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KRAEMER, WILLIAM J., STEVEN J. FLECK, JOSEPH E. Dzi1a-
DOS, EVERETT A. HARMAN, LouIS J. MARCHITELLI, ScorT E.
GORDON, ROBERT MELLO, PETER N. FRYKMAN, L. PERRY Ko-
ZIRIS, AND N. TRavIS TRIPLETT. Changes in hormonal concen-
trations after different heavy-resistance exercise protocols in
women. J. Appl. Physiol. 75(2): 594-604, 1993.—Nine eumen-
orrheic women (age 24.11 + 4.28 yr) performed each of six ran-
domly assigned heavy-resistance protocols (HREPs) on sepa-
rate days during the early follicular phase of the menstrual
cycle. The HREPs consisted of two series [series I (strength, S)
and series 2 (hypertrophy, H)| of three protocols, each using
identically ordered exercises controlled for load [5 vs. 10 repeti-
tions maximum (RM)], rest period length (1 vs. 3 min), and
total work (J) within each three-protocol series. Blood mea-
sures were determined pre-, mid- (after 4 of 8 exercises), and
postexercise (0, 5, 15, 30, 60, 90, 120 min and 24 and 48 h). In
series 1, a significant (P < 0.05) reduction in growth hormone
(GH) was observed at 90 min postexercise for all three proto-
cols. In serles 2, the 10-RM protocol with 1-min rest periods
(H10/1) produced significant increases above rest in GH con-
centra‘ions at 0, 5, and 15 min postexercise, and the H10/1 and
H5/1 protocols demonstrated significant reductions at 90 and
120 min postexercise. Cortisol demonstrated significant in-
creases in response to the S10/3 protocol at 0 min, to the H10/1
protucol at midexercise and at 0 and 5 min postexercise, and to
the H5/1 protocol at 5 and 15 min postexercise. No significant
changes were observed in total insulin-like growth factor I, to-
tal testosterone, urea, or creatinine for any of the HREPs. Sig-
nificant elevations in whole blood lactate and ammonia along
with significant reductions in blood glucose were observed.
Hormonal and metabolic blood variables measured in the early
follicular phase of the menstrual cycle varied in response to
different HREPs. The most dramatic increases above resting
concentrations were observed with the H10/1 protocol, indicat-
ing that the more glycolytic HREPs may stimulate greater GH
and cortisol increases.

lactate; anaerobic; strength training; ammonia; growth factors;
growth hormone; cortisol; testosterone

IN ONLY A LIMITED NUMBER of investigations have the
hormonal changes consequent to acute heavy-resistance
exercise in women been examined. The majority of these
studies have focused on testosterone responses (9, 14, 22,
41). Although not typical, changes in testosterone con-
centrations with heavy-resistance exercise have been con-
sidered possible because of hi
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androgens in some women (1, 9). For most women, exer-
cise-induced increases in testosterone above resting con-
centrations have not been observed (14, 22, 41), suggest-
ing that other anabolic hormones (e.g., growth hormone
and growth factors) may play greater roles in the anabo-
lic adaptational mechanisms related to muscle and con-
nective tissue growth with resistance training (2, 16, 19,
22). The exact mechanisms involved in such tissue re-
modeling remain to be elucidated, as do the neuroendo-
crine mechanisms that might help mediate such tissue
growth.

The stress of heavy-resistance exercise has been
shown to be an effective stimulus for both strength and
muscle fiber hypertrophy (3, 16, 17, 28, 34). Furthermore,
heavy-resistance stress is unique as an exercise modality
in producing high levels of force through recruitment of a
large percentage of the motor unit pool. It is possible that
the acute physiological changes that occur in response to
a given heavy-resistance exercise protocol may provide
some insights into the physiological mechanisms of long-
term adaptations (18). A greater appreciation of the dif-
ferences among heavy-resistance exercise protocols
needs to be gained to allow more specific exercise stimuli
to be created when long-term training studies are under-
taken. Physiological differences among various heavy-
resistance exercise programs are related to the acute pro-
gram variables (e.g., resistance used and length of rest
period between sets and exercises) that ultimately confi-
gure the exercise stress (19-21).

In a recent study, we reported that gender differences
in hormonal responses to two distinctly different heavy-
resistance exercise protocols were related to a lack of a
testosterone response in women and to a higher concen-
tration of growth hormone in the early follicular phase of
the menstrual cycle. Higher concentrations of growth
hormone in response to a moderate-resistance [ 10-repeti-
tions maximum (RM)] protocol with a short (1-min) rest
period than in response to a higher resistance (5-RM)
protocol with a longer (3-min) rest period have been ob-
served (22). Thus, program characteristics related to the
amount of resistance and the rest period length have
been suggested to be important determinants of hor-
monal responses in women (22). Because of differences
i@ total work between the two exercise protocols, our pre-
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TABLE 1. Subject characteristics

Parameter Value
Age, vr 24.1+4.3
Height. cm 161.6+7.6
Body mass. kg 63.4+11.9
“« Body tat 24.3+6.1
VO, nes. Mi-kg '-min } 38.5+6.64

Values are means + SD; n - 9 women. VO, ,,,, maximal oxvgen
consumption.

vious study’s design did not allow us to isolate the spe-
cific effects of the resistance used or the length of the rest
period on hormonal changes in women. With men, we
have previously demonstrated that these two acute pro-
gram variables had very powerful independent effects on
the hormonal responses to different heavy-resistance ex-
ercise protocols (21, 23). This study was designed to ad-
dress the distinct need for more extensive data concern-
ing the influence of resistance exercise variables (i.e.,
amount of resistance, amount of rest between sets and
exercises) on hormonal responses in women. The pri-
mary purpose of this investigation was to examine the
independent influence of resistance (5 vs. 10 RM) and
rest period length (1 vs. 3 min) on serum hormone con-
centrations in women.

METHODS

Preliminarv laboratory sessions. A minimum of 3 wk
was used for experimental protocol familiarization in
which resistance load verifications (5 and 10 RM) for
each experimental exercise protocol were determined.
Descriptive testing (e.g., body composition and maximal
oxygern consumption evaluations) was also performed at
this time. Each subject’s percent body fat was deter-
mined using standard hydrostatic weighing (computer
intertaced with a load cell) body composition methodolo-
gies as previously described (15, 44). To characterize the
subject’s cardiovascular fitness, maximal oxygen con-
sumption (ml-kg '+ min ') was determined with a con-
tinuous treadmill protocol (8, 43).

Subjects. Nine healthy women participated in these
studies after giving their free and informed voluntary
consent. The investigators adhered to Army Regulation
70-25 and US Army Medical Research and Development
Command Regulation 70-25 on Use of Volunteers in Re-
search. Each subject had recreational experience with re-
sistance training, but none of them was a competitive
lifter. None was using any medications during the course
of this study or reported any previous history of smoking
or use of other nicotine products. Each subject denied
any history of anabolic drug use. All of the women were
deemed eumenorrheic according to previously described
methods (11). Each subject had had regular 28- to 32-day
menstrual cycles throughout the previous year, and none
of the women had used oral contraceptives or intrauter-
ine devices within the past year. Subject characteristics
are shown in Table 1.

Experimental protocol. Two of the six protocols were
randomly performed on separate days (1 and 4 days after
menses) during the early follicular phase of the men-
strual cycle on each of three consecutive months. Sub-

jects did not eat anything for 6 h before each test and
refrained from ingesting alcohol and caffeine for 48 h
before all testing. No other strenuous exercise was per-
formed for 72 h before each of the experimental exercise
sessions. One RM testing every month demonstrated
that no strength changes occurred over the course of the
study. In addition, aerobic exercise was limited to 2 ses-
sions/wk, with no training effects observed over the
course of the study. Dietary analysis (Nutri-Calec, PCD
System, Penn Yan, NY) for the 3 days before each experi-
mental session was obtained from a food diary and dem-
onstrated normal recommended daily allowances of calo-
ric, vitamin, and mineral profiles. Macronutrient intake
values were 62.1 + 5.6% (SD) carbohydrate, 13.5 + 2.3%
protein, and 24.4 + 6.3% fat. Fluid intake was encour-
aged, and hydration status was verified by monitoring
urine specific gravity via a refractometer before each
workout. All subjects had a urine specific gravity of
<1.015 before all workouts. No significant (P < 0.05) dif-
ferences were observed for preexercise urine specific
gravity measures between the different exercise test ses-
sions. Although it was not the purpose of the study to
match diets on each test day, subjects were encouraged to
eat similar diets, which resulted in the similar caloric,
vitamin, mineral, and nutrient intakes observed before
each test. Urine nitrogen determinations verified that all
subjects were within normal positive nitrogen balance
before each set of test cessions for that month.

Experimental design and exercise protocols. Each of the
six heavy-resistance exercise protocols was performed in
random order and by all nine subjects. Subsequent sta-
tistical analysis demonstrated no order effects. The de-
sign allowed for the quantitative examination of the ef-
fects of specific program design variables (load and rest
period length) corrected for total work. Figure 1 depicts
the basic experimental design of the two series of exer-
cise protocols used in this investigation. each of which
consisted of three workouts (a primary workout, a rest
control, and a load control). Series ! was termed the
strength series and was characterized by a heavier resis-
tance (5 RM) and a longer rest period (3 min) used in the
primary workout. Series 2 was termed the hypertrophy
series as it used a lighter resistance (10 RM) and a
shorter rest period between sets and exercises (1 min) in
the primary workout. Whereas all heavy-resistance exer-
cise protocols produce increases in strength and muscle
cell hypertrophy, the primary “strength” workout was
designed to simulate the kind of lifting routine used by
athletes primarily training for strength (e.g., competitive
power lifters). The primary “hypertrophy” workout was
modeled after the type of routine used by body builders to
induce increases in muscular hypertrophy (24). Series I
protocols had significantly (P < 0.05) lower total work
than did series 2 protocols (24,501.1 + 2,827.0 vs.
31,580.3 + 3,278.0 J). For example, when we compared
series 1 and series 2 protocols using 10 RM and 3 min rest,
the only difference was that more total work was per-
formed in the series 2 protocol. Thus, we have designated
symbols for the type of work (H vs. S), the resistance (5
vs. 10 RM), and the rest period length (1 vs. 3 min) so
that one can see exactly where differences occur in the
exercise protocol.

The primary series I workout consisted of a 5-RM load
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596 HORMONAL RESPONSES OF WOMEN TO HEAVY-RESISTANCE EXERCISE

SERIES 1:STRENGTH (S)

PRiMARY STRENGTH
WORKOUT

S RM, 3 min rest

(S5/3)

/N

Decreased Rest Decreased Load

STRENGTH STRENGTH
SERIES SERIES SERIES
REST CONTROL LOAD CONTROL

SRM, ' m'nrest 10 RM, 3 min rest

(S5/1) (S10/3) (H10/3)

and a 3-min rest period between sets and exercises and
was designated S5/3 [S for strength protocol (lower total
work), 5 for 5-RM load, and 3 for 3-min rest period]; the
load control series ! workout was designated S10/3 (S for
strength protocol, 10 for 10-RM load, and 3 for 3-min
rest period); and the rest control series 1 workout was
designated S5/1 (S for strength protocol, 5 for 5-RM
load. and 1 for the 1-min rest period). This terminology
was also used for designating each series 2 protocol. The
primary series 2 protocol was designated H10/1 [H for
hypertrophy protocol (higher total work), 10 for 10-RM
load, and 1 for 1-min rest period], the load control series 2
workout was designated H5/1 (H for hypertrophy proto-
col, 5 for 5-RM load, and 1 for 1-min rest period), and the
rest control series 2 workout was designated H10/3 (H for
hypertrophy protocol, 10 for 10-RM load, and 3 for 3-min
rest period). The variations in the primary workouts
were examined to determine if the responses that oc-
curred were due to single-factor changes in load or rest
period length. Comparisons between a few series 1 and 2
protocols (S10/3 vs. H10/3 and S5/1 vs. H5/1) allowed
for a limited evaluation of total work effects. The exer-
cises used, the order of exercises, and the number of sets
for the primary workouts are listed in Table 2.

The grip width used by each subject was proportional

TABLE 2. Primary heavy-resistance exercise protocols

/ O\ &

Increased Rest
BYPERTROPHY

REST CONTROL

10 RM, 3 min rest

Protocol
Series 1 Series 2
Exercise (85/3) (H10/1)
Bench press 5 RM x 5 Sets 10 RM < 3 Sets

Double leg extension 5 RM x 5 Sets 10 RM > 3 Sets
Military press 5 RM x 3 Sets 10 RM x 3 Sets
Bent leg incline sit-ups 5 RM x 3 Sets 10 RM X 3 Sets
Seated rows 5 RM x 3 Sets 10 RM x 3 Sets
Lat pull down 5 RM x 4 Sets 10 RM x 3 Sets
Arm curls 5 RM x 3 Sets 10 RM x 3 Sets
[.eg press 5 RM x 5 Sets 10 RM X 3 Sets

Exercises were done in order listed. Fxercise protocols are given as

no. of repetitions maximum (RM) x no. of sets. 85/3, series |
(“strength,” 8) protocol with 5 RM and 3-min rest periods; H10/1,
series 2 (“hypertrophy,” H) protocol with 10 RM and 1-min rest pe-
riods. All exercises were performed on Universal weight machines ex-
cept for exercises 4 and 7, which were performed using free weights.

SERIES 2 :HYPERTROPHY (H)

PRIMARY HYPERTROPHY

WORKOUT

10 RM, 1 min res’

(H10/1)

FIG. 1. Schematic diagram of experi-
mental design. RM. repetition maxi-

Increased Load

HYPERTROPHY
SERIES
LOAD CONTROL

S RM, | min rest

(H5/1)

to her height. Body position (e.g., grip width and joint
angles) was held constant for an exercise across proto-
cols. The matching of total work between workouts was
performed by a computer program that, given a specific
exercise, weight, and number of repetitions, calculated
the number of repetitions required to produce the same
total work as in the primary protocol using a different
weight. Lifting work was calculated as wt x the vertical
distance moved per repetition X no. of repetitions. The
program took into consideration the vertical distance
moved by both the iron plates and the centers of gravity
of the lifter’s body segments. These distances were oh-
tained from measurements on the subjects and equip-
ment when they were in the starting and ending exercise
positions. Anthropometric tables were used to locate
body segment centers of gravity and to estimate body
segment weights from total body weight (45).

Blood sampling. All venous blood samples were ob-
tained with the subjects in a slightly reclined seated posi-
tion. Testing was always conducted at the same time of
day (0800-1000 h) to reduce the effects of any diurnal
variations on hormonal concentrations. Before a resting
blood sample was obtained, a 20-min equilibration period
was used. Subjects knew they would not start exercising
until 10 min after the resting blood sample was ohtained.
This procedure was shown during pilot testing to elimi-
nate any significant anticipatory increases in resting
hormonal concentrations. Water intake was allowed ad
libitum throughout the exercise protocols and recovery.
Furthermore, urine specific gravity measurements and
dietary logs were used to screen for hydration status be-
fore each test. The venous blood samples were obtained
from a 20-gauge indwelling Teflon cannula placed in a
superficial arm vein kept patent with isotonic saline (30
ml/h). Blood samples were ohtained preexercise, midex-
ercise (i.e., after 4 of 8 exercises), at time 0 (immediately
postexercise), and at various time points (i.e., from 5 min
to 48 h) after the exercise session, depending on the spe-
cific blood variable examined. Whole blood was pro-
cessed, and, where appropriate, serum and plasma sam-
ples were stored in an ultralow freezer at —120°C until
analyses were performed. Samples were thawed only
once for the various analyses.

Biochemical analvses. Whole blood lactate concentra-
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tions were determined in duplicate via a lactate analyzer
(640, Wolverine Medical, Grand Rapids, MI). Hemoglo-
bin was analyzed in triplicate with the cyanmethemoglo-
bin method (Sigma Chemical, St. Louis, MO), and hemat-
ocrit was analyzed in triplicate with a standard microcap-
illary technique. The percent changes in plasma volume
were calculated according to the equations of Dill and
Costill (12). All other samples were assayed in duplicate
and were decoded only after analyses were completed
(i.e., they used blinded analyses). Serum creatinine and
urea and plasma glucose and ammonia were all deter-
mined via colorimetric assay methods (Sigma Chemical)
and a Gilford Stat Star spectrophotometer. Intra- and
interassay variances were all <5 and <7%, respectively.
For ammonia analyses blood was collected into pre-
chilled plastic syringes containing EDTA (1.2 mg/ml
whole blood), mixed gently, and centrifuged at 1,500 g at
1+°C for 15 min. Each blood draw was collected via a
three-way stopcock into plastic syringes. The blood for
serum measures was transferred from the syringe into
glass tubes, sealed, and allowed to clot at room tempera-
ture. The clotted blood was then centrifuged at 1,500 g
for 15 min at 4°C. The resultant serum was extracted and
stored in 1.5-ml Eppendorf tubes. Determinations of the
different concentrations for the various radioimmunoas-
savs were accomplished with the use of a Beckman 5500
gamma counter and on-line data reduction system. Con-
centrations of serum testosterone, growth hormone, cor-
tisol, and total insulin-like growth factor 1 were deter-
mined by radioimmunoassays. Total testosterone was
measured with '®] solid-phase radioimmunoassay (Diag-
nostic Products, Los Angeles, CA) with a detection limit
ot (.38 nmol/l. Intra- and interassay variances were cal-
culated to be <3.0 and <5.1%, respectively. Growth hor-
mone was measured with an '?1 liquid-phase radioimmu-
noassay with double-antibody technique (Cambridge
Medical Diagnostics, Billerica, MA) with a limit of detec-
tion of 0.24 ug/l. Intra- and interassay variances were
calculated to be <3.6 and <5.2%, respectively. Total in-
sulin-like growth factor [ was measured with 2’1 double-
antibody disequilibrium radioimmunoassay with a pre-
liminary octadecasilyl-silica extraction procedure (Inc-
Star. Stillwater, MN), the limit of detection being <2.0
nmol/l. Intra- and interassay variances were <4.7 and
<5.2%. respectively. Serum cortisol concentrations were
assaved with a solid-phase '**I radioimmunoassay tech-
nique (Diagnostic Products). The intra-assay variance
was <3.1%, and the interassay variance was <7.1%.

Statistical analvses. Statistical evaluation was accom-
plished by a multivariate analysis of variance with re-
peated measures. Subsequent post hoc pairwise differ-
ences were determined using Tukey tests when appro-
priate. Pearson product-moment correlational analyses
were used to examine various bivariate relationships.
Dependent ¢ tests were used for comparisons of the total
work of the two series of heavy-resistance exercise proto-
cols. The significance level tor this wvestigation was set
at P < 0.05.

RESULTS

Overall, no systematic patterns of correlations were
observed hetween the different variables. There was only

a limited number of random significant correlations ob-
served between growth hormone and lactate at various
time points within several protocols. None of the signifi-
cant correlations was observed between growth hormone
and total insulin-like growth factor I. A significant corre-
lation between all lactate and ammonia concentrations
in the H10/1 protocol was observed (r = 0.73).

No significant differences between resting values for
the blood concentrations of any of the analyses were ob-
served. In Fig. 2 the response patterns of serum growth
hormone and testosterone are shown. No significant in-
creases above rest in growth hormone were observed in
series 1, but a significant decrease was observed at 90 min
postexercise for all three exercise protocols. In series 2
serum growth hormone demonstrated significant in-
creases above resting concentrations with the H10/1
protocol at 0, 5, and 15 min postexercise and significant
reductions in postexercise values at 90 and 120 min post-
exercise for the H10/1 and H5/1 protocols. The increases
observed for the H10/1 postexercise were significantly
greater than corresponding time points of the other exer-
cise protocols in series I and 2.

The changes in serum testosterone after the various
heavy-resistance exercise protocols can be seen in Fig.
2B. No significant changes from resting concentrations
were observed for any of the heavy-resistance exercise
protocols.

The changes in serum total insulin-like growth factor |
and serum cortisol are presented in Fig. 3. No significant
changes from resting concentrations were observed for
serum total insulin-like growth factor I after any of the
heavy-resistance exercise protocols.

Changes in serum cortisol are shown in Fig. 3B. A sig-
nificant increase above resting concentrations immedi-
ately postexercise for the S10/3 protocol was observed.
In series 2 serum cortisol was significantly elevated in the
H10/1 protocol above resting values at midexercise and
at 0 and 5 min of the recovery period. The H5/1 protocol
demonstrated significant increases above rest at 5and 15
min postexercise. The increased cortisol concentrations
in the H10/1 protocol were significantly greater than the
increases at measured corresponding time points for the
H5/1 protocol at midexercise and immediately after ex-
ercise (0 min) and at all measured time points for the
H10/3 protocol. The increases in the H5/1 protocol at 5
and 15 min postexercise were greater than the 5- and
15-min values for the corresponding H10/3 protocol. The
cortisol increases in the S10/3 protocol were greater than
the increases at all of the measured time points in the
S5/3 protocol and greater than the increase immediately
postexercise (0 min) in the S5/1 protocol. The increase in
cortisol immediately postexercise for the S10/3 protocol
was significantly greater than the increase at the corre-
sponding time point for the H10/3 protocol.

The changes in plasma glucose, whole blood lactate,
and plasma ammonia values can be seen in Table 3. Sig-
nificant decreases in plasma glucose were observed for
the $5/3 and S10/3 protocols at 90 and 120 min postexer-
cise. In series 2 significant decreases were observed for
plasma glucose after all three heavy-resistance exercise
protocols at 60, 90, and 120 min postexercise. No signifi-
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FIG. 2. Means + SD of serum growth hormone (A) and serum testosterone (B) during series I (strength, S) resis-
tance exercise protocols (left) and series 2 (hypertrophy, H) resistance exercise protocols (right). 85/3, S10/3, and 85/1,
series 1 exercise with 5 RM and 3-min rest periods, 10 RM and 3-min rest periods, and 5 RM and 1-min rest periods,
respectively; H10/1, H10/3, and H5/1, series 2 exercise with 10 RM and 1-min rest periods, 10 RM and 3-min rest
periods, and 5 RM and 1-min rest periods, respectively. Significant difference (P < 0.05) from corresponding preexer-

cise values for: @ all protocols, * H10/1 protocol, # H5/1 protocol.

cant differences between protocois were observed at
measured corresponding time points.

Significant increases above resting values were ob-
served in whole blood lactate for the S5/3 protocol at
midexercise and at 0, 5, and 15 min of recovery. The S5/1
protocol demonstrated significant increases in lactate at
midexercise and at 0, 5, 15, and 30 min of recovery. The
H10/1 protocoi elicited significant increases in lactate at
midexercise and at 0, 5, 15, and 30 min postexercise. Lac-
tate was increased at midexercise and remained elevated
for 5 min after exercise with the H5/1 protocol and for 15

min for the H10/3 protocol. The H10/1 protocol demon-
strated a significantly greater increase in lactate than the
other series 2 protocols except for the H10/3 protocol at 5
min postexercise. The H10/1 increases in lactate were
greater than the corresponding time points for all of the
protocols in series 1. At 5 min postexercise the increase in
lactate was also greater during the H10/3 protocol than
during the H5/1 protocol and all of the series 1 protocols.

Significant increases above resting values were ob-
served for plasma ammonia for the H5/1 exercise proto-
col at midexercise and at 0 and 5 min postexercise. The
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FIG. 3. Means + SD of serum insulin-like growth factor I (IGF-I; A) and serum cortisol (B) during series I resistance
exercise protocols {left) and series 2 resistance exercise protocols (right). Significant difference (P < 0.05) from corre-
sponding preexercise values for: * S10/3 protocol in A, * H10/1 protocol in B, * H5/1 protocol in B.

H10/1 exercise protocol produced significant increases
above resting values at midexercise and immediately
postexercise (0 min). The increases in plasma ammonia
in the H10/1 and H5/1 protocols were greater than those
at corresponding time points for the S10/3 and S5/1 pro-
tocols at midexercise and immediately postexercise (0
min) and the S5/3 and S5/1 protocols at 5 min postexer-
cise. No significant differences were observed 24 and 48 h
after exercise.

Table 4 shows the responses of serum creatinine and
urea. No significant changes in serum creatinine concen-
trations were observed after the various heavy-resistance
exercise protocols up to 48 h postexercise. No changes in

serum urea concentrations were observed with heavy-re-
sistance exercise in response to any of the protocols, and
no significant differences were observed 24 and 48 h after
exercise.

We did not see any significant differences in plasma
volume shifts between the different heavy-resistance ex-
ercise protocols. To make sure that the small nonsignifi-
cant changes in plasma volume shifts did not influence
our results, we corrected all values for plasma volume
changes. We found no significant differences between
corrected and uncorrected concentrations. Thus, we
have chosen to present the uncorrected values. This is
especially important as the tissues in various biocom-
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TABLE 4. Serum creatinine and urea values during the series 1 (S) and 2 (H) resistance exercise protocols

Pre Mid IPE 120 min 24 h 48h
Creatinine, pmol/l
S$5/3 2.78+0.38 2.84+0.62 2.45+0.52 4.62+4.09 3.58+1.26
S10/3 3.18+1.15 2.40+0.69 2.96x0.81 3.39+0.88 3.06+0.75
S51 2.45+0.61 4.45+2.62 2.52+0.69 3.00+£1.98 2.95+0.50
H10/1 3.48+1.39 3.52+0.75 4.09+1.49 5.59+6.14 3.16+0.32
H5/1 3.45+0.71 2.83+0.78 2.33+0.73 3.27+0.69 3.47£0.65
H10/3 3.13+0.56 2.851u.61 3.17+0.21 3.22+0.44 5.49+5.95
Urea, gtdl
S5/3 13.40+2.68 13.85+2.84 13.03+3.25 13.10+3.30 14.92+3.37 15.27+2.89
S10/3 13.43+2.49 14.58+2.84 13.04+2.49 15.11+3.16 14.55+3.14 14.70+3.95
$5/1 13.79+3.53 13.67+4.03 14.03+4.41 15.28+3.44 13.20+3.36 14.84+5.28
H10/1 13.23+2.50 13.53+2.76 12.97+2.23 13.88+3.19 13.56+2.12 14.09+2.38
H5/1 15.88+2.94 16.14+3.65 15.71+4.37 15.44+2.26 14.45+3.65 14.87+4.11
H10/3 14.65+3.46 14.96+4.13 15.21+5.39 14.62+3.16 13.66+3.42 13.89+2.91

Values are means + SD.

partments and target receptors for hormones are ex-
posed to the actual molar concentrations. As previously
observed for men, peak values were not correlated with
initial concentrations of the hormones (23). Changes in
plasma volume shifts during recovery were almost negli-
gible. The greatest percent changes in plasma volume
were observed pre- to postexercise and were as follows
for the different resistance exercise protocols: series I:
$5/3 —1.05 + 4.20% (SD), S10/3 —0.05 + 5.1%, and S5/1
—0.91 + 4.5%; series 2: H10/1 -5.6 + 4.6%, H5/1 —-0.16 +
5.21%, and H10/3 —3.5 + 4.68%.

DISCUSSION

The primary finding in this investigation was that
heavy- resistance exercise protocols did elicit differential
increases in peripheral concertrations of growth hor-
mone and cortisoi but did not alter serum conczntrations
of testosterone or total insulin-like growth factor I. The
most striking differences between exercise protocols
were the marked increases in growth hormone, cortisol,
ammonia, and lactate in response to the exercise stimu-
lus configuration of the H10/1 protocol.

We have previously observed for women as well as for
men that the H10/1 protocol, which produced the highest
blood lactate values, resulted in a clear and sustained
elevation of growth hormone concentrations from midex-
ercise through 30 min of recovery (22, 23). This study
extends our previous work with women in demonstrating
that when the length of the rest period was increased to 3
min (i.e., H10/3) or when the resistance used was in-
creased to 5 RM (i.e., H5/1), thereby shortening the dura-
tion of the set, marked reductions in the responses of
serum growth hormone were observed, resulting in no
increase above resting concentrations. These new data
have also confirmed our previous findings of a lack of a
growth hormone response to the S5/3 protocol in addi-
tion to having shown that alterations in resistance (i.e.,
S10/3) or rest period length (i.e., S5/1) did not effectively
aiter the response of serum growth hormone. These find-
ings may be due to the much higher resting baseline of
growth hormone found in women during the early follicu-
lar phase of the menstrual cycle, which further under-
scores the importance of the configuration of the resis-

tance exercise stimulus to elicit a change (22). From the
limited number of interseries comparisons, it appears
that the total work performed did not influence this re-
sponse,

Although the relative contributions of various regula-
tory mechanisms for growth hormone remain unclear,
the increases observed might have been affected by hyp-
oxia, acid base shifts, and breath holding (13, 36-39).
These observations extend the results of Vanhelder et al.
(40) and support our previous investigations (22, 23) by
demonstrating that exercise that produces greater de-
mands on anaerocbic glycolysis stimulates marked serum
growth hormone elevations. This suggests that factors
related to anaerobic metabolism are involved in the regu-
latory control of growth hormone. We hypothesize that
the increased acidosis resulting in marked increases in
hydrogen ion concentrations may be the primary physio-
logical cue for growth hormone release (37).

As has been previously demonstrated for men, it was
demonstrated in this investigation that the blood lactate
changes were significantly influenced by the rest period
length and the duration of the exercise set of repetitions
(22, 23). The H10/1 protocol combination, which in-
volved a short rest period and longer duration sets, re-
sulted in the highest elevations in blood lactate; the time
to perform a 10-RM set was longer than the time needed
to perform a 5-RM set. It is interesting to note that the
intensity of the exercise as defined by force production
was higher for the 5-RM resistance. When exercise dura-
tion was reduced or rest period length was increased, the
resulting blood lactate levels were lowered. This type of
response relative to the intensity of the exercise stress is
unique to exercise when expressed as a function of the
maximal force production capabilities of the muscula-
ture.

The reductions in blood glucose observed 60 to 120 min
after the majority of the heavy-resistance exercise proto-
cols may be due to decreases in serum growth hormone in
the later stages of the 2-h recovery period (33). Growth
hormone has a complex influence on carbohydrate me-
tabolism, with its net effect being to increase blood glu-
cose concentrations and decrease glucose utilization. Re-
ductions in growth hormone may allow for greater sensi-
tivity to insulin changes by increasing the affinity of
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insulin for its receptor (30). Thus, growth hormone re-
ductions may effectively inhibit mechanisms that serve
to spare glucose.

Growth hormone promotes protein synthesis (25, 29).
Protein catabolism, as marked by higher ammonia, in-
creases in the H10/1 protocol by midexercise. This in-
creased protein catabolism may have contributed to an
increased signal strength for growth hormone release.
The reasons for the lack of an increase in growth hor-
mone despite increases in ammonia in the H5/1 workout
are unclear but may be related to the magnitude of pro-
tein catabolism. The lack of changes in urea concentra-
tions may further indicate limited protein degradation,
as the biochemical reactions of the urea cycle may not be
fully triggered. Thus, one might speculate that there was
a limited protein degradation after the H5/1 resistance
exercise protocol. On the basis of the work of Clarkson
and Tremblay (7), who used a muscle damage model,
previous strength training has been shown to provide a
protective effect for muscle protein. Protein catabolism
may indeed not be of a very high magnitude when the
normal remodeling process of muscle after heavy-resis-
tance exercise is underway (21). Therefore, the contribu-
tion of protein catabolism to regulatory mechanisms of
growth hormone may not be very great under these con-
ditions.

The adaptational importance of an augmented re-
sponse of growth hormone to a heavy-resistance exercise
protocol remains to be determined. The examination of
the possible roles of certain hormones in the tissue re-
modeling processes may be highly dependent on the type
of protocol used for exercise training and the phase of the
menstrual cycle. Data from this investigation support
this hypothesis by demonstrating that only a certain con-
figuration of resistance exercise elicits increased growth
hormone concentrations. The influence of each phase of
the menstrual cycle on resistance exercise responses of
Formones remains unknown. In general, resting and ex-
e ‘cise-induced changes in hormone concentrations have
been previously observed to be affected by the status and
phase of the menstrual cycle (10, 11). It is interesting
tha: the H10/1 protocol used in this study is characteris-
tic of the lifting protocol used by body builders to gain
optimal muscle size (24). How changes in strength would
affect these responses remains unclear.

The lack of an increase in total insulin-like growth
factor I in this study may have been due to the facts that
growth hormone stimulates mRNA synthesis and that
release of insulin-like growth factor I from hepatic
sources peaks 3 to 9 h later (4, 31). Any changes with
exercise are further complicated by the complex interac-
tions with transporter proteins, attachment and release,
receptor equilibrium, and receptor binding actions (5, 27,
31). Previously observed increases in total insulin-like
growth factor I observed for men and women consequent
to exercise are difficult to explain but may be due to a
number of concentrating mechanisms in the blood (e.g.,
clearance rates), increases in transporter proteins, or re-
lease from other nonhepatic cells (e.g., fat cells and mus-
cle and connective tissue cells) due to tissue disruption
from exercise.

In this investigation, none of the heavy-resistance ex-

ercise protocols caused elevated levels of serum testos-
terone concentrations in women. It is unknown what ex-
ercise-induced mechanisms may lead to altered testos-
terone concentrations in women. The women in this
study were recreationally trained, but a previous investi-
gation comparing untrained and highly competitive
women weight lifters found no differences in resting
serum testosterone concentrations (35). Thus, acute or
chronic alterations in testosterone concentrations may
be dependent on individual differences and a larger con-
tribution from adrenal sources.

The larger increases that have been observed for men
appear to be mediated through the pituitary-testicular
axis, either by increased secretion rates or by alterations
in testicular blood flow, instead of through systematic
fluid shifts or reduced hepatic clearance rates (6, 32).
Although levels of androstenedione are 10-fold higher
than levels of testosterone in women and are responsive
to resistance exercise, testosterone and dihydrotestos-
terone are still the more potent musculotrophic andro-
gens, with important target receptors. The lower levels of
these androgens normally encountered in women and the
absence of their stimulation by any of the different
heavy-resistance exercise protocols in this study suggest
why women typically do not achieve the absolute levels of
upper body muscularity and strength achieved by men (3,
26, 35). Although one study has demonstrated that smalli
increases in serum testosterone may be possible in some
women (9), our study supports previous investigations in
our laboratory and those of others that have found no
acute effects on serum testosterone concentrations with
acute exercise or training (14, 18, 20, 22, 41, 42). In
women, it appears that other endogenous anabolic hor-
monal mechanisms may play a more prominent role in
physiological adaptations to heavy-resistance training.

In summary, heavy-resistance exercise stimulated
acute increases in serum growth hormone and cortisol.
The differences among protocols were related to the
changes in the resistance used and the amount of rest
allowed between sets and exercises. The most marked
increases in growth hormone, cortisol, lactate, and am-
monia were observed in response to the H10/1 protocol,
which was a combination of short rest periods and long-
duration moderately heavy resistance. Our data indicate
that it is important that the design of heavy-resistance
exercise protocols used to study physiological adapta-
tions is carefully configured because of such acute physio-
logical differences. How resistance exercise-induced dif-
ferences are affected by the menstrual cycle remains to
be studied. Furthermore, the role of anabolic hormones
in mediating the chronic adaptations of protein accretion
and muscle hypertrophy resulting from heavy-resistance
training requires further study.

The authors thank Dr. John Patton for helpful comments on this
manuscript; Chuck Cruthirds, Andrew Damokosh. Dan Jones, Dinni
McCurry, and Alan Vela for help in data coliection and biochemical
analyses; Joann Ruble and Dr. Andrew C. Fry for help in preparing and
proofing this manuscript; Dr. James Vogel for support of this line of
research; Dr. Paul Rock for help in the medical monitoring of this
project; and a very dedicated group of test subjects, without whose hard
work and enthusiastic efforts this project would not have been possible.

This work was supported in part by a grant from the Robert F. and

)
[
x,

°
&

o

°

°

) [ )

°

°

°

°

°

° o



HORMONAL RESPONSES OF WOMEN TO HEAVY-RESISTANCE EXERCISE 603

Sandra M. Leitzinger Research Fund in Sports Medicine at Pennsyl-
vania State Univ.

The views, opinions, and/or findings contained in this report are

those of the authors and should not be construed as an official Depart-
ment of the Army position. policy, or decision, unless so designated by
other official documentation.

Address for reprint requests: W. J. Kraemer, Center for Sports Medi-

cine, 117 Ann Bldg., The Pennsylvania State Univ., University Park,
PA 16802.

Received 20 July 1992; accepted in final form 16 February 1993.

REFERENCES

1.

10.

i8.

ABRAHAM, G. E. Ovarian and adrenal cunt'ribution to peripheral
androgens during the menstrual cycle. J. Clin. Endocrinol. Metab.
39: 340-346, 1974.

2. ALLEN, R. E.. R. A. MERKEL, AND R. B. YOUNG. Cellular aspects of

muscle growth: myogenic cell proliferation. J. Anim. Sci. 49: 115-
127. 1979,

. BAECHLE, T. R. Women in resistance training. Clin. Sports Med. 3:

791 -808, 1984,

. BERELOWITZ. M.. M. SzABO, L.. A. FROHMAN, S. FIRESTONE, AND

[.. CHU. Somatomedin-C mediates growth hormone negative feed-
back by effects on both the hypothalamus and the pituitary.
Science Wash. DC 212: 1279- 1281, 1981.

. BLum, W. F.. E. W. JENNE, F. REPPIN. K. KIETZMANN, M. B.

RANKE. AND J. R. BIERICH. [nsulin-like growth factor I
tIGF-D-binding protein complex is better mitogen than free IGF-1.
Endocrinology 125: 766772, 1989.

. CADOUX-HUDsON, T. A.,.J. D. FEwW. AND F. J. IMMs. The effects of

exercise on the production and clearance of testostercne in well
trained voung men. Eur. J. Appl. Physiol. Occup. Physiol. 54: 81 -86,
1969.

. CLARKSON, P. M., AND | TREMBLAY. Exercise-induced muscle

damage. repair. and adaptation in humans. /. Appl. Physiol. 65:
1 6. 1988,

. CosTiLL, D. L., aAND E. L. FoXx. Energetics of marathon running.

Med. Sei. Sports 1: 81-86, 1969.

Crmuming, D. C.. 8. R. WaLL, M. A. GALBRAITH AND A. N. BEL-
CASTRO. Reproductive hormone responses 1o resistance exercise.
Med. Sei. Sports Exercise 19: 234-2:38, 1987,

DE Souza, M. .J.. M. S. MAGUIRE, C. M. MARESH, W. J. KRAEMER.
K. RUBEN, AND A. B. LOUCKsS. Adrenal activation and the prolactin
response to exercise in eumenorrheic and amenorrheic runners. J.
Appl Physicl 70: 23782387, 1991,

. DESouza, M. ... C. M. MARESH. M. 5. MAGUIRE, W..J. KRAEMER.

(;. FLORA-GINTER. AND K. L. GOETZ. Menstrual status and plasma
vasopressin. renin activity. and aldosterone exercise responses. oJ.
\ppl. Physiol. 67: 736 743, 1989

. s, DB AND D L. CosTILL. Calculation of percentage changes

in volumes of hlood. plasma, and red cells in dehydration. JJ. Appl.
Physiol. 37: 247 248, 1974,

3. DJAROVA, R.. A. ILKOV. A. VARBANOVA, A. KIKIFOROVA, AND G.

MATEEV. Human growth hormone. cortisol and acid-base balance
changes after hyperventilation and breath-holding. Int. J. Sports
Med. 70 311-315. 1986.

. FAHEY. T. D.. R. RoLPH. P. MOUNGMEEF, .J. NAGEL, AND S. MOR-

TARA. Serum testosterone, body composition and strength of
voung adults. Med. Sci. Sports 8: 31-34, 1976.

. FITZGERALD. P. L., J. A. VOGEL, J. MILETTI. AND J. M. FOSTER. An

Improved Portable Hvdrostatic Weighting Svstem for Body Composi-
tion. Natick. MA: US Army, 1987. (USARIEM Tech. Rep. T4-88)

. FLORINL J. R. Hormonal control of muscle cell growth. J. Anim.

Set. 61° 2137, 1985.

. FRY. A. C., W. ). KRAEMER, C. A. WESEMAN, B. P. CoNROY, 8. E.

(:oRDON, .J. R. HOFFMAN, aAND C. M. MARESH. The effects of an
off-season strength and conditioning program on starters and non
starters in women's intercollegiate volleyhall. /. Appl. Sport Sci.
Res. 5: 174-181, 1991.

HAKKINEN, K., A. PAKARINEN, H. KYROLAINEN, S. CHENG, D. H.
KiM, AND P. V. KoMI. Neuromuscular adaptations and serum hor-
mones in females during prolonged power training. Int. J. Sports
Med. 11: 91-98, 1990,

. KRAEMER, W. J. Hormonal mechanisms related to the expression

of muscular strength and power. In: The Encvclopaedia of Sports

20.

21.

22.

23.

24,

25.

26.

28,

30.

31.

32.

33.

4.

35.

36.

37.

38.
39.

Medicine: Strength and Power. edited by P. V. Komi. London:
Blackwell Scientific, 1992, p. 64 - 76.

KRAEMER, W. J. Endocrine respunses and adaptations to strength
training. In: The Encvelopaedia of Sports Medicine: Strength and
Power, edited by P. V. Komi. London: Blackwell Scientific, 1992, p.
291-304.

KRAEMER, W.J., J. E. Dz1ADOS, L.. J. MARCHITELLY, S. E. GORDON,
E. A. HARMAN, R. MELLOW, S. J. FLECK, P. N. FRYKMAN, AND
N.T. TRIPLETT. Effects of different heavyv-resistance exercise pro-
tocols on plasma 3-endorphin concentrations. J Appl. Physiol. 74:
450-459, 1993.

KRAEMER, W. J_, S. E. GORDON, 8. J. FLECK, L.. J. MARCHITELLI,
R. MELLO, J. E. Dziapos, K. FRIEDL. E. HARMAN, C. MARESH,
AND A. C. Fry. Endogenous anabolic hormonal and growth factor
responses to heavy resistance exercise in males and females. Inter
J. Sports Med. 12: 228-235, 1991.

KRAEMER. W. ], L. MARCHITELLI, D. MCCURRY. R. MELLO, J. E.
Dziapos, E. HARMAN, P. FRYKMAN, S. E. GORDON, AND S. ).
FLECK. Hormonal and growth factor responses to heavy resistance
exercise. J. Appl. Physiol. 69: 1442 1450, 1990,

KRAEMER, W. J., B. J. NOBEL, M. J. CLARK. aAND B. W. CULVER.
Physiologic responses to heavy-resistance exercise with very short
rest periods. Int. J Sports Med. 8: 247 252, 1487,

KuoppasaLml. K., AND H. ADLERCREUTZ. Interaction between ca-
tabolic and anabolic steriod hormones in muscular exercise. In:
Exercise Enducrinolugy, edited by K. Fotherby and 8. B. Pal. Berlin:
de Gruvter, 1985, p. 65- 98.

L.AauBACH. L. L. Comparative muscular strength of men and
women: a review of the literature. Aviat. Space Enciron Med 47:
534-542, 1976,

. LEUNG, D. W., S. A. SPENCER. (G. CACHIANES, R. G. HAMMONDS,

C. CoLLINS, W. J. HENZEL. R. BARNARD. M..). WATERS. AND W. .
Woob. Growth hormone receptor and serum hinding protein: puri-
fication, cloning and expression. Nature Lond. 330: 537 543, 1987,
MacDouGALL. .. D., G. R. WARD, I). GG. SALE. AND J. R. SUTTON.
Biochemical adaptation of human skeletal muscle to heavy resis-
tance training and immobilization. .JJ Appl. Phyvsiol 43: 700 703,
1977,

. NoaLrL. M. W, T. R. RicGs. L. M. WaLKER, AND H. N. CHRISTEN-

SEN. Endocrine control of amino acid transfer. Distribution of an
unmetabolizable amino acid. Science Wash DO 126: 1002, 1957
Rizza, R. A.. L. J. MANDARINO. AND J. E. GERICH. Effects of
growth hormone on insulin action in man: mechanisms of insulin
resistance. impaired suppression of glucose production, and im-
paired stimulation of glucose utilization. Ihabetes 31: 563 669,
1982.

RoOSENFELD. R. .. AND A. R. HOFFMAN. Insulin-like growth fac-
tors and their receptors in the pituitary and hypothalamus. In:
Insulin, Insulin-Like Growth Factors, and Their Receptors tn the
Central Nervous System, edited by M. K. Raizada. M. 1. Philhps,
and D. LeRoith. New York: Plenum Press. 1987, p. 277 -295.
RoweLL, L. B., J. R. BLACKMAN. aAND R. A. BRUCE. Indocvanine
green clearance and estimated hepatic hlood flow during mild to
maximal exercise in upright man. J. Clin. Invest. 43: 1677 1690,
1964.

SONNTAG, W. E., L. J. FORMAN. N. MIK1, AND J. MEITEX. Growth
hormone secretion and neuroendocrine regulation. In: Handbook
for Endocrinology. edited by G. H. Bass and H. M. Kaplan. Boca
Raton, FL: CRC, 1982, p. 3% 59.

StARON, R. S, M. J. LEONARDI, D. I.. KARAPONDO, E. 5. MALICKY.
J. E. FALKEL, F. C. HAGERMAN, AND R. S. HIKIDA. Strength and
skeletal muscle adaptations in heavy-resistance-trained women
after detraining and retraining. -J. Appl. Physiol. 70: 631-640, 1991.
StogssEL. L., M. H. STONE, R. KEITH, D). MARPLE. AND R. JOHN-
SON. Selected physiological, psvchological and performance char-
acteristics of national-caliber United States women weightlifters.
J. Appl. Sport Sci. Res. 5: 87-95, 1991.

SUTTON, J.. AND L. LAZARUS. Effect of adrenergic blocking agents
on growth hormone responses to physical exercise. Horm. Metab.
Res. 6: 428-429, 1974.

SuUTTON, J.. AND L. LAZARUS. Growth hormone in exercise: compar-
ison of physiological and pharmacological stimuli. ./ Appl. Physiol.
41: 523-527, 1976.

SUTTON, J. R. Effect of acute hypoxia on the hormonal response to
exercise. J. Appl. Physiol. 42: 587 -592, 1977.

TRrIPLETT. N. T.. M. H. STONE. C. Apams, K. D. ALLRAN, AND




664

40.

41

|
T, W. SMITH. Effects of aspartic acid salts on fatigue parameters
during weight training exercise and recovery. J. Appl Sport Sci.
Res. 4: 141-147, 1990.
VANHELDER. W. P. M. W. RApOMSKI, AND R. C. GOODE. Girowth
hormone responses during intermittent weight lifting exercise in
men. Kur. J. Appl. Phyvsiol Occup. Physiol. 53: 31 34, 1984,
WEiss, L. W., K, J. CURETON, aAND F. N. THoMPSON. Comparison
of serum testosterone and androstenedione responses to weight
litting in men and women. Eur J. Appl. Physwl Occup. Physiol 50:
413 419, 1983.
WESTERLIND, K. .. W. . BYRNEs. P. S. FREEDSON, AND F. [

DTIC QUALITY (NSPECTED 8

HORMONAL RESPONSES OF WOMEN Tu HEAVY . RESISTANCE EXERCISE

KATCH. Exercise and serum androgeas in women. IPhysician
Sportsmed. 15: 87 94, 1987

. WILMORE, J. H., AND D. [.. COSTILL. Semiautomated systems ap

proach to the assessment of oxyvgen uptake during exercise. o Appl
Physiol 36: 618-620, 1974,

. WILMORE, J. H., P. A. VODAK, R. B. PARR, R. N. GIRONDOLF. AND

J. F.. BEHIRG. Further simplification of a method for determination
of residual lung volume. Med Sci. Sports Exercise 12: 216 218,
19810).

5. WINTER, 1). A. Biomechanies of Human Movement. New York: Wi

lev & Sons, 1979, p. 151 152

Accesion For

NTIS CRA&I 4
DTIC TAB -
Unannournced 7
Justihication

By . .:
Distnbution |

Availability Codes M

. Avail and/or
Dist Special

n,



