are directly mediated through cytokine eflects.2 These molecules,
which arc generally restricted in their production to the conscquences of a specific
cellular activation event, act principally through autocrine or paracrine pathways to
influence the physiologic activitics of producing as well as neighboring cells, Cyto-
kine influences arc only rarcly facilitated via endocrine pathways.?

An abnormality or dysregulation in the inducible synthesis and sceretion of
certain cytokine species was obscrved with a number of discase states, 22 Numerous
investigators have demonstrated that the capacity of activated lymphocytes to
synthesize and secrele interfcukin (1L)-2, 1L-3, and granulocyte/monacyte colony-
stimulating factor (GM-CSF) is significantly reduced in cclls derived from aged
animals and humans, whereas the capacity of these same eells to produce IL-4, IL-5,
1L-6, IL-10, and gamma interferon (IFN-v) is markedly increased,'22%27 It has been
hypothesized (hat the profound qualitative and guantitative changes in activation-
driven cytokine responses may cxplain many of the altered effector responses

observed in aged individuals, including changes associated with the well-deseribed
declines in ccllular and humoral immunity, 2342

Constitutive Cytokine Dysregulation with Aging

Our laboratory has observed that lymphoid cells derived from the spleen and
certain lymph nodes of aged animals spontancously seerete significant levels of 1L-6,
1L.-10, and [FN-y when placed into tissue culture without added stimulants,120M
1L-2 or 1L-4 arc not produced by these same cell populations, indicating that the
presence of [L-6. 1L-10, and IFN-y is not an artifuct associated with nonspecific
ccllular stimulation caused by the in vitro conditions employed.™ The dysregulated
production of IL-6 is so great that the presence of cytokine exn readily be detected in
the plasma of aged animals.'™* 1L-10 and IFN-y cannot be directly detected in
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scrum or plasma samples from aged animals, but abnormal plroduction is casily
observed following in vitro culture or by using molecular techniques 1o quantitate
cytokine messcnger RNA levels. ! Finally, human studics have further confi.rtped
that IL-6 is detectable in the plasma of aged donors but absent in young individu-
alS.'SJz

IL-6 is a plciotropic cytokine that plays a critical role in the gencration of the
acute phasc and inflammatory responses.® In the immunc system, it appears to be
involved in T-cell activation, growth, and differentiation and to induce both B-cell
proliferation and maturation.®® Furthermore, analysis of the IL-6 gene knockout
mousc cstablished that this cytokine is also important to the development of the
mucosal immune system.™ The regulation of 1L-6 gene cxpression is complex, an_d
usually little or no IL-6 protein is produced spontancously. With age, howcve.r. this
tight regulation scems to be relaxéd, and mcasurnblfz levels of 1L-6 appear in the
plasma in the abscnce of an overt inflammatory stimulus. Thus, aging seems to
represent a condition in which IL-6 responsive ccll types in the body are relegated to
undertaking their normal physiologic processes under the continual influence of this
cytokine. Abcrrant outcomes, such as a persistent acute phasc rcspor_nsc,_contmual
nonspecific B-ccll stimulation, or erhanced osteoclast activity (csulung in greater
rates of bonc resorption, represent a few of the pithologic conditions that may result
on the basis of the well-described bioactivities of this cytokine.® These as well as
other cell and organ system changes that can be directly induced by IL-6 arc
commonly observed in aged individuals, -

IL-10 is a multifunctional cytokine with strong immunomodulatory propertics™
that appcars to be constitutively expressed in old age and may therefore be
continuously cxerting its influences on alt 1L-10 responsive ccll types.® fL-10 is
reportedly produced by activated T cells, B cells, and macrophages, although T-cell
production of this cytokine has been studied most cxl.cnswcly.’-‘ IL-10 possesses a
broad range of reported activitics, including the capacity to affect numerous physi-
ologic functions in many diffcrent cell types and organ systcms.-‘-‘_ For cxample, many
age-associated changes in T-cell, macrophage, and B-cell functions that define the
immunoscncscent phenotype®* may be closely linked to dysregutated conmgl over
endogenous IL-10 production. IL-10 can directly inhibit 1L-2 gene expression by
activated T cells,"™ reduce the expression of Class 11 major histocompatibility
complex (MHC) molecules on monocytes/macrophages,™ and depress B7 costimula-
tory molccule expression on activated macrophages.® Previous studies also demon-
strated that IL-10 can inhibit stimulated macrophage production of numerous
cytokines and alter antibody production by conventional B cells in response to cither
T-independent or T-dependent antigens. 142 Some of these conditions are similar to
those that occur “naturally” as a conscquence of aging. . .

We recently determined that the constitutive IL-10 production observed in
lymphocytc populations isolated from aged animals was duc to B-cell overactivity.?!
A subpopulation of B cclls, termed CD5* B cells, are major pr‘oduccrs of IL-10
following ccllular activation.*® Interestingly, absolute numbers of CD5* B cells in an

_ individual incrcasc with advancing age -4

1t has been hypothesized that CDS* B eclls may represent a sccond B-cell lincage
which arises carly in cmbryonic development from committed stem cell precursors
and that renewal of bone marrow precursors for this cell type terminates shortly after
birth. 47 B cells derived from this developmental pathway have been designated Bl
cells and have now been further categorized into one of two suhpopul_ations. Bla anfi
Bib cells.**4? The only reported difference between these subpopulations of B Et‘:;ls is
that Bla cells express the CDS cell surface molecule whereas Blb cells do N0L4547 No
functional distinction between Bla and Blb cells has yet been identified. and both
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populations of lymphocytes have been implicated in the production of autoreactive
antibodies.*®

It has been well established that the presence of autoantibodies such as antithy-
roglobulin, antithyroid peroxidase, antigastric parictal cell, and antiadrenal cell

- antibodies increases in the elderly.**% The age-associated clevation in autoantibody
production may be attributed to the increase in Bl cells in aged individuals,
Observed increases in Bl cells also occur in several clinical conditions other than
aging such as rheumatoid -arthritis,*5? systemic lupus erythematosus,5? and can-
cer.$33 Each clinical condition in which B1 cclls arc increased closely correlates with
incr«:asmsis levels of autoreactive antibodics as well as the B-cell growth factor
1L-10.3t-

We recently ascertained that unstimulated lymphoid cells from aged mice
spontancously produce significant amounts of 1FN-y. This molecule represents a
cytokine with highly pleiotropic activitics that may contribute to age-associated
depression in cellular and organ system function. IFN-y can upregulate the expres-
sion of Class 11 MHC molecules in numerous cell types®- which associate with the
pathogenesis of autoimmune diseases such as rheumatoid arthritis,® insulin-
dependent diabetes mellitus,*'4? and multiple sclerosis.® IFN-y can markedly de-
press the responsiveness of many cell types to a varicty of growth factors including
epidermal growth factor, platelet-derived growth factor, and erythropoietin 45
Under conditions in which IFN-y influences growth factor responsive cell types in
vivo, alterations in wound healing rates, erythrocyte development, and other changes
in hematopoiesis are expected. IFN-y can also exert its modulatory eflects indirectly
via its synergistic activitics on the stimulated production of inflammatory cytokines
such as tumor nccrosis factor (TNF), IL-1, and IL-6.5%% Normal physiologic activi-
ties promoted by these cytokines may develop into pathologic consequences under
conditions in which their levels of induced production are being chronically aug-
mented.

Our recent studics on the age-associated influcnces of IFN-y in vivo have
demonstrated that lymphocytes from aged animals lose their ability to respond to a
very important cytokine, transforming growth factor (TGF)-B. TGF-8 possesses a
reduced capacity to inhibit inducible cytokine production by lymphoid cells from
aged animals. It is appreciated that IFN-y can antagonize many reported activitics of
TGF- in vitro, including those helieved 1o be essential for the stimulation of bone
formation by ostcoblasts.A [FN-y can promote bonc resorption and inhibit bone
formation in in vitro and in vivo models, causing a nct decrease in bone turnover.$9-M
The inhibitory effect of constitutively produced IFN-y on TGF-B activities may
represent a contributing factor 10 age-associated osteoporosis.

During our investigations into the cffects of IFN-y in aging we also observed that

the inducible expression of the integrin @M290/37, an adhesion molecule involved in
the activitics of T lymphocytes residing within the intracpithelial spaces of the gut, is
decreased in aged animals. Others have established that the cxpression of aM290 by
activated T cclls requires the costimulatory activity of TGF-B.75% Thus, a constitu-
live presence of EFFN-y in aged animals appears to interfere with the ability of T cells
from these animals to respond normally to the regulatory activities of TGF-B,
thereby decreasing «M290 expression, This hypothesis was experimentally confirmed
by treating aged animals in vivo with anti-IFN-y antibody and demonstrating the
reacquisition of normal cellular responsiveness to TGF-B. As a sidelight to the
central focus of the experiment, T lymphaocytes taken from aged animals treated with
the anti-IFN-y antibody demonstrated near normal capacity to produce IL-2 and
IL-4 in response to stimulation. The overexpression of IL-10in old age, however, was
not altered in animals treated with anti-1FN-y,
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[As 1L-6, IL-10, and IFN-y can each exert profound modulatory_ activities on a
wide range of target ccll types, it is easy to cnvision how their dysregulated
production in vivo may contribute to the aging process. Depressions in the ability of
the immune system to recognize and respond to foreign antigens and a concomitant
increase in the abnormal production of autoreactive antibodies arc but two of many
pathophysiologic changes that are predicted to occur with an abnormal expression of
these cytokines. Age-associated conditions that may correlate with a dysregulated
control over the expression of at least one of these cytokines include immunosenes-
cence, 32177 breast cancer,™ B-cell lymphomas,?»™ osteoporosis, 4748051 apemia, 5
autoimmunity,?23? and depressions in wound heating rates (FiG. 2).™ Therapeutic

IL-6, IL-10

Immunosenescence

Breast cancer
B cell lymphoma
Cytokine .
Dysregulation Osteoporosis
In Aging
Anemia

Slower wound healing

IL-6. 1L-10 Autoimmunity
FIGURE 2. Dysrcgulation in the cytokine netwaork as evidenced by constitutive expression of
certain cytokines may be responsible for several age-assaciated discases.

interventions designed to recstablish normal control aver the inducible production of
those cytokines which become dysregutated with age should significantly cghancc the
fidelity of many physiologic processcs, especially those that are compromised by the
oflending cytokine specics.

SUPPLEMENTAL THERAPY WITH DHEAS CORRECTS DYSREGULATED
CYTOKINE GENE EXPRESSION ASSOCIATED WITH OLD AGE

A progressive decline in the amount of DHEA and DHEAS produced cach day
takes place as an individual ages beyond young adulthood.' Based on the findings
that these two steroids, or their downstrcam metabolites, arc involved in the complex
mechanisms that regulate the activities of immune cells, the 'wctl-dcscripcd. age-
associated depressions in immunocompetence could be directly linked to an individu-
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al's plasma levels of DHEA and DHEAS. We previously reported that aged animals
provided with oral supplementation of DHEAS (2-4 mg/kg/day) rcacquired a
rcasonably normal state of immunocompetence within days of treatment initiation.!2
Normal patterns of inducible cytokines were restored in treated animals, and
corrective changes in the cytokine phenotype extended to cells residing in all
secondary lymphoid organs tested. An example, in which IL-2 production was
cvaluated, is illustrated in FIGURE 3.'? Morc importantly, DHEAS-supplemented
aged animals regained the ability to clicit strong humoral and cellular immune
responses.'? Other investigators have now confirmed this work and have extended
our findings to demonstrate the generation of antibody responses to bacterial
polysaccharides™ and distinct protein antigens 'in DHEAS-supplemented ani-
mals.** DHEAS supplementation appears to cohance immunc responses, especially
antibody production, via its capacity to promote the normal development of germinal
centers in secondary lymphoid organs following vaccination.?

2000 -

1500

inducible 1L-2 (pg/m!)

500

mesenteric
lymph node

FIGURE 3. Supplemental DHEAS treatment of aged mice upregulates the capacity to produce
1L-2. Splenocytes and mesenteric lymph node cells were collected from mature adult (6~12-weck-
old), aged (76-Y6-week-old), and aged (76~96-week-old) animals provided with supplemental
DHEAS treatment (minimum of 3 weeks' treatment at 4 mg/kg/day). Lymphoid cells were
activated with anti-CD3e. Culture supernatants were quantitatively analyzed for the presence
of 1L-2 by capture ELISA.

Shortly after aged animals arc placed on DHEAS supplementation or within 24
hours of systemic administration of DHEA or DHEAS at a dose of 4 mg/kg,
significant changes result in restoration of ncar-normal control over the production
of cytokines IL-6, 1L-10, and IFN-y (FiG. 4). Animals given chronic DHEAS
supplementation retain normal control over cytukine expression and a normal
phenotype of immunocompetence for as long as steroid treatment persists. Unfortu-
nately, we have not yet determined if or how quickly aped animals taken off DHEAS
supplementation might revert to the immunosencscent phenotype. There s little
doubt, however, that DHEAS supplementation of aged rodents results in ncarly
complete restoration of the regulatory processes involved in normal control over the
synthesis and sccretion of many cytokines, ’

Further support for the argument that DIEAS supplementation is beneficial in
aged animals comes from the finding that steroid-treated animals exhibited benefi-
cial changes in pathologies that could be attributed to the dysregulated expression of
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FIGURE 4. Supplemental DHEAS treatment of aged mice restores normal control over
unregulated production of 1L-6, 1L-10, and IFN-y. Splenocytes, mesenteric lymph node cells,
and peritoneal exudate cells were collected from mature adult (6-12-weck-old), aged (76-96-
weck-old), and aged (76-96-week-old) animals provided chronic DHEAS treatment (minimum
of 3 weeks' treatment at 4 mg/kg/day). Supernatants from unstimulated cell cultures were
quantitatively analyzed for 11.-6, 11.-10, or IFN-y by capture CLISA.
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IL-6, IFN-y, or IL-10 in vivo.!*" Age-assaciated increases in the serum titers of IgM
and IgG tissue-reactive autoantibodics were lowered in supplemented aged animals,
as were clevated levels of antiphosphatidylcholine antibodies.!>¥ Consistent with
these findings was the obscrvation that age-associated increases in Bl cells in the
peritoncal cavity, the cell type perceived to be responsible for autoantibody produc-
tion, were reduced to ncar mature adult levels in animals following DHEAS
treatment.!>?! In addition, lymphoid cclls from DHEAS-treated animals regained
near normal responsiveness to the modulatory influences of TGF-B, and the activa-
tion inducible cxpression of the aM290/87 integrin was also restored (Mu et al,
unpublished observations). These findings may help cxplain our recent observation
that mucosal immunc responscs in aged animals can be induced following treatment
with DHEAS, but not in untreated aged animals.® Collectively, the lindings made in
DHEAS-supplemented animals strongly suggest a linkage between age-associated
depressions in the capacity to develop immune responscs 10 forcign antigens, the
dysregulated expression of certain cytokine species, the presence of autoantibodics,
and age-associated depression in circulating DHEA and DHEAS levels.

DHEAS AS A NATURAL REGULATOR OF PEROXISOME ACTIVITY:
A POSSIBLE MECHANISM TO EXPLAIN THE IMMUNOMODULATORY
EFFECTS OF THIS STEROID IN VIVO ’

Peroxisomes are single-membrane, cytoplasmic organclles containing no DNA.
These organeiles are involved in numerous essential intracellular biochemical pro-
cesses including antioxidant activities, cholesterol and bile acid synthesis, prostaglan-
din metabolism, @-oxidative mctabolism of very long chain fatty acids, and the
carnitinylation of fatty acids to enable their transport into the mitochondria for
further breakdown.®

It was recently demonstrated that the chronic administration of DHEA to
rodents in their feed caused significant changes in liver morphology and histopathol-
ugy. These changes were caused by a massive increase in peroxisome number and
volume as well as an upregulation of peroxisomal cnzyme activity in this organ¥-#9
Raoer al¥ reported a 200% increase in rat liver weight and a fivefold increase in the
tatal volume of liver peroxisomes in hepatocytes following dietary administration of
DHEA (0.4% w/w) for 2 weeks. Prolonged DHEA treatment protocols were
responsible for signiticant enhancement of the peroxisomal enzyme activities associ-
ated with fatty acid B-oxidation, including acyl-CoA oxidase (the ratc-limiting
enzymatic component of peroxisomal fatty acid metabolism) and enoyl-CoA. hydra-
tase/3-hydroxyacyl-CoA dehydrogenase.*-% Dictary DHEA atministration to ro-
dents also causcs an increasc in some non-peroxisomal hepatic enzymes including
cytochrome P450A and glutathione-S-transferase Y192

A widc range of structurally dissimilar cxogenous compounds and a small
number of naturally occurring endogenous compounds can upregulate cellutar
peroxisome number, volume, and enzyme activity.”™ Control of cellular peroxisomal
activity is now appreciated to be mediated by the activation of specific cytosolic
receptors and their subsequent binding Lo appropriate hormone response clements
on DNA. This unique subclass of intracellular receptors has been termed peroxi-
some proliferator-activated receptors (PPARs). PPARSs are members of the steroid
hormone family of receptors and arc converted to active transcription factor subunits
following activation by a diverse range of natural and xcnobiotic compounds,
collectively termed “peroxisome proliferators.”¥™ Scveral different isoforms of

PPARSs have now been cloned and scquenced from frogs, humans, and rodents.? -

-
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Each species of PPAR is differentially expressed in discrete tissues, and each species
of PPAR is preferentially activated by a distinct set of “ligand” molecules.®%

The basic structural rcquirement for peroxisome proliferators to activate PPARs
was demonstrated to include an anionic group attached to a hydrophobic backbone,
such as is found in DHEAS.? Yamada et al.% recently demonstrated that rat liver
hepatocytes contain a high affinity (K4 72 nM) DHEAS binding cytosolic Qrotein.”
These investigators cvaluated many known peroxisome proliferators for their capac-
ity to inhibit DHEAS binding to the cytosolic protein complex. Only WY-14,643 was
able to effectively compete for DHEAS binding. Cultured hepatocytes exhibit
markedly increascd peroxisomal B-oxidation activity following direct in vitro expo-
surc 1o DHEAS and to a much lesser extent when treated with DHEA.”™ The low
level of DHEA-mediated cnhancement in B-oxidation activity appears to be due to
passive diffusion of the hydrophobic steroid DHEA through the hepatocyte plasma
membrane, followed by endogenous sulfation of DHEA in the hepatocyte.'0-102
Intraccllular DHEAS, the hiologically active molccule, can then activate the appro-
priate PPAR.™®% Additionally, a number of natural and related metabolites of
DHEA including 17-hydroxy- 7-hydroxy, and 7-keto derivatives of this steroid may
also function as peroxisome modulators following their sulfation at the 3-position.

Feeding normal adult animals pharmacologic doses of DHEA causes dramatic
changes in the liver and probably generates large amounts of intracellular hepatocyte
DHEAS.® We believe that the dramatic rise in hepatocyte peroxisome content and
liver pathology scen in DHEA-fed animals may reflcct abnormal overexpression of a
normal tissue regulatory process. L.

Normally, most DHEA in the circulation exists in the sulfated form which is not
capable of dircctly diffusing across the cell membrancs of most cell types. The
transport mechanisms used to move DHEAS into the cytoplasm of cells may
represent a tightly regulated process. Appropriate biochemical mechanisms exist
that allow tissue-localized desulfation of extraccliular DHEAS in particular microen-
vironments followed by diffusion of DHEA across the plasma membrane and its
intraccllular resulfation in those cell types possessing the appropriate sulfotransfer-
asc activity.'®? A low density lipoprotein (LDL) receptor-mediated uptake of .DHEA-
fatty acid ester-LDL complexes or cven dircet active transport mechanisms for
DHEAS directly across plasma membranes of some ccll types have also been
reported, 1WA

Evidence supporting the concept that DHEAS may be playing a physiologic role
in regulating peroxisomal activity has demonstrated that the liver of aged rats has
reduced numbers of peroxisomes and reduced peroxisomal B-oxidation activity, '™
Plasma membrane rigidity is also appreciated to increasc in most ccll types with
advancing age, a condition directly linked to increased fatty acid chain fength and
degree of fatty acid saturation.'!®¥? [n addition, Laganicre and Fernandes'™* re-
cently demonstrated that membranc phospholipid content of long chain fatty acids
increases with age in various lymphoid organs of Fisher rats. Similar types of
age-associated increases in cellular phospholipid long chain fatty acid composition

-have been observed by other investigators as well. '™ The well described age-

associated decrease in circulating DHEAS concentrations and the concomitant
decrease in peroxisomal cnzyme activitics may be partially responsible for the
incrcasc in plasma membrane content of long chain fatty acids. .
Alterations in cell membrane composition with advancing age, including in-
creases in long chain fatty acids and the resultant decrease in membrane ﬂuidilg. may
significantly contribute to.the decline in a host’s immunc function observed in old
age. Many lymphoid ccll activities can be directly altered by changing cell membrane
phospholipid compaosition. This can be accomplished experimentally by employing
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nutritional supplementation replete with specific fatty acids. For example, depres-
sion in lymphocyte proliferative responscs was demonstrated following the dictary
supplementation of animals with linoleic acid (18:2).11%!!2 This may be due to an
accumulation in membranc arachidonic acid (20:4) which is known to occur follow-
ing elevations in phospholipid content of linoleic acid and its metabolites.!3 As a
result of the enzymatic action of phospholipase A; upon membrane phospholipids,
arachidonic acid is frecly liberated from the membranc and is readily converted into
bioactive lipids including the prostaglandins and lcukotriencs. '™ Prostaglandins arc
well known modulators of lymphocyte proliferative responses and lymphokine
production, whereas leukotricnes are mediators of the inflammatory response,!'$

Modifications of ccllular phospholipid fatty acid composition can also result in’

alterations in the physical propertics of cell membrancs, including membrane fluidity
and capacity of phospholipid and sphinyomyclin metabolites to serve as second
messcngers. The decrease in cell membrane fluidity with age'™1 and the increase in
cholesterol/phospholipid ratios can affect the activity of multiple receptor systems,
membranc-associated enzymes, and signal transduction processes.!™11¢ Lympho-
cytes incubated in the presence of fully saturated fatty acids acquire reduced
membrane fluidity which is correlated with a depression in proliferation, reduced
IL-2 production, and decreased 1L-2 receptor expression following activation by a
mitogen in vitro,''"* Inhibition of lymphaocyte activitics by fatty acids, however, docs
not require the generation of prostaglandins or leukotrienes, because the effect is
independent of cicosanoid synthesis.!" The consequences of decrcased membrane
fluidity caused by cxogenous long chain fatty acid supplementation results in a
phenotype similar to that observed in lymphocytes from aged mice.

Lipid sccond messengers arc signaling molecules gencrated directly from the
components of the cell phospholipid bilayer via the actions of cellular enzymes, such
as the phospholipases, and include diacylglycerol and inositol 1,4,5,-trisphosphate
which activate ceflular enzymes necessary for certain protceins (ic., cytokines) to be
produced. It has been demonstrated that T lymphocytes obtained from aged rodents
possess a reduced capacity to produce and respond to IL-2 following mitogenic
activation because of a defect in the generation of specific second messengers.!1 It is
unclear if this is a result of changes in the actual components necessary for the
creation of transmembrane signals or of a rcduced capacity of the enzymes to
interact with the appropriate constituents of the plasma membrane. The correction
of the age-associated deficiencies in immune function by DHEAS treatment may be
mediated by restoration of normal peroxisomal activitics in the treated recipicnts.
This normalization would lead 1o changes in fatty acid content of membrane
phospholipids and membranc fluidity, resulting in the restoration of optimal signal
transduction processcs.

The climination of abnormafly cxpressed cytokines in aged animals following
their supplementation with DHEAS may be linked to the ability of this steroid to act
as a modulator of peroxisomal activity, atbeit indircetly. It is well documented that
intestinal barrier function declines with advancing age,'*' a change that leads to
increascs in the ability of cndotoxin to access the systemic circulation. Intestinal
permeability increases have even been reported to allow the translocation of enteric
bacteria, as cvidenced by infection of the mesenteric lymph nodes¥2 It is our
hypothesis that low grade, continual exposure of lymphocytes and macrophages to
cndotoxin serves as a stimulus for the constitutive cytokine expression observed in
the aged. Abnormally produced 116 and 1L-10 may result from direct exposure of B
cells and macrophages to lipopolysaccharide,'™ while the presence of IFN-y may
represent a secondary consequence of IL-12 actions, '™

The central issue, therefore, may actually revolve around thosce factors that -
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facilitate the incrcased intestinal permeability of gut contents. It was recently
demonstrated that platelets from aged humans and animals possess increased
susceptibility to aggregation following their exposure to normal platelet agonists. 12
These effects may be due to changes in platclet.membrane composition, for it is
known that reduced platelct membrane fluidity is associated with greater exposure of
meinbrane receptors to the extracellular environment which may be responsible for
the increased susceptibility to activation and aggregation.'?® Platclet hyperactivity
can promote the development of microthrombi followed by occlusion of blood flow
within the microcapillarics of the skin, lung, and gut, resulting in the likclihood of
ischemia reperfusion-mediated injury. Breakdown of the intestinal mucosa would
follow, leading to endotoxin entry into the afferent lymphatic drainage and systemic
circulation. Our laboratory demonstrated that the dysregulation of 1L-6, 1L-10, and
IFN-y production associated with aging is most pronounced in mesenteric lymph
nodes and spleen (FiG. 4)'*Y (Mu e al., unpublished observations) consistent with
the intestine being the source of initial cell stimulation. DHEAS, via its capacity to
cnhance peroxisome activity in aged tissucs, would Icad to normalization of fatty acid
metabolism and an incrcase in antioxidant potential. Modifications to platelet
mcmbranc composition may climinate platelet hyperactivity and secondarily reduce
the age-associated enhancement of gut permeability. Alternatively, increased gut
permeability may be duc to a deficiency in peroxisomal activities in gut epithelial
cclls, activities required for the maintenance of a structurally intact cpithelial
barricr.

Support for our model of DHEAS being able to reverse immunosenescence via
its influences on peroxisomal activitics comes from the results of a recently com-
pleted experiment which demonstrated that the administration of low doses of
WY-14,643 to aged animals partially corrected the abnormalities in inducible and
constitutive cytokine cxpression (FiG. 5). The doscs of WY-14,643 provided to the
aged animals was less than 5% of the doscs employed in studies designed to evatuate
the ability of this drug to induce peroxisome proliferation.'?? -

It was recently reported thaut changes in lymphocyte membranc fatty acid
composition caused by chronically fecding animals a corn oil-rich diet were associ-
ated with decreased sensitivity to Fas-mediated apoptosis through a reduction of Fas
gene expression. ' This finding may account for the increased numbers and activitics
of Bl lymphocytes found in most clderly as well as in individuals with certain
autoimmunc conditions. These autoreactive B cells have been directly implicated in
the production of sclf-reactive antibodics and appear to be significant contributors to
the pathophysiology of aging and autoimmunc discasc-associated clinical conditions.
In our hands, DHEAS administration to old mice reduced Bl ccil numbers, greatly
depressed titers of autoreactive antibodics, and fully corrected most of the immune
deficiencies associated with immunosencscence, 112

Collectively, the published studies describing DHEAS influcnces on cell peroxi-
somc activity and fatty acid metabolism provide the data for formulating an attractive
hypothesis for the most afferent biochemical site by which DIHEA functions to
maintain normal immunc homeostasis. We belicve that DHEAS is facilitating these
beneficial influcnces on the immune system through its capacity to control normal
peroxisome activitics which, in turn, regulate the fatty acid composition of mem-
bran¢ phospholipids and sphingomyelins in lymphocyte and macrophage mem-
branes. The cffects of DHEAS on peroxisome function in aging might represent the
clusive linchpin needed to provide investigators with a cohesive explanation for the
diverse biologic activitics of this steroid.
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FIGURE 5. DHEAS may funclion to reverse immunosenescence by its capacity to modulate
peroxisome activitics. Splenocytes were collected from mature adulbt (8-week-old), aged (104-
week-old), and aged (104-week-old) animals provided with DHEAS (1-week) or WY-14,643
(1-week) treatment. Both compounds were supplied at doses between 4 and 8 mg/kg/day. Cells
were stimulated with anti-CD23e (F1G. SA) for 24 hours or left unstimulated (Fig. 5B). Culture
supernatants were quantitatively analyzed for various cytakines by capture ELISA,
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DHEA (dehydroepiandrosterone)

ingredient status
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This report discusses whether DHEA (dehydroepiandrosterone) is an acceptable
dietary ingredient under the definition introduced by the Dietary Supplement Health and
Education Act of 1994 (DSHEA). ’

DHEA is a steroid hormone similar in structure to cholesterol. Slight variations in
steroid structure can have profound effects on biological activity. Despite intensive
research, the relationships among the steroids regarding biosynthesis and effects are far
from well established. There is no question that DHEA, like other animal steroids, is -
metabolically derived from cholesterol.

DHEA has been the subject of a variety of studies, including for weight loss,
immune system disorders (including AIDS and lupus), and burn repair. When it first
became popular in the 1980’s, it was promoted almost as a miracle drug that would
prevent weight gain, diabetes, and cancer. Currently, it is mainly being investigated for

treatment of AIDS.

DHEA AS A DIETARY INGREDIENT

Please see the enclosed definitions section of DSHEA for referenced parts.
Since DHEA occurrs naturally in animals, it possibly occurs naturally in foods. If
s0, then DHEA could be a dietary ingredient under subpart (E) of the definition.

However, I have read that DHEA is produced only in primates, and is present only in the
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brain. If so, then it certainly is not a substance present in the diet. However, it is not
necessary to make this argument in order to establish DHEA as a dietary ingredient.
Cholesterol is definitely present in the diet, and so would qualify as a dietary ingredient
under subpart (E), should anyone choose to promote cholesterol as a dietary suppementt.
DHEA, as a metabolite of cholesterol, qualifies under subpart (F). We therefore conclude
that DHEA meets part» (1) of the definition of a dietary ingredient.

Part (2) of the definition of a dietary ingredient deals only with the form of the
product. As long as the product is represented as a supplement, not as a conventional

food, then it meets part (2) of the definition. This is the case regardless of the

composition of the product.

Part (3) of the definition excludes a substance from being a dietary ingredient if it
was first used as a drug. DHEA is not an approved drug for any use. It is being
investigated as a new drug, but I would not consider the current clinical investi gaﬁons to
be “substantial”. DHEA test kits have been approved as diagnostic products, which are
also regulated by FDA, but diagnostic produ(':ts are not included in the DSHEA exclusion.
In any event, DHEA was promoted as a dietary supplement before 1985 (see below), so
its use as an investigational new drug occurred after its use as a supplement. We

 therefore conclude that DHEA meets part (3) of the definition of a dietary ingredient.

Having considered DHEA under all three parts of the DSHEA definition of a
dietary supplement, and having concluded that DHEA meets all three parts, we further
conclude that DHEA is acceptable as a dietary ingredient.

RELATED ISSUES
In 1985, the FDA instructed manufacturers of DHEA to stop selling itas a

dietary supplement. This was based on the 1985 definition of a drug, which included
any product intended to prevent or cure a disease, and any product intended to affect the

structure or function of the body. Drug products, then and now, must be shown to be
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safe and effective before marketing. In 1994, DSHEA created an exception from the
drug definition, namely that dietary supplements can now claim to affect the structure or
function of the body. Unlike drugs, dietary supplements may be marketed without

premarket approval from FDA.
The 1985 FDA action is actually useful because it establishes the fact that DHEA

was sold as a dietary supplement at that time. This establishes that DHEA was sold as a
supplement before it was used as a drug (see above for part (3)). In addition, it
establishes that DHEA is not a new dietary ingredient under the definition in DSHEA.
New dietary ingredients are subject to certain premarketing requirements not applicable
to ingredients sold before passage of DSHEA.

It is still important to consider both effectiveness and safety for dietary
supplements, even though premarket approval is not needed. We have not investigated
possible claims for the manner By which DHEA affects body structure or function,
substantiation needed to support the claims, or DHEA safety. We would be happy to
look into these matters if you decide to proceed with development of products

containing DHEA.

RELATED COMPOUNDS
There are two compounds related to DHEA which should be discussed, as they

are sometimes mentioned along with DHEA in scientific or popular publications.

The sulfate ester of DHEA (DHEA sulfate, or DHEA-S) is the form of DHEA
which is excreted in urine. It is possibly also the form by which DHEA is transported
through the body. The two forms are probably readily interconverted in the body, so they
probably have similar biological effects. Both forms are available commercially.

The Mexican wild yam (Dioscorea composita) contains diogenin
(hydroxyspirostene), a plant steroid similar in structure to progesterone. Diogenin was
formerly used extensively as the starting material for synthetic steroids used in female
oral contraceptives. Mexican wild yam preparations are sold as dietary supplements and
cosmetics with a variety of claims. Some of the claims relate Mexican wild yam to

properties of DHEA. I am not aware of any specific effect of the yam or of diogenin.
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from Dietary Supplement Health and Education Act of 1994
Section 3. Definitions

“The term dietary supplement —

(1) means a product (other than tobacco) intended to supplement the diet that bears or contains one or more
of the following dietary ingredients:
(A) a vitamin;
(B) a mineral;
(C) an herb or other botanical;
(D) an amino acid;
(E) a dietary substance for use by man to supplement the diet by increasing the total dietary intake;
or '
(F) a concentrate, metabolite, constituent, extract, or combination of any ingredient described in
clause (A), (B), (C), (D), or (E);

(2) means a product that--
(A)(i) is intended for ingestion in a form described in section 411(c)(1)(B)(i); or (if) complies with
section 411{c)(1)(B)(ii);
(B) is not represented for use as a conventional food or as a sole item of a meal or the diet; and
(C) is labeled as a dietary supplement; and .

(3) does--
(A) include an article that is approved as a new drug under section 505, certified as an antibiotic
under section 507, or licensed as a biologic under section 351 of the Public Health Service Act (42
U.S.C. 262) and was, prior to such approval, certification, or license, marketed as a dietary
supplement or as a food unless the Secretary has issued a regulation, after notice and comment,
finding that the article, when used as or in a dietary supplement under the conditions of use and
dosages set forth in the labeling for such dietary supplement, is unlawful under section 402(f); and
(B) not include--

(i) an article that is approved as a new drug under section 505, certified as an antibiotic under
section 507, or licensed as a biologic under section 351 of the Public Health Service Act (42 U.S.C.
262), or
(ii) an article authorized for investigation as a new drug, antibiotic, or biological for which

substantial clinical investigations have been instituted and for which the existence of such
investigations has been made public,
which was not before such approval, certification, licensing, or authorization marketed as a dietary
supplement or as a food unless the Secretary, in the Secretary's discretion, has issued a regulation,
after notice and comment, finding that the article would be lawful under this Act.”
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Another mechanism by which cholestero]l esters are
formed is by a transesterification between phosphatidyl
choline and cholestercl:

Phosphatidy] choline + cholesterol =
lysophosphatidyl choline + cholesterol ester

Formation of Other Steroids

Cholesterol is the precursor of a number of other types of
steroids such as fecal sterols. bile acids. and steroid
hormones. Chnolesterol. coprostanol. and cholestanol
(margin) are the major excretory forms of sterols in mam-
mals; cholestanol and coprostanol. which are isomars.
are formed from cholesterol by microbial action.

The major pathway of degradation of cholesterol in
animals is conversion o the bile acids. 2 process that
occurs in the liver. There arc many different bile acids
which vary characteristically with the species. They con-
tain a shortened side-chain with a carboxv! group, which
is often conjugated with glvcine or taurine. These com-
pounds are secreted into the small intestine and are
largely reabsaorbed during lipid absorption. The circula-
tion of the bile acids. which promote absorption of the
lipids. is called the enterohepatic cir_g_q_lction. The major
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Chapter 21 Biosynthesis of lipids '

Figuse 23-11
Formation of bile acids. Trihydroxycoprostanoic acid
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Formation of some stervid hormones
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Progusterone

steps in the formation of cholic acid and its conjugation
products glycocholic and taurocholic acids are shown in
Figure 23-11.

The formation of steroid hormones from cholesterol
occurs through intermediary formation of pregnenolone
(below), which contains the cholesterol nucleus, but has
only a two-carbon side-chain. Pregnenolone is the pre-
cursor of progesterone, the progestational hormone of
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