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Familial aggregation and a major gene effect were assessed for baseline serum sex hormone-binding globulin (SHBG) levels
and the response (post-training minus baseline) to a 20-week endurance training program in a selected sample of 428
non-obese nonhypertensive individuals from 99 white families who were sedentary at baseline in the HERITAGE Family Study.
Baseline SHBG levels were not normally distributed, and were therefore logarithmically transformed prior to genetic analyses.
In a sample without postmenopausal mothers, maximal (genetic and familial environmental) heritabilities were 50% averaged
across sexes, 73% in men, 50% in women, and 31% in men versus women for the age-body mass index (BMl)-adjusted
baseline. The estimate reached 64% when the baseline was further adjusted for the effects of estradiol, fasting insulin, and
testosterone levels. For the response to training, no sex difference was found and the heritability reached about 25% to 32%.
Segregation analysis was separately performed in the whole sample and in the sample without postmenopausal mothers. In
addition to a multifactorial effect for both the baseline and the response to training, a major effect for the baseline appeared to
be familial environmental in origin, whereas a major effect for the response to training was Mendelian in nature. The major
gene effect for the response to training in the whole sample was undetectable in the sample without postmenopausal
mothers, and it is therefore possible that the postmenopausal mothers, characterized by decreased sex hormones with or
without estrogen replacement therapy for menopause, produced some confounding effects. In addition, the reduced sample
size might also be a plausible candidate explanation. The novel finding in this study is that baseline SHBG levels and the
response to training were influenced by a multifactorial effect with sex difference for the baseline. The response to training
appeared to be additionally influenced by a single recessive locus that is independent of baseline SHBG levels.
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UMAN SEX HORMONE-BINDING globulin (SHBG) is  hirsutism. Low levels of SHBG are also associated with
a circulating steroid-binding plasma glycoprotein synthe-increased triglycerides, decreased high-density lipoprotein cho-
sized by hepatocytes that not only specifically binds andlesterol, obesity, and other cardiovascular risk factdfs.
transports androgens and estradiol but also regulates the bioavail- The genetic heritability for SHBG levels in twin studies is
ability and metabolic clearance of sex sterdid®ecent studies  negligible (£5%)11-1*However, a significant heritability (62%)
have identified a specific membrane receptor for SHBG (SHBGwas reported in a recent twin stddyin which SHBG levels
R). More interestingly, the SHBG/SHBG-R complex was found were measured using a radioimmunometric procedure rather
to be an amplifier of androgen action in prostate cells and anhan a competitive protein binding technicté$ Furthermore,
antagonist of estradiol action in breast cancer cells mediated vigy the San Antonio Family Heart Study, the heritability for
cyclic 3,5'-adenosine monophosphate and successive activatiolHBG measured using a radioimmunometric procedure (Diag-
deactivation of the intracellular receptor, protein kinas&*A. nostic System Laboratories, Webster, TX) was estimated to be
Increased levels of SHBG are associated with cirrhosis of the310417 Results of segregation analysis for SHBG levels were
liver and anorexia nervosa, while decreased levels of SHBGyot reported previously. According to’ Beveet al28 the SHBG
have been associated with polycystic ovarian syndrome andtrctural gene is located on human chromosome 17p12-13;
however, the effects of this locus remain unknown, and other
unidentified loci may influence the variation of SHBG levels in
From the Division of Biostatistics and Departments of Genetics andindividuals!”
Psychiatry, Washington University School of Medicine, St Louis, MO;  Conflicting results were found in previous reports on the
Physical Activity Sciences Laboratory, Laval University, Quebec, gcute SHBG response to exercl8&2 While Tegelman et &
anada; Schqol of Ki_nesiology and Leisure Stgdie;, University oftound no change in SHBG levels in response to exercise,
Minnesota, Minneapolis, MN; Department of Kinesiology, Indiana | .y yinen et 239 and Caballero et & found an increase and a
University, Bloomington, IN; Department of Health and Kinesiology, . . L .
decrease in SHBG levels in response to training, respectively. It

Texas A&M University, College Station, TX; and Pennington Biomedi- =~ . .
cal Research Center, Louisiana State University, Baton Rouge, LA, 1S interesting to note that when the same exercise protocol was
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University of Minnesota Clinical Research Center, and in part by the Although the exact cause is uncertain, serum SHBG levels
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The initial physical activity level was controlled for in the Table 1. Unadjusted Baseline SHBG and the Change
HERITAGE Family Study by requiring all participants to be in Response to Training
sedentary at baseline, ie, not engaging in regular physical Fathers Mothers}
activity over the previous 6 months. This study is unique in that Variable No. Mean + SD No. Mean + SD
SHBG levels were as_sgssed befor(_a gnd after_ a 20-wee'r\Age N 93 535 = 5.4 46 486 < 261
endurance exercise training program in intact families, so the g cqjine
familial aggregation and a major gene hypothesis for both \eignt (kg) 93 87.5+153* 46 70.8 = 12.9%t
baseline SHBG and the response to training data can be gmi (kgim2) 93 283+ 45t 46  27.0 + 5.1t
assessed. It is known that estradiol levels are positively SHBG (nmoliL) 93 44.4 = 17.6*t 46 83.8 * 45.3*
associated with SHBG levels, whereas obesity, insulin, and Log (SHBG) 93 3.7 £ 0.4*t 46 4.3 *0.6*
testosterone levels are negatively associated with SHBG lev-Response to training
els2426 Our data were accordingly adjusted for the effects of ~ Weight (kg) 93 —04=x18t 46 —04x19
these variables to allow precise assessment of the effects of BM! (ko/m?) 93 ~01=06 46 -01=x08
genetic influences and familial environmental impacts. More- > 2€ (nmol/b) 93 ~01x83% 46 79253
over, postmenopausal mothers, with their sex hormone levels Sons Daughters
decreased significantly, may have received hormone (estrogenpge (yr) 136 254 *+ 6.2t 153 255 * 6.4t
replacement therapy for menopause in this study, which compli- Baseline
cates the data interpretation. Familial aggregation and segrega- Weight (kg) 136 825+ 16.9* 153 63.8 = 13.0*t
tion analyses were therefore performed in a sample without the BM! (kg/m?) 136 25.7x4.9*f 153 235*4.3*t
postmenopausal mothers. Since the sample size is more sensi- SHEC (nmoliL) 136 351+ 150%t 153 87.6 x 47.4x
tive to segregation analysis, the major gene hypothesis was Log (SHBG) - 186 35047 153 43057
- . . Response to training
additionally and separately assessed in the whole sample in the Weight (kg) 136 —0.3+ 2.3t 153 0.0 %22
present study. BMI (kg/m?) 136 —01:07 153 0008
SHBG (nmoliL) 136 0.1+80 153 3.4 + 435t

SUBJECTS AND METHODS
*Significant (P < .05) mean differences for father-mother or son-

Sample daughter (within-generation) comparisons.

The HERITAGE Family Study was designed to investigate the role of ~ TSignificant (P < .05) mean differences for father-son or mother-
the genotype in cardiovascular, metabolic, and hormonal responses fughter (within-sex) comparisons.
aerobic exercise training and the contribution of regular exercise to ¥46 of 90 mothers were premenopausal.
changes in cardiovascular disease and diabetes risk factors. A descrip-
tion of the HERITAGE Family Study protocol, population, and
inclusion and exclusion criteria has been publistred. training program (24 hours after the exercise training session). For
A total of 428 individuals (not including postmenopausal mothers) eumenorrheic women, all samples were obtained in the early follicular
from 99 white families (229 men and 199 women) were available for phase of the menstrual cycle. Fasting serum was prepared according to a
this study. Participants with incomplete pre- and post-training SHBGstandard protocol. After centrifugation of the blood at 2,609 for 15
measurements were excluded from the sample. Of 90 mothers in theinutes at 4°C, 2 aliquots of 2 mL in cryogenic tubes were frozen at
whole sample, 44 were not premenopausal. Table 1 shows the sample80°C until shipment in the following month. Serum samples from the
size within 4 sex< generation groups (fathers, premenopausal mothers3 US HERITAGE Clinical Centers were shipped in the frozen state to
sons, and daughters) for baseline SHBG levels and the response tbe HERITAGE Steroid Core Laboratory at the Molecular Endocrinol-
training. Black families also were recruited and measured in theogy Laboratory of Laval University Medical Center for analysis. Serum
HERITAGE Family Study, but the results are not included in this report. SHBG quantitative measurements were determined with a IRMA-count
immunoradiometric assay using iodine 125 (Diagnostic System Labora-
Exercise Training Program tories).
The reproducibility of the baseline SHBG level was very high in the

Following the initial test battery, subjects completed a 20-week .
- - present study. Technical errors for repeated measures were 4.1 nmol/L
endurance training program (3 days per week for a total of 60 exercis ; .

. . . " 1n 325 men and 11.7 nmol/L in 420 women. Intraclass correlations for
sessions) on cycle ergometers (Universal Aerobicycle, Cedar Rapids

o -~ , repeated measures were greater than .97 in men and women. The
IA) that were computer-controlled to maintain the participants’ heart - o -
. . ) . : oefficient of variation for repeated measures was 11% and 15% in men
rate at a level associated with a fixed percentage of their maxima

s L n men, r ively. Th he phen rem r ith
oxygen consumption (8max). The training program started at 55% and women, respectively. Thus, the phenotypes were measured wit

VoZmax for 30 minutes per session and gradually increased to 759 hoeogespr)i(r::::tnc; t\:\g:mg;s necessary for a meaningful interpretation of
Vo,max for 50 minutes per session during the last 6 weeks of training. ’

The full test battery was administered again at the conclusion of the

training program. (See Skinner et®or details concerning the training  Data Adjustments

program.) All training sessions were supervised on-site, and adherence

: . Baseline SHBG levels were adjusted for the effects of a polynomial
to the protocol was strictly monitored.

in age (age, ageand agé) and body mass index (BMI) within each of

the 4 sexx generation groups on both the mean and the variance (eg,

heteroscedasticity) using a stepwise multiple regression procedure.
Blood samples were collected from an antecubital vein into vacu-Baseline SHBG levels were correlated with age in mers (27,

tainer tubes without anticoagulant in the morning after a 12-hour fastP = .001) and with the BMI (= —.37,P = .001), estradiolr(= .17,

with the participants in a semirecumbent position. They were obtained® = .004), testosterong & —.41, P = .001), and insulinr(= —.31,

twice at baseline (at least 24 hours apart) and twice following theP = .001) in men and women in the present study. Therefore, the

Measurements
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baseline was further adjusted for the effects of estradiol, insulin, andhe mean baseline SHBG, with higher levels in women versus
testosterone levels. The response to training was adjusted for aggen within generation. While there was no generation differ-
(polynomial) and baseline SHBG levels within each of the 4 38X ance in mothers and daughters, mean baseline SHBG levels

generation groups, and was additionally adjusted for the effects of th?/vere significantly higher in fathers than in sons. The mean

BMI and estradiol, insulin, and testosterone levels. For each of theChan e in response to training was sianificantly different
regressions, only terms that were significant at the 5% level were 9 P 9 9 Yy

retained. Each of the adjusted phenotypes used in the genetic analyéﬂ?tween fathers and mothers (but not significant between sons

was finally standardized to a mean of 0 and a SD of 1. and daughters) and between mothers and daughters (but not
significant between fathers and sons). For baseline SHBG
Familial Resemblance levels, the percentage of the variance accounted for by other

The computer program SEGPATHwas used to fit the sex-specific prlmar){ paran_ﬂeter_s was 24% (testosterone. an(f)agls%
familial correlation model directly to the family data using the (estradiol anq |nsu||n),_28% (te.stosterone and insulin), and 22%
maximum-likelihood method. The general model was based on 4(BMI, estradiol, and insulin) in fathers, mothers, sons, and
subgroups (fathers (f), mothers (m), sons (s), and daughters (d)), givinglaughters, respectively. For the response to training, the percent-
rise to 8 correlations in 3 familial classes (1 spouse (fm), 4 parent-age of the variance accounted for by other primary parameters
offspring (fs, fd, ms, and md), and 3 sibling (ss, dd, and sd)). Each nullwas 14% (baseline estradiol), 24% (baseline), 5% (baseline),
hypothesis was tested by comparison to the general model using thgnd 6% (baseline) in fathers, mothers, sons, and daughters,
likelihood ratio test (LRT), which is the difference in minus twice the respectively.
log-likelihood (=2 In L) obtained under the 2 models. In addition to the 4 jjia| correlation model-fitting results are listed in Tables 2
LRT, Akaike’s Information Criterion (AIC), which is-2 In L plus twice agd 3. For the age-BMI—adjusted baseline, all of the constrained

the number of estimated parameters, was used to compare non-neste . .
models3 The “best” model is the one with the smallest AIC. models were rejected, and according to the AIC, the general

The significance of various components of the familial resemblancgodel was the most parsimonious (A#¥€16.0). For the
was examined in models 2 to 4. Sex and generation dif‘ferencesage'BM|'estradiol‘inSUIin'testosterone—adjusted baseline, the
sex-specific hypotheses, and same-sex versus opposite-sex models waignificantP values suggested the presence of sibling (model 2),
tested in models 5 to 11. Finally, a single correlation was fit to the datgparent-offspring (model 3), and spouse correlations (model 4).
by equating all 8 correlations in model 12 (Tables 2 and 3). A
parsimonious model was obtained by combining the nonrejected
hypotheses into a single test and by the AIC. Maximal heritability was Table 2. Model-Fitting Summary for Baseline SHBG
computed using the familial correlations from the most parsimonious
model (Table 4). This estimate includes both polygenic and familial

Baseline* Baselinet

environmental sources of variance, and is adjusted for the degree of Model af P AC P AC

spouse resemblance. 1. General model 0 — 160 — 160
2. No sibling correlations

Segregation Analysis (ss=dd =sd =0) 3 <.01 382 <.01 48.1
3. No parent-offspring correlations

Segregation analysis, as implemented in the computer program
] . . ) fs = fd = =md=0 4 <.01 542 <.01 483

POINTER?333 was performed using the unified mixed moéfeThis (fs ms = ma )

; . 4. No spouse correlations (fm = 0) 1 <.01 247 <.01 282
model assumes that a phenotype is composed of the independent and ) A -

. I . . . . 5. No sex differences in offspring

additive contributions from a major effect, a heritable multifactorial (fs — fd, ms — md, ss — dd — sd) 4 <0l 255 09 160
background, and a unique environmental residual. The major effect is " " ! ’ ' ' '

. . . 6. No sex differences in offspring or
assumed to result from the segregation at a single locus with 2 alkeles ( arents (fs — fd — ms — md
anda). Theaallele is associated with higher trait values. Included in the p '

model are 7 parameters: (1) the overall varian¢® (2) the overall ss =dd =sd) o 5 =01 263 .03 187
. 7. No sex and no generation differ-
mean (1), (3) the frequency of tha allele @), (4) the displacement ences

between the 2 homozygous meat)s (5) the relative position of the
heterozygous mean or dominanch, (@nd (6 and 7) the multifactorial
heritability in offspring H) and in parentsHZ). The transmission
pattern of the major gene from parents to offspring is characterized by 3

(fs=fd=ms=md=ss=dd=sd) 6 <.01 26.7 .04 175
8. Single correlation
(fm=fs=fd=ms=md =ss =

parameters: (1%, is the probability that arAA individual transmits dd = Sd). ) 7o=01 263 .03 172
alleleA to the offspring, (2), is the probability thafatransmitsA, and 9. Sex-specific (fd = ms = sd, fs = ss,
1 er2 ' md = dd) 4 02 198 .01 205

(3) 73 is the probability thataa transmits A. Under Mendelian
transmissiony; = 1, 7, = 0.5, andrz = 0. When the 3r values are
equal, no transmission of the major effect is obtained. The following 3
conditions are usually required to infer a major génél) rejection of

the no-major-effect hypothesig &€ t = d = 0), (2) nonrejection of the
Mendelian transmission hypothesis (Mendeli&), and (3) rejection of
the no-transmission hypothesis (equead). Competing models are
tested for significance using the LRT.

10. Sex-specific (spouse included)
(fm =fd = ms = sd, fs = ss,
md = dd) 5 <.01 226 .01 20.7
11. Same sex v opposite sex
(fd=ms=sd,fs=md=ss=dd) 5 <01 215 .01 21.2
. Same sex v opposite sex (spouse
included) (fm = fd = ms = sd,

fs = md = ss = dd) 6 <01 231 .86 6.6
Parsimonious
RESULTS 1 0 — 160
The mean baseline SHBG and the response to training 12 6 86 6.6

(mean= SD) are shown in Table 1. Based on a comparison of *age-BMI-adjusted baseline.
standard errors (SEs), there were significant sex differences in tAge-BMi-estradiol-insulin-testosterone-adjusted baseline.
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Table 3. Model-Fitting Summary for SHBG Response to Training
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Table 6. For the baseline in the whole sample, the hypotheses of

Response* Responset no multifactorial effect (model 2), no major effect (model 3),
Model dF P AC P AC and no familial effect (model 4) were rejected, suggesting the
1 General model 0 — 160 — 160 presence of a multlfactorlf'il component qnd a major effect.
2. No sibling correlations Furthermo_re, the hypothesis of no genera_tl_on difference in the
(ss = dd = sd = 0) 3 02 199 11 160 multl_factorlal effect was not re_jecte_d. Additive (mgdel 7) anq
3. No parent-offspring correlations dominant (model 8) modes of inheritance were rejected, while
(fs = fd = ms = md = 0) 4 02 196 .07 167 the recessive mode (model 6) was not rejected. Tests on the
4. No spouse correlations (fm = 0) 1 .10 168 25 154 transmission probabilities were performed under the parsimoni-
5. No sex differences in offspring (fs = fd, ous Mendelian hypothesis (model 6, a recessive major gene
ms =md,ss =dd =sd) 4 10 159 .24 135 effect with no generation difference in the multifactorial compo-
6. No sex differences i offSpring or par- nent). The Mendelian’s (model 9) were rejected while the
ents(fs=fd=ms=md,ss=dd=sd) 5 .16 140 .29 122 s . .
T equalt’'s (model 10) were not rejected, and the latter provided
7. No sex and no generation differences h fi he d di he Al 10.7). Th .
(fs = fd = ms = md = ss = dd = sd) 6 21 125 38 104 the best fit to the data according to the AIC (. 0.7). The major
8. Single correlation effept thereforg ap.pgared to be noptrapsmltted and fgmlhal
(fm=fs=fd=ms=md=ss=dd=sd) 7 25 111 45 88 environmental in origin. For the baseline in the sample without
Parsimonious ostmenopausal mothers, there was no major effect but a
p p J
Single correlation without spouse cor- multifactorial component. The hypothesis of no generation
relations (fm = 0, difference in the multifactorial effect was not rejected, and
fs =fd =ms=md = ss = dd = sd) 7 14 129 33 100 actually provided the best fit to the data according to the AIC
8. 7 25 111 45 88

*Age-baseline-adjusted response to training.
tAge-BMl-estradiol-insulin-testosterone-baseline—-adjusted response

to training.

(10.5). The heritability estimates were 55% for the age-BMI—
adjusted baseline and 61% for the age-BMI-estradiol-insulin-
testosterone—adjusted baseline (Table 6).

For the response to training in the whole sample, there were
significant multifactorial and major effects, and there was a

Although model 5 (no sex differences in offspring) was not generation difference in the multifactorial component. While

rejected P =.09), models 6 and 7 (no sex and generation
differences) and model 8 (a single correlation) were rejected.

Sex-specific hypotheses were further tested, and models 9 to 11 Table 4. Familial Correlations and Heritability

were rejected, whereas model 12 (same seopposite sex, Estimates (+SE) of SHBG

including spouse correlations) was not rejected, which provided parameter Baseline* Baselinet ~ Responset  Response§
the most parsimonious fit according to the AIC (6.6). For the qneral model

age-baseline—adjusted response to training, there were signifi- ¢, 0.44 + 011 052 =010 0.31 +0.16 0.23 + 0.18
cant sibling and parent-offspring correlations but no spouse fs 0.44 +0.08 0.49 = 0.07 0.26 +0.09 0.24 * 0.09
correlations and no sex and generation differences in the fd 0.37 +0.07 0.39 =0.07 0.07 +0.09 0.09 * 0.09
correlations. Both hypotheses of a single correlation in the ms 0.07*0.15 0.26 =011 0.32*0.11 022*0.14
absence and in the presence of spouse correlations were notmd 0.43+008 028=012 011*0.10 0.01=0.10
rejected, and the latter provided the most parsimonious fit SS 048 +0.09 0.52*008 037*012 030=0.13

according to the AIC (11.1). For the age-BMI-estradiol-insulin- 9 013011 032=009 0.11=0.09 007=0.09

testosterone-baseline—adjusted response to training, none of th;dd_ )
. . . arsimonious
constrained hypotheses were rejected, and according to the AIC,

0.20 = 0.10 0.16 +0.10 0.02 =0.09 0.03 + 0.09

. > T fm 0.44 £0.11 0.36 =0.06 0.17 =0.05 0.13 = 0.05

the hypothesis of a single correlation in the presence of spouse ¢ 044+ 008 040+006  [0.17] (0.13]
correlations was the most parsimonious (A+38.8). Parameter fd 037 +0.07 [0.36] [0.17] [0.13]
estimates (correlations SE) are listed in Table 4 under both ms 0.07 = 0.15 [0.36] [0.17] [0.13]
the general and the most parsimonious models. The maximal md 0.43 + 0.08 [0.40] [0.17] [0.13]
heritability estimates, which include both genetic and familial ~ss 0.48 +0.09 [0.40] [0.17] [0.13]
environmental sources of variance, were 50% for the age-BMI— sd 0.13+0.11 [0.36] [0.17] [0.13]
adjusted baseline and reached 64% for the age-BMl-estradiol- 99 020 = 0.10 [0.40] [0.17] [0.13]
insulin-testosterone—adjusted baseline. The estimates were 3294°"2Pility S0%|  64% 32% 25%

and 25% for the age-baseline— and age-BMlI-estradiol-insulin- NOTE. Values in brackets were equated to a preceding parameter.
testosterone-baseline—adjusted response to training. *Age-BMlI-adjusted baseline.

Results for the segregation analysis are listed in Table 5. For tAge-BMl-estradiol-insulin-testosterone-adjusted baseline.
the results from the sample without postmenopausal mothers, #A9¢-baseline-adjusted response to training.
onIy the age-BMI—adjusted baseline and age_baseline_adjuSt%gfg?si—:g/lI—estradlol—lnsuI|n—testosterone—baseIlne—adjusted response
response to traln_lng are presented,_because similar patter_ns 0f||MaximaI heritability computed as [{Faing + Toaentorieping) (L + T spouse)!
results were obtained from the baseline and response to training . Fepouse + 2 Tapouse - Fparentottsprng)], iNCludes both genetic and famil-
data which were additionally adjusted for the effects of estras,; environmental sources of variance, and is adjusted for the degree
diol, insulin, and testosterone levels. The parameter estimates spouse resemblance. The estimates were 73% in men, 50% in

under the most parsimonious segregation models are listed iwomen, and 31% in men vwomen for age-BMI-adjusted baseline.
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Table 5. Segregation Analysis of Baseline SHBG and the
Response to Training

Whole Sample  Analysis Samplet
Model af P AlC P AlC
Baseline SHBGt
1. General Mendelian 0 — 26.2 — 14.0
2. No multifactorial
(H=2=0) 2 <.01* 474 <.05* 16.0
3. No major effect
(d=t=q=0) 3 <.01* 8l1 .73 9.3
4. No familial
(d=t=gq=H=2Z=0) 5 <01* 1181 <.01* 554
5. No generation difference
(z=138 1 53 253 34 10.5
6. Recessive (d=0,Z2=1) 2 73 23.6
7. Additive(d = 05,Z=1) 2 <.01* 56.7
8. Dominant(d =1,Z=1) 2 <.01* 549
9. General(d =0,Z =1; 1,
Ty, T3) 3 <.01* 16.0
10. No transmission (d = 0,
Z=11-q) 3 88 107
SHBG response to training||
1. General Mendelian 0 — 16.4 — 18.6
2. No multifactorial
H=Z=0) 2 .02*  20.7 .03* 21.9
3. No major effect
d=t=q=0) 3 <.01* 802 <.01* 69.9
4. No familial
(d=t=q=H=2Z=0) 5 <.01* 939 <.01* 779
5. No generation difference
(z=1) 1 .03*  19.2 .27 17.8
6. Recessive (d = 0)1 1 51 14.8 .55 15.8
7. Additive (d = 0.5)1 1 <.01* 536 <.01* 722
8. Dominant (d = 1) 1 <.01* 632 <.01* 48.1
9. General (d = 0; 1,7, 73)] 3 .43 18.0 12 16.0
10. No transmission (d = 0;
7s=1-q)f 3 .01* 231 .99 10.0

*Statistical significance (P < .05).
tThe sample without postmenopausal mothers.

tAge-BMlI-adjusted

§For the sample without postmenopausal mothers,d =t =g = 0,

Z=1,df=4.

baseline.

||Age-baseline-adjusted response to training.
fFor the whole sample, Z = 1 (models 6-10), df = 2 (models 6-8).
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the recessive mode was not rejected, additive and dominant
modes of inheritance were rejected. Tests on the transmission
probabilities were performed under the parsimonious Mende-
lian hypothesis (model 6, a recessive major gene effect with a
generation difference in the multifactorial component). The
Mendeliant’s (model 9) were not rejected, whereas the equal
7's hypothesis was rejected. The AIC suggested that the
recessive Mendelian hypothesis (model 6; A+CL4.8) best fit

the data. Therefore, in addition to a multifactorial effect
accounting for more variance in parents (52%) than in offspring
(8%), a putative major gene accounted for 43% of the variance,
with 3% of the sample being homozygous recessiad) (
leading to higher values in the response to training. In the
sample without postmenopausal mothers, there were multifacto-
rial and major effects without a generation difference in the
multifactorial effect. The recessive mode was not rejected,
whereas additive and dominant modes of inheritance were
rejected. Tests on the transmission probabilities were performed
under the parsimonious Mendelian hypothesis (model 6, a
recessive major gene effect without a generation difference in
the multifactorial component). Neither the Mendeliga nor

the equak’s hypothesis was rejected, and the AIC suggested
that the nontransmitted hypothesis (model 10; AQ.0.0) best

fit the data. Therefore, in addition to a multifactorial component
(21% and 17% for the age-baseline— and age-BMI-estradiol-
insulin-testosterone-baseline—adjusted response to training, re-
spectively), the results suggest that there is a major effect
(accounting for 31% and 36% of the variance for the age-
baseline— and age-BMI-estradiol-insulin-testosterone-baseline—
adjusted response to training, respectively) which is not trans-
mitted in families.

DISCUSSION

This study reports the familial resemblance (due to both
multifactorial and major gene sources) for baseline SHBG
levels and the response to a 20-week endurance exercise
training program in 99 sedentary white families. Since the
physical activity level was controlled for at baseline, it is
interesting to compare heritabilities from these physically
inactive families with findings from other heterogeneous
samples, which presumably include a mixture of physically
active and inactive families.

Table 6. Parsimonious Segregation Models for Baseline SHBG and the Response to Training (d = 0)

SHBG t q H z %> P
Baselinet 2.54 + 0.12 0.30 + 0.02 0.34 = 0.04 [1] 45% 9%
Baselinet [0] [0] 0.55 + 0.06 [1 0% 0%
Baseline§ [0] [0 0.61 = 0.06 [1] 0% 0%
Response]| 4.94 + 0.62 0.18 = 0.03 0.08 + 0.02 6.50 = 1.97 43% 3%
Responseq 4.61 = 0.38 0.15 + 0.02 0.21 = 0.05 [1] 31% 2%
Response# 418 = 0.31 0.18 + 0.02 0.17 = 0.06 [1] 36% 3%

*Percentage accounted for by major effects.
tAge-BMI-adjusted baseline in the whole sample, no transmission (t; = 7, = 13 = 0.70).

fAge-BMI-adjusted baseline and §Age-BMiI-estradiol-insulin-testosterone-adjusted baseline in the sample without postmenopausal mothers.
|[Mendelian transmission (t; = 1, 7, = 0.5, 13 = 0) for the age-baseline-adjusted response to training (H = 8%, HZ = H X Z = 52%) in the whole

sample.

fNo transmission (t; = 1, = 73 = 0.85) for the age-baseline-adjusted response to training and #no transmission (1, = 1, = 13 = 0.82) for the
age-BMlI-estradiol-insulin-testosterone-baseline-adjusted response to training in the sample without postmenopausal mothers.
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Several other hormones appear to be correlated with SHB@xpect that the type of food or caloric content ingested might
levels. For instance, it has been reported that estradiol signifieorrelate between spouses, and thus the degree of obesity and
cantly increases SHBG, and in contrast, insulin and testosteron8HBG levels. However, in the present study, the data did not
decrease SHB®&: In the present study, estradiol levels support a correlation for BMI between fathers and mothers
(r=.17, P =.004) were positively associated with SHBG (r = —.02,P = .88).
levels, whereas insulir (= —.31, P = .001) and testosterone  segregation analysis suggested that baseline SHBG levels
(r = —.41,P = .001) were negatively associated with SHBG \yere influenced by a multifactorial component (heritability

levels. Therefore, the heritabilities were assessed by furthepgos) as well as a major effect which was not transmitted in
adjustments for the effects of estradiol, insulin, and testosterong, miiies accounting for an additional 45% of the variance.

levels in the sample without postmenopausal mothers (theifrese findings suggested that the familial etiology of baseline

h°”‘_‘°”e levels significantly decreased, and they may h"’“’%‘,HBG is predominantly multifactorial. The non-Mendelian
received hormone replacement therapy for Menopause). Qv re of the major effect may be a function of specific

S . o o ML
S|gn|f|cant ma>_(|mal heritability (50A)).for the age-BMI environmental factors. However, an alternate explanation is that
adjusted baseline SHBG was found in the current study,

. ) . the major effect is due to multigenic factors.rBbe et al'8
Interestingly, the estimate reached 64%, independent of th?ocatedl the SHBG structural ggene on human chromosome

effects of age, sex, BMI, and estradiol, insulin, and testosteron . - : . .
levels. In general, our estimates are higher than that (31%) foi7p12'13' Morgover, other unidentified loci may be involved in
HBG regulatio” A recent report suggested that SHBG

SHBG levels measured using a radioimmunometric procedurg . ) )
from a previous report in Mexican-Americans participating in regulates sex steroid gcthn at the tissue level (eg, es'Frogen
the San Antonio Family Heart Studysuggesting additional/ target cells su.ch as eplthgllal, stromal, and muscle cells in the
stronger familial impacts on the variation of SHBG levels in the himan Fallopian tube which contain the estrogen recefftor).
sedentary HERITAGE families. In addition to possible race Together, these reports suggest that the non-Mendelian major
differences in the genetic component and familial environment&ffect noted here is due to the influence of several interacting
between the samples, the HERITAGE Family Study may alsdoci (ie, oligogenic or multigenic). In contrast to the baseline
be more homogeneous since the physical activity level wagesults, clear evidence of a major gene effect was revealed for
controlled for at baseline. It is interesting to note that Meikle etthe response to training along with a multifactorial component
al4 found a significant heritability estimate (62%, comparable (the latter accounted for more variance in the parents (52%)
to 64% in this study) in a recent twin study when SHBG was the offspring (8%)). The Mendelian gene exhibited a recessive
analyzed specifically by a radioimmunometric procedure rathemode of inheritance, and its effect accounted for 43% of the
than a competitive protein binding technigiie® The latter ~ variance. An estimated 3% of the sample was homozygous for
technique resulted in either no familiafity or negligible  the “high” genotype. It should be noted that the major effect for
heritability (=5%)!213in 3 previous twin studies. the baseline and the major gene effect for the response to
SHBG transports sex hormones, and therefore, the circulatingaining were undetectable in the sample without postmeno-
serum SHBG levels might be regulated differently in men andpausal mothers. This pattern of results would suggest a cautious
women. Consistent with this sex difference in regulation, weinterpretation of the major gene effect for the response to
observed significantly higher baseline SHBG levels in womentraining, because not only a reduced sample size but also some
versus men and a sex difference in the maximal heritabilitypossible confounding effects arising from the postmenopausal
(73%in men and 50% in women) in this study. A previous study nothers' being characterized by significantly decreased sex
proposed but obtained no evidence that genetic and familighsrmone levels might account for this perplexing observation.
environmental influences on SHBG levels differed in men and |, s ot unexpected in the current study that the mean

17 . o
women. ,The maximal her|tab|.||ty for the SHBG response to changes in SHBG levels in response to training in each of the 4
training (independent of baseline SHBG levels) reached 32(y%ex>< generation subgroups (fathers, premenopausal mothers
. . 0 ) )
W't.hOUt a sex difference (25% whe_n the dr_;ua were furthersons, and daughters) were either very modest or close to zero.
adjusted for the effects of BMI, estradiol, insulin, and testoster- . . I
. . The response to training may cluster in families, and thus, we

one levels) in the current study. Because the effects of baseline

SHBG levels were removed from the response to training (Viacannot conclude that there is no familiality just because the

regression analysis), the familial influences on the SHBGoverall mean change ofSHBS; levels in rgsponse to training is
response to training are probably different from those fornear zgro. In fact, bOth_ familial aggr_egatlon and segregatl.o_n
baseline SHBG levels. We are aware of no previous reports offn2lysis results from this study consistently support a signifi-
the familial aggregation of SHBG in response to training. cant familial (ge_nenc and/or environmental) effect for the
In the current study, spouse correlations were notable (.44 fof€SPonse to training.
the baseline). In contrast to parent-offspring and sibling correla- [N conclusion, in a sample of 99 white families in the
tions, spouse resemblance may be primarily explained by1ERITAGE Family Study, baseline SHBG levels and the
shared environmental factors. The heritability estimates foreésponse to endurance training were determined in part by
SHBG were adjusted for the level of spouse resemblanc@enetic and possible familial environmental factors with a sex
assuming that the latter is nongenetic in this study. Howeverdifference for the baseline. In addition, the response to training
assortative mating for fatness, dietary preferences, sedentaryas influenced by a putative major recessive gene, which may
and other potential life-style factors may also contribute to theprovide the basis to search for candidate genes using genome-
appreciable spouse resemblance in SHBG levels. One mighwide linkage scans and association methodologies.
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