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Physical activity improves lipid levels by altering triglyceride (TG) metabolism. Apolipoprotein E (Apo E) facilitates TG
clearance by mediating lipoprotein binding to hepatic receptors, but Apo E also has less defined roles in skeletal muscle and
nervous tissue. This study examined if variants in Apo E genotype affect the lipid and physiologic response to exercise
training. Seven centers genetically screened 566 individuals to recruit 120 subjects into 6 gender-specific cohorts equal for the
most common Apo E genotypes: E2/3, E3/3, and E3/4. Anthropometics, exercise capacity (Vo,max), serum lipids, and post
heparin (PH) plasma lipase activities were measured before and after 6 months of supervised exercise training. Difference in
the response (A) to training among the Apo E genotypes was the primary outcome variable. Differences in pretraining serum
lipids among the Apo E genotypes mimicked those observed in population studies: TGs were slightly higher in E2/3 subjects,
whereas low-density lipoprotein (LDL)-cholesterol (C) was lower (P = not significant [NS] ). TGs decreased 11% with training
for the entire cohort (P < .0001) and 7%, 12%, and 14% for the Apo E 2/3, 3/3 and 3/4 groups, respectively (P = NS for A). LDL-C
did not change in the entire cohort, but decreased slightly in the 2/3 and 3/3 subjects and increased 4% in the 3/4 group (P =
NS for A). High-density lipoprotein (HDL)-C increased 2% for the entire cohort (P = .06) due to a 6% increase in the 3/3 group
(P = .07 for A). Total cholesterol (TC)/HDL and LDL/HDL decreased with training in the 2/3 and 3/3 groups, but increased in
the 3/4 subjects and these responses differed among the genotypes (P < .05 for A). Vo,max increased 9% to 10% for the entire
cohort, but only 5% in the 3/3 subjects versus 13% in the 2/3 and 3/4 groups and these differences were significantly different
among the genotypes (P < .01 for A). This is the first prospective study to demonstrate that the serum lipid response to
exercise training differs by Apo E genotype in a pattern consistent with known metabolic differences among the variants.
Surprisingly, Apo E genotype also affected the increase in aerobic capacity produced by exercise training possibly via

undefined effects on nerve and skeletal muscle function.
© 2004 Elsevier Inc. All rights reserved.

NDURANCE ATHLETES have high-density lipoprotein

(HDL)-cholesterol (C) concentrations approximately 20
mg/dL or 40% higher than sedentary subjects and triglyceride
(TG) levels 40 mg/dL or 45% lower.r Physical activity and
HDL appear to be linked via HDL's role in TG metabolism.2
Free fatty acids are a major energy source during prolonged
exertion and are derived from intramuscular and circulating TG
by the actions of hormone-sensitive and lipoprotein lipase
(LPL), respectively. This delipidation of chylomicrons and
very-low-density lipoproteins (VLDL) produces excess surface
cholesterol that is transferred to the HDL particle.34 Conse-
quently, the intravascular hydrolysis of TG-rich lipoproteins
could simultaneously replace intramuscular fat used during
exercise, reduce TGs and increase HDL-C.

Changes in serum lipids with exercise training are often
small and individually variable, limiting the role of exercise in
treating lipid abnormalities. A meta-analysis of 59 exercise
training studies reported an average increase in HDL-C of only
2 mg/dL .5 Furthermore, severa studies recently revieweds sug-
gest that exercise is less effective in increasing HDL and
altering TG metabolism in individuas with initialy elevated
TGs and low HDL. Such observations suggest that individual
differences contribute to the variahbility in the exercise re-
sponse.

Apolipoprotein E (Apo E) mediates the binding of VLDL
and intermediate-density lipoproteins (IDL) to the hepatic low-
density lipoprotein (LDL) and VLDL receptors’ and the bind-
ing of chylomicron remnants to the chylomicron remnant re-
ceptor, thereby facilitating TG clearance® Apo E has 299
amino acids with a binding region between amino acids 140
and 160. There are 3 common al€lic variants (e,, €3, €,),
producing 3 protein polymorphisms: E2, E3 and E4. Apo E3 is
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the most common or “wild-type” and contains a cysteine at
amino acid 112 and an arginine within the binding region at
amino acid 158.° The E4 variant contains an arginine at the 112
site and has normal or enhanced binding capacity, whereas the
E2 variant contains a cysteine substitution within the binding
region at amino acid 158 and has only 1% to 2% of normal
binding capacity.® A meta-analysis of 45 studies from 17 coun-
tries and including 14,799 subjects found population frequen-
cies of 0.6% for E2/E2, 10.7% for E2/ E3, 62.4% for E3/E3,
1.6% for E2/E4, 22.3% for E3/E4, and 2.3% for E4/E4.1° Given
the relationship between fat metabolism and the lipid response
to exercise training as well as the importance of Apo E in TG
metabolism, we speculated that variation in Apo E would
contribute to the variability in individual response to exercise
training. The present study tested this hypothesis.
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MATERIALS AND METHODS
Sudy Overview

This study was conducted by the Exercise and Genetics Collabora-
tive Research Group, a consortium of investigators at seven institu-
tions. Informed consent was obtained from 566 individuals who were
screened by genotype to create 6 cohorts of men and women with equal
number of the 3 most common Apo E genotypes: Apo E 2/3, 3/3, and
3/4. A total of 174 subjects initiated exercise training and 120 com-
pleted the 6-month program. Investigators were unaware of subjects
genotype and only informed whether or not a subject qualified by
genotype for inclusion. Apo E genotypes were intentionally distributed
among the sites by the coordinating center (Hartford Hospital) to
prevent subtle differences in the training regimens among sites from
affecting the results. Four men and 3 women who completed the study
were excluded from analysis because their TG levels were greater than
400 mg/dL, invalidating the Friedewald calcuation of LDL-C (n = 4)
or because their pretraining HDL-C was greater than 3 SD from the
overall mean of 48.5 = 13.3 mg/dL.

Subjects

Subjects were recruited if they were healthy and without orthopedic
problems, nonsmokers, physically inactive, =18 and less than 70 years
old, and consumed fewer than 2 acoholic beverages daily. Subjects
were considered physically inactive if they participated in vigorous
activity fewer than 4 times per month for the prior 6 months. We did
not recruit individuals with a body mass index (BMI) greater than 31
since caloric restriction reduces HDL-C,11 and we sought to avoid
subjects who might restrict their caloric intake during lipid measure-
ment. Subjects underwent amedical history, physical examination, and
amaximal exercise test to detect unreported abnormalities and occult
coronary artery disease. Subjects were reimbursed $250 at the end of
the study.

Apo E Genotype Determination

DNA was extracted from leukocytes and Apo E variants determined
using standard techniques.12

Serum Lipid, Lipoprotein, and Post Heparin Lipoprotein
Lipase, and Hepatic TG Lipase Activity Measurements

Two serum samples were obtained after a 12-hour fast before the
start and after 6 months of exercise training. Post-training samples were
obtained within 24 hours of the penultimate and final exercise training
session. Lipid levelsin women before and after training were obtained
within 10 days of the onset of menses to avoid variationsin lipoprotein
values.13 Serum was separated from plasma and frozen at —70°C until
analyzed by the Lipid Research Laboratory, Lifespan Health System,
Brown University, Providence RI. All samples from an individual
subject were analyzed in the same analysis run at the end of the study
to minimize the effect of laboratory variation. Total cholesterol, TGs,
HDL-C, HDL, and HDL 5 subfractions, Apo Al and B, and post heparin
(PH) lipoprotein lipase (LPLA) and hepatic TG lipase (HTGLA) were
determined using standard techniques.’4 Coefficients of variation for
lipid measurements in this laboratory are as follows: total cholesterol
(TC) (0.8%), TGs (1.5%), HDL-C (2.0%), HDL 5 subfraction (6.3%),
Apo Al (2.6%) and B (1.8%), and PH LPLA (14%) and HTGLA
(12%).

Anthropometric Measurements

Body weight and height were measured using balance beam scales
and wall-mounted tape measures. Skinfold thickness was measured on
the right side of the body using calipers to estimate percent body fat in
men?S and women.16
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Maximal Exercise Capacity

Subjects underwent 2 pre- and 1 post-training maximal treadmill
exercise tests using the modified Astrand protocol .17 The first pretrain-
ing test was designed to detect occult ischemia and to familiarize
subjects with the measurement protocol, but was not used in data
analysis. Blood pressure and 12-lead electocardiogram, as well as
expired oxygen, carbon dioxide, and ventilatory volume were mea
sured. Maximal oxygen uptake (Vo,max) was defined as the average of
the 2 highest consecutive 30-second values at peak exercise.

Dietary Control Procedures

Subjects were requested to maintain their usua dietary composition
throughout the study. Dietary calories and composition were assessed
by random, 24-hour dietary recalls.81° Trained dieticians called the
subjects by telephone on 1 weekday and 1 weekend day before the start
and during the last month of exercise training. Results from the 2 calls
were averaged to estimate dietary intake.

Exercise Program

Subjects underwent a progressive, supervised exercise training pro-
gram. The duration of each exercise session was increased from 15 to
40 minutes during the first 4 weeks. Subjects exercised between 60%
and 85% of their maximal exercise capacity (Vo,max) based on their
predetermined maximal heart rate. Once subjects could perform 40
minutes of exercise, they continued this duration of exercise 4 days a
week for an additional 5 months for atotal of 6 months of participation.
Subjects also participated in 5 minutes of warm-up and cool-down so
that each workout required 50 minutes. Treadmill exercise was the
primary mode of training, but subjects were able to use a variety of
training modalities including treadmills, stationary cycles, cross-coun-
try ski machines, stair steppers, and rowing machines for variety and to
minimize orthopedic injury.

Exercise Energy Expenditure

Weekly exercise energy expenditure expressed as kilocalories per
week was estimated from the average heart rates recorded for exercise
sessions of that week. From individua plots of Vo, versus heart rate
created from pretraining maximal exercise test data, we estimated the
Vo, corresponding to the training exercise heart rate intensity and
multiplied that Vo, by training session duration to obtain total oxygen
consumption for each bout. Each liter of oxygen was assumed to
represent 5 kcal of energy expenditure.

Data Analysis and Sample Size Estimation

We estimated the required sample size by 3 methods. First, we used
the TG change by Apo E genotype observed in a preliminary study2°
and estimated that 18 subjects of each gender would be required in each
genotype group. Second, we used the percent decrease in HDL-C by
Apo E genotype observed by others during fasting?! to estimate that 19
subjects would be required in each group. Third, we postulated that the
increase in HDL-C in the Apo E2/E3 subjects would be 2 mg/dL or
50% greater than the 10% average increase in HDL-C we previously
observed for unselected subjects after exercise training!4 and that the
changes in the other Apo E groups would be 50% less. Using this
approach, 16 subjects would be required in each group. Consequently,
we sought to recruit 20 subjects per group.

Data Analysis

TGs were log-transformed to improve normality. Paired t tests were
used to test training changes in the entire cohort for significance.
Univariate analyses of variance (ANOV As) were used to compare Apo
E groups for differences at baseline and differences in their responses
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Table 1. Baseline Physiological Characteristics, and Change With Training (A), in All Subjects and by Apo E Genotype (means + SD)
All Subjects 2/3 (n = 40) 3/3 (n = 43) 4/3 (n = 37) ANOVA on  ANOVA on
Baseline, Changes,
Pre A Pre A Pre A Pre A P Value P Value
Age (yr) 39+11 — 39+10 — 40 =12 — 36 =10 - .389 -
Body weight (kg) 81.2 =18.2 —-1.2 = 3.3t 81.7+172 -1.0=%=3.2 80.6 =169 -1.2=*35 81.3+21.0 —1.4 =33 .957 .859
% Body fat 227+6.1 -09+x28* 23349 —-0.7*+24 222+ 6.5 -1.0=x29 228+ 6.8 -1.1%3.1 714 .825
WHR 0.84 = 0.09 —0.01 + 0.04 0.83 £ 0.10 -0.01 = 0.05 0.84 = 0.09 —0.00 = 0.03 0.84 =0.09 -0.01 +.03 .885 421
Voymax
(L Oy/min) 255 +0.79 0.24 =0.33t 2.49 +0.86 0.30 +0.39%f 2.62*+0.75 0.09 = 0.25%¥§ 2.57 =0.76 0.348 + 0.32 .753 .001
Vo,max
(mL Oy/kg/min) 32.0 = 7.8 3.3+ 4.2t 304 7.8 4.1 £5.1% 32977 1.6 = 2.748 32.6 7.7 4.38 = 3.8 .282 .004

Abbreviations: WHR, waist-to-hip ratio. Vo,max, maximal oxygen uptake.
*P < .001, TP < .0001, significant A within group, based on paired t test.
1Significant difference in A between E2/E3 and E3/E3, P < .05.

§Significant difference in A between E4/E3 and E3/E3, P < .01, based on Bonferroni-corrected pairwise differences and Tukey’s HSD or Scheffé post hoc tests.

to exercise training. Tukey honest significant difference (HSD) or
Scheffé post hoc tests were used to test for differences between Apo E
groups when F ratios were significant. Covariates, selected on the basis
of correlations and partia correlations, were used in ANCOVA. Bon-
ferroni corrected t tests were used as post hoc tests only when analysis
of covariance (ANCOVA) F ratios were significant. Significance levels
were 2-sided with alpha = 0.05.

RESULTS
Effect of Exercise Training on Anthropometric Parameters

The age of the subjects was 39 = 11 years (mean = SD) for
the entire cohort and did not differ by Apo E genotype (Table
1). Body weight and estimated percent body fat was not dif-
ferent at baseline among the 3 Apo E genotypes. Both body
weight and body fat decreased dightly, but significantly, with
exercise training in the entire cohort. These changes were not
different among the Apo E genotypes.

Adherence to Exercise Training

Exercise adherence was high in all 3 genotype groups with
subjectsin the Apo E 2/3, 3/3, and 3/4 groups attending 91.7%,
93.8%, and 94.8% of the total exercise sessions, respectively.
Exercise training intensity measured as percent of maximal
heart rate was aso similar among the genotypes at 74%, 76%,
and 76%, respectively. There were 56 dropouts and 121 fin-
ishers and no difference in Apo E genotype distribution be-
tween the drop outs and finishers. Weekly exercise energy
expenditure during most of the study averaged 1,200 to 1,400
kcal (Table 2). Each ingtitution trained an average of 16 sub-
jects with a range of 10 to 23. The training regimen was
identical across sites and every bout was supervised. Heart rates
were recorded at all sessions to monitor intensity and did not
vary between sites.

Effect of Exercise Training on Exercise Capacity

Vo,max did not differ among the Apo E groups before
training and increased 9% to 10% for the entire cohort when
expressed in absolute values or relative to body weight (P <
.0001). The increase in Vo,max was significantly less in the
Apo E 3/3 subjects than in either of the other 2 Apo E geno-
types (P < .01) (Fig 1). Thissmaller increase in Vo,max in the
Apo E 3/3 group persisted after adjustment for baseline Vo,
and other parameters, including age, baseline BMI, and base-
line waist-to-hip ratio.

Effect of Exercise Training on Lipid Values

Baseline TC did not differ among the Apo E genotypes
(Table 3). TC was unchanged by exercise training in the entire
cohort and in the Apo E groups. These results were not altered
by adjustment for a number of covariates, including baseline
cholesterol, age, BMI, and change in Vo,max.

Average TGs before training were 5% and 15% higher in the
Apo E 2/3 than in the Apo E 3/3 and 3/4 groups, respectively
(P = not significant [NS]). TGs decreased 11% for the entire
cohort (P < .0001). This decrease was 7%, 12%, and 14% in
the Apo E 2/3, 3/3, and 3/4 subgroups, respectively, but these
changes were not statistically different among the Apo E ge-
notypes (Fig 2). Results were not altered by adjusting for
covariates, including baseline TGs, age, BMI, and change in
Vo,max.

Pretraining LDL-C was 9% lower in the Apo E 2/3 group
compared to the other 2 genotypes (P = NS). LDL-C for the
entire cohort was unchanged by exercise training. This result
was due to small decreases in LDL in the Apo E 2/3 and 3/3
groups and a 4% increase in the Apo E 3/4 subjects. These
differences among the Apo E genotypes were not statistically

Table 2. Intensity, Duration, and Weekly Energy Expenditure Associated With Exercise Training Program

Training Week

Variable 1 4 8 12 16 20 24
Intensity (bpm) 128.1 = 19.3 128.1 = 19.3 137.5 = 18.8 140.1 £ 14.7 140.3 £ 154 140.4 £ 14.9 140.6 = 15.2
Duration/bout (min) 31.6 = 13.1 40.8 = 12.0 41.6 = 14.3 42.0 = 13.2 43.6 = 13.4 41.2 =128 35.7 = 13.6
kcal/wk 710 * 497 1,346 = 643 1,332 = 704 1,396 = 661 1,465 = 688 1,413 £ 665 1,232 = 671

Abbreviation: bpm, beats per minute.
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VO2 max (n=112)

213 3/3

Group

3/4

Fig 1. Change in Vo,max with training. *Change differed signifi-
cantly in E3/E3 v E2/E3 (P < .05) and E3/E4 (P < .01).

significant even after adjustment for baseline LDL, age, and
BMI (P = .10, by ANCOVA).

Pretraining Apo B was also 9% lower in the Apo E 2/3
subjects compared to the other Apo E groups (P = NS). Apo B
decreased 4% with exercise training in the Apo 2/3 subjects and
increased dlightly in the other Apo E groups. After adjustment
for baseline Apo B levels, age, and BMI, differencesin the Apo
B response to training among the Apo E genotypes approached,
but did not achieve, statistica significance (P .07, by
ANCOVA).

Baseline HDL-C did not differ among the three Apo E
genotypes. HDL-C increased 1 = 6 mg/dL with training in the
entire cohort (P = .06). This effect was primarily due to a
3-mg/dL increase in the Apo E 3/3 subjects, the group that
achieved the smallest increase in Vo,max, whereas HDL was
unchanged in the Apo E 2/3 and 4/4 subjects. The differencein
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HDL response among the 3 genotypes approached, but did not
achieve, statistical significance (P = .07). This result was not
affected by adjustment for covariates including baseline HDL,
age, and BMI (P < .06). The HDL-C subfractions, HDL, and
HDL 5, did not differ among the Apo E genotypes at baseline or
in their response to exercise training. Apo Al concentrations
were also not different among the Apo E groups at baseline or
in their response to exercise training, athough the increase in
the Apo E 3/3 group was larger than the change in the other
Apo E groups (P = NS).

The ratios of TC/HDL-C, LDL-C/HDL-C, and Apo B/AI
were not different among the Apo E genotypes before training.
These ratios decreased slightly with exercise training in the
entire cohort, but only the change in Apo B/A1 was statistically
significant. The response of these ratios to exercise training was
significantly different among the Apo E genotypes due to small
decreases in the Apo E2/3 and 3/3 groups and increases in the
Apo 3/4 subjects (P < .05 for al). This difference remained
significant after adjustment for covariates including baseline
lipid ratios, BMI, and age.

HTGLA and LPLA values did not differ among the geno-
types at baseline or in their response to exercise training. For
the entire cohort HTGLA decreased slightly but significantly
(=5%, P < .01), whereas a similar magnitude increase in
LPLA was not statistically significant (+5%, P = NS).

Effect of Gender on the Response to Exercise Training

Men and women at baseline showed the expected differences
in anthropometric, exercise capacity, and lipid parameters (Ta-
ble 4). Despite these baseline differences, the response to
exercise training was generally similar for the men (Tables 5
and 6) and women (Tables 7 and 8) and mirrored the changes
for the entire cohort. Differential changes among the Apo E
subgroups were also similar to those in entire study population.

Body weight decreased dlightly but significantly for both
genders, whereas Vo,max increased. The increase in Vo,max

Table 3. Baseline (Pre) Lipid (mg - dL™"), PH LPLA (umol FFA - mL~" - h™"), and Change With Training (A) Before and After Exercise Training
for All Subjects and by Apo E Genotype (mean + SD)

Subjects TG < 400 mg/dL ANOVA  ANOVA or
HDL < 90 mg/dL 2/3 (n = 38) 3/3 (n = 39) 4/3 (n = 36) on ANCOVA on
Baseline, Changes, P
Pre A Pre A Pre A Pre A P Value Value
TC 202.7 =377 -1.1*216 197.0 + 384  -23+183 207.9+380 -23*247  203.0*36.8 1.6 +21.6 .495 .680
TG 127.0 + 63.3 —13.7 = 40.2 1343 +71.0 -10.3+50.8 127.2+646 —149+379 119.1 +534 —15.9+29.8 492 794
LDL-C 1299 =332 0.6 *20.2 121.4 317 -0.32+184 1353+30.6 -23+200 132.8* 36.6 4.5 +22.1 .183 .335
Apo B 119.9 289 -1.3=*139 112.0 £28.0 —5.40*13.1 123.6+284 050=13.0 124.4*29.4 1.2 £13.1 .149 .070
HDL-C 474+111  1.1%6.0 48.7 + 10.6 0.2 +5.7 47.1+11.3 29+59 46.4 = 11.4 02+59 726 .062
HDL,-C 11.2+7.9 0.5+ 4.9 124 +75 -0.3+47 10.3 + 8.4 1.8+45 10.9 + 7.8 -0.1+5.4 519 139
HDL3-C 33.3+5.9 0.7 = 4.9 33.3 = 5.0 0.7 + 4.4 33.7 + 6.1 1.0 +58 329 + 6.7 0.2+ 4.4 752 811
Apo Al 156.2 £29.9 2.0+ 19.8t  162.1+31.0 1.4+17.0 156.2 +32.4 35+ 14.0  146.9 + 24.0 0.9 + 26.9 .106 .784
TC/HDL 4.51 = 1.35 —0.16 = 0.63 425+ 132 —0.16 + 0.57 46 =130 -0.32 =057 46+ 144  0.02 = 0.57| 433 .033*
LDL/HDL 2.91 + 1.09 —0.08 *+ 0.55 265+1.02 -0.13=050 3.04* 104 —021=*049% 3.06+120 0.0 + 0.49%# 228 .015*
Apo B/Al 0.81 =0.28 —0.02 = 0.154t  0.73+0.28 —0.06 +0.14  0.82+0.26 —0.02 +0.14 0.87 £0.29  0.02+0.14 .097 .046*
HTGLA 182 +83 —1.0 + 4.4t 19.3 9.0 -0.3+5.0 16.8 + 8.4 -13+36 18.5 + 7.4 -1.4+46 .362 527
PH LPLA 11.8 + 3.7 0.6 + 4.3 12.3 + 3.1 1.0 +35 11.9 + 4.0 -0.3+37 11.2 + 3.8 1.2 +54 473 .290

NOTE. LDL-C, Apo B, LDL/HDL, TC/HDL, Apo B/Al changes adjusted for baseline lipid value, BMI, and age.
Abbreviations: TC, total cholesterol; TG, triglycerides; LDL, low-density lipoprotein; C, cholesterol; HDL, high-density lipoprotein; Apo, apolipoprotein; HTGLA, post

heparin hepatic triglyceride lipase; LPLA, lipoprotein lipase.

*P < .05, tP < .01, #P < .001, §P < .0001, significance of A within group based on paired t test.
9A in E3/E3 is different from A in E2/E3, P < 0.01. || #A in E3/E3 is different from A in E4/E3, P < .05 and P < .01, respectively, based on Bonferroni corrected post hoc

tests.
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Fig 2. Changes in serum lipids. The bars represent standard errors of the mean. (A) TGs. (B) HDL-C adjusted for baseline HDL-C. Trend toward
change in E3/E3 > E2/E3 (P < .14) and E3/E4 (P < .10). (C) LDL-C. (D) LDL-C/HDL-C ratio, adjusted for baseline LDL-C and age. *E3/E4 > E3/E3

(P < .013).

was significantly smaller in the Apo E 3/3 men and women than
in the other genotypes. TGs decreased significantly in both
genders and there were no differences in the TG response
among the Apo E genotypes. HDL-C increased significantly
after training only in the men. In both genders the increase in
HDL-C was larger (P = NS) in the Apo E 3/3 subjects than in
the other genotypes despite the smaller increase in Vo,max in
the Apo E 3/3 group. LDL-C tended to increase more in the
Apo E 3/4 subgroups of both genders (P = NS), but in contrast
to the entire study population, this was not reflected in signif-
icant changes in Apo B or in the ratios reflecting LDL-C
concentration.

HTGLA at baseline was significantly higher inthe Apo E 2/3
men than in the other Apo E genotypes. HTGLA decreased
significantly with exercise training only in the men. LPLA did
not increase significantly with exercise training in either gen-
der, although the women did demonstrate a differential effect
among the Apo E genotypes. LPLA decreased in the Apo E 3/3
group but increased in the other 2 genotypes.

Dietary Intake

Dietary macronutrient composition did not change during
training in any subject group or by genotype (data not shown).

DISCUSSION

The present study is, to our knowledge, the first to examine
prospectively the effect of Apo E genotype on the response to
exercise training. Given the fact that both Apo E and exercise
training have profound effects on lipoprotein metabolism, we
postulated that Apo E genotype would affect the lipoprotein
response to exercise. The results confirmed this suspicion by
demonstrating qualitatively small, but significantly greater, re-
ductions in the ratios of TC/HDL-C, LDL-C/HDL-C, and Apo
B/A-I in the Apo E 3/3 subjects, suggesting a greater reduction
in cardiovascular risk. In addition, we observed an unexpected
smaller increase in exercise capacity in the Apo E 3 homozy-
gotes.
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Table 4. Anthropometric, Exercise, Lipid (mg - dL=" - L), and
PH LPLA Measurements (umol FFA - mL~" - h~") at Baseline
by Gender (mean + SD)

Men Women
Variable (n = 53) (n = 60)
Age 371 39 *+12
Body weight (kg) 91.5 = 16.6 71.8 = 14.3%
Estimated % body fat 21+6 24 + 6t
Waist/hip 0.91 = 0.06 0.77 = 0.058
Vo,max (mL O, - kg™" - min™") 36.4+7.2 27.9 ~ 6.28
TC 202 + 40 203 *+ 36
Triglycerides 138 = 66 117 = 60
LDL-C 133 £ 35 127 + 32
HDL-C 42 +8 52 + 118§
HDL,-C 7+5 15 + 9%
HDL;-C 32*6 34 * 6*
TC/HDL 5.0 1.3 4.0 +1.28
LDL/HDL 33+11 2.6 + 1.08
Apo B 125 + 30 116 + 28
Apo Al 143 + 22 166 + 328
Apo B/Al 0.90 = 0.28 0.73 = 0.251
HTGLA 225+ 8.4 14.4 = 6.18
HP LPLA 124 = 3.7 11.3 = 3.6

*P < .05, tP < .01, £P < 0.001, 8P < .0001, significant differences
between genders, based on independent t tests.

Large population-based studies have demonstrated differ-
ences in serum lipids among the Apo E genotypes. TGs are
generaly higher in Apo E 2 heterozygotes because of reduced
Apo E—mediated binding of TG-rich lipoproteins to the Apo E
receptor.19 In contrast, TC and LDL-C levels are generaly
lower in Apo E 2/3 subjects than in the Apo E 3/3 and 3/4
heterozygotes.1° Apo E 2's reduced affinity for hepatic binding
decreases cholesterol delivery to the hepatocyte. The hepato-
cyte responds by increasing LDL receptor activity, which re-
duces LDL-C in the Apo E 2 subjects.22 In contrast, LDL-C
levels are generally higher in Apo E 3/4 subjects than in Apo 3
homozygotes.’® The mechanism is not defined but may ulti-
mately result from reduced binding of Apo E 4 to the HDL
particle.®1° Approximately, 30% of plasma Apo E is associated
with HDL. Apo E 4 isless adherent to HDL and is more rapidly
transferred to TG-rich particles. More rapid transfer of Apo E
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4 from HDL to TG-enriched lipoproteins would promote he-
patic delivery of these particles, and increase hepatocyte cho-
lesterol content thereby suppressing hepatic LDL receptor ac-
tivity and increasing serum LDL-C levels.®23 The increased
LDL-C concentrations may contribute to the observed higher
incidence of coronary artery disease in Apo E 4 heterozy-
gotes.24

Pretraining lipid levels for the Apo E genotypes in the
present study paralleled those noted in population studies. TGs
were higher in the Apo E 2 heterozygotes than in the other Apo
E groups, whereas LDL-C concentrations were lower. In con-
trast to larger studies, however, LDL-C was not higher before
training in the Apo E 3/4. None of these differences was
statistically significant, probably because of the relatively small
sample size.

The lipid response to exercise training was significantly
different among the Apo E genotypes. LDL-C and Apo B
decreased dlightly and nonsignificantly in the Apo E 2/3 and
3/3 genotypes, and increased in the Apo E 3/4 group. Fasting
TGs decreased with exercise training in al genotypes, suggest-
ing increased conversion of VLDL to LDL. It is possible that
thisincreasein LDL production could not be readily cleared by
the Apo E 4 heterozygotes due to the reduced LDL receptor
activity discussed above, thereby increasing LDL levels.

There were also differences in the HDL-C response to train-
ing. HDL-C increased 1 mg/dL for the entire cohort, but this
increase was primarily due to a 3-mg/dL increase in the Apo E
3 homozygotes. The mechanism for this differential responseis
not clear, but may involve different mechanisms for the differ-
ent genotypes. The decrease in HTGLA with training in the
Apo E 2/3 subjects was only 25% of that in the other genotypes
and the decrease in TGs was 30% less. Neither difference was
statistically significant among the genotypes, but both could
have contributed to a smaller increase in HDL-C in the Apo E
2/3 group. On the other hand, smaller increases in HDL-C with
training in the Apo E 3/4 individuals may relate to reduced
adherence of Apo E 4 to the HDL particle.®10 HDL is choles-
terol-enriched in part by the LPL-mediated transfer of choles-
terol from VLDL, and thisis one of the postulated mechanisms
by which exercise training increases HDL-C.2 Apo E facilitates
the interaction of VLDL with LPL.1° Approximately 40% of

Table 5. Baseline Physiological Characteristics, and Change With Training (A), In All Men and by Apo E Genotype (means + SD)

ANOVA
or
ANCOVA
Men (n = 56) 2/3 (n = 17) 3/3 (n = 21) 4/3 (n = 18) ANOVA on on
Baseline, Changes,
Pre A Pre A Pre A Pre A P Value P Value
Age (yr) 3711 — 3810 - 3611 — 3811 — .802 —
Body weight (kg) 91.5 + 16.6 -1.6 = 3.9t 93.3 =125 -1.7 =35 89.9 + 13.6 —-2.0=*43 91.7 = 23.0 -2.0=*44 .833 .748
% Body fat 21.3 6.3 —0.5* 26 219+ 47 —0.2*+25 208 6.4 —04*+28 21577 -07=x27 .864 .880
WHR 0.91 +=0.06 —0.02 +0.05* 0.93+0.07 -0.04=*0.07 0.90+0.06 -0.00=*0.04 0.91+0.06 -0.02=*0.03 .469 .085
Vo,max (L O,/
min) 3.22 £ 0.55 0.36 = 0.39% 3.30 = 0.66 0.46° + 0.35 3.21 =0.40 0.1787*0.35 3.14 + 0.63 0.439 + 0.36 .699 .023*
Voymax (mL Oy/
kg/min) 36.4+7.2 4.4 *+ 4.6% 36.7+73 6.1+ 6.4 36.6 = 6.8 278 =23 36.7 = 8.0 49 * 4.1 .904 .051*

NOTE. Vo, is corrected for baseline value.

*P < .05, TP < .001, ¥P < .0001, significant A within group, based on paired t test.
§Significant A between E2/E3 and E3/E3, P < .06 and {]A between between E3/E3 and E4/E3, P = .07, based on Bonferroni corrected pairwise differences, Tukey’s HSD,

or Scheffé post hoc tests.
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Table 6. Baseline Lipid Concentrations, PH LPLA, and Change With Training (A) in Men (means + SD)

ANOVA
or

Men TG < 400 and HDL < ANCOVA
90 mg/dL 2/3 (n = 16) 3/3 (n = 20) 4/3 (n = 17) ANOVA on

on Pre, Changes,

Pre A Pre A Pre A Pre A P Value P Value
TC 202.4 = 39.6 —1.8+20.7 201.4*414 —-3.7*16.2 204.1 £ 37.4 —29*+26.6 2013426 1.3+17.2 972 .758
TG 1383 +65.6 —17.1% 374 1498 =725 —13.7 £ 42.0 133.9 £ 70.9 -19.0 =411 132.8 = 53.9 —17.9 + 29.2 71 91
LDL-C 133.0 £ 347 -0.67 £20.5 128.0 = 34.2 —2.48 + 16.8 136.0 = 29.1 —29*16.8 134.1 +42.2 3.59 = 21.7 .786 .589
Apo B 1249 = 29.7 -28=*138 117.9+*304 —6.38 = 16.1 125.0 + 26.8 -0.48 =13.7 131.2+324 -221+11.3 447 439
HDL-C 41.7 = 8.3 2.3t 5.9 435*+79 1.50 £ 45 414 =83 3.7*63 40.6 = 9.0 1.29 + 6.4 .585 379
HDL,-C 73*x438 1.4*% =+ 4.8 8.5+ 4.1 0.99 = 4.4 6.4+46 21=*39 6.9 + 5.6 09 *6.2 403 733
HDL3-C 32.1+58 0.66 + 443 326 +5.5 0.45 + 3.76 321+ 5.6 1.6 + 4.0 315+ 6.5 —0.23 + 4.9 .851 .426
Apo Al 143.2 + 219 3.9%* = 12.6 154.3 = 24.1| -0.34 = 11.9 143.4 + 20.5 42 +126 1324 *=16.6| 7.5*128 .014* .207
TC/HDL 5.03 +1.33 —0.311 = 0.74 4.84 = 1.48 —0.27 + 0.70 508 +1.14 —052+0.67 514+144 —0.11*0.82 .793 225
LDL/HDL 3.31 = 1.07 —-0.19* = 0.65 3.09 = 1.11 —0.172 + 0.53 3.40 = 0.88 —0.38 = 0.58 3.42 +1.25 0.01 = 0.80 .629 194
Apo B/AIl 0.90 + 0.28 —0.04t +0.12  0.79 + 0.28 —0.05 + 0.14 0.89 +0.23 —0.03+0.10  1.01 +0.31 —0.05 + 0.12 .081 .824
HTGLA 224 +8.4 —1.9t + 45 26.8 = 7.689 -1.1*45 20.68 + 8.9 —-2.4*4.00 20.5 7.3 -1.9=*53 .044* 716
HP LPLA 12.4 = 3.71 0.5+ 458 12.8 +3.57 0.5 + 2.41 11.9 + 3.77 0.7 = 4.07 125+ 3.94 0.2 + 6.69 .736 521

*P < .05, TP < .01, ¥P < .001, significance of A within group based on paired t test.
§Indicates A in E2/E3 is different from E3/E3, P < 0.06; A in E2/E3 is different from E4/E3, P < .06; |A in E2/E3 is different from A in E4/E3, P <

.01, based on least square differences.

plasma Apo E is associated with the HDL fraction.2s Apo E
levels are lower in Apo E 4 subjects,22 possibly because the
reduced adherence of Apo E 4 to the HDL particle produces
more rapid transfer to lower density lipoproteins and more
rapid hepatic clearance of both the lipoproteins and Apo E.26
Lower Apo E levels could reduce the VLDL—LPL interaction,
thereby reducing cholesterol delivery to HDL during lipolysis.
This would mitigate the increase in HDL-C with exercise
training.

Collectively, these statistically nonsignificant differences in
the LDL and HDL response to exercise training among the
genotypes produced significantly greater reductions in the TC/
HDL-C, LDL-C/HDL-C, and Apo B/AI rations in the Apo E
3/3 homozygotes than in the Apo E 3/4 subjects implying a
greater exercise training effect on coronary artery disease
(CAD) risk. We believe this is the first study to document
prospectively that the beneficial effects of exercise training on
CAD risk may vary by genotype. Qudlitatively similar, but
qualitatively smaller, reductions of these parametersin the Apo
E 2/3 subjects were not significantly different from the Apo E
3/3 group.

Interestingly, the most significant increases in HDL-C oc-
curred in the Apo E genotype that experienced the smallest
increase in exercise capacity. This smaller increase in Vo,max
in the Apo E 3/3 subjects was totally unexpected and has not,
to our knowledge, been reported previously. Nevertheless, this
effect was highly significant, occurred in the entire cohort, as
well as the male and female subgroups, and persisted despite
the inclusion of multiple covariates in the analysis. Conse-
quently, these differencesin the Vo, response are unlikely to be
due to chance, and we can identify no elements of study design
that explain this observation.

There is anima evidence that Apo E can affect exercise
performance. Exercise performance is reduced in Apo E—defi-
cient mice. This effect is attributed to reduced muscular blood
flow due to less nitric oxide (NO) production secondary to the
hyperlipidemia characteristic of Apo E deficiency.2? In contrast
to our results, however, exercise performance increased simi-
larly with exercise training in both Apo E—deficient and normal
mice, athough performance in Apo E—deficient mice after
training remains below that of trained normal animals.28 Apo
E—deficient mice also demonstrate less collateral vessel devel-

Table 7. Baseline Physiological Characteristics, and Change With Training (A), in All Women and by Apo E Genotype (means + SD)

ANOVA
or
ANCOVA
All Women 2/3 (n = 23) 3/3 (n = 21) 4/3 (n = 19) ANOVA on on
Baseline, Changes,
Pre A Pre A Pre A Pre A P Value P Value
Age (yr) 394116 40.3 = 10.3 — 43.0 = 14.2 - 34.8 = 8.6 — .081 —
Body weight (kg) 71.6 +14.2 0.7 = 2.7* 726 143 -0.2=x28 70.4 £ 14.4 -1.2+3.1 716 146 -0.7=*18 .889 .428
% Body fat 24157 -1.3 =29t 243 *+51 -1.1x24 241*6.4 —-1.5*=3.0 240 *=59 -15=*35 .990 .873
WHR 0.77 = 0.05 —0.00 = 0.03 0.76 = 0.04 -0.01 £0.02 0.77 +£0.06 —0.00+0.03 0.78=0.05 —0.00 * 0.03 .592 142
Vo,max
L Oy/min) 1.96 + 0.40 0.14 = 0.23% 1.90 = 0.41 0.17 +0.22 196 *0.39 0.038 =0.16 2.02 = 0.39 0.23 = 0.258 .602 .014*
Vo,max
(mL Oy/kg/min)  27.9 = 6.2 22+33% 2642x59 22+32 289 +7.0 0.88 + 2.5 288 +7.8 3.7 £3.78 .357 .025*

Significance of change within group, based on paired t test: *P < .05, 1P < .001, ¥P < .0001.
Significance of change between groups, based on Bonferroni corrected pairwise differences, Tukey’s HSD, or Scheffé post hoc tests: §change
in E3/E3 significantly different from change in E4/E3, P < 0.05.
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Table 8. Baseline Lipid Concentrations, PH LPLA, and Change With Training (A) in Women (means + SD)
ANOVA
or
ANCOVA
All Women 2/3 (n = 22) 3/3 (n = 19) 4/3 (n = 19) ANOVA on on
Pre, P Changes,
Pre A Pre A A Pre A Value P Value
TC 202.9 = 36.3 —0.4 =225 193.7 = 36.9 —1.2+20.0 211.8 +39.2 —-1.7 £23.2 204.7 = 31.8 1.8+ 253 .276 .871
TG 117.0 = 60.0 —10.7 =42.8* 123.0 +69.3 -79*57.2 120.1 +583 -10.5=*34.7 1069 =51.2 -14.1*309 .672 1902
LDL-C 1271 £ 319 1.7 = 201 116.7 = 29.7 1.3 £19.7 134.6 = 32.9 -1.6 £17.7 131.7 £ 31.9 5.4 + 23.0 .1562 .569
Apo B 115.6 = 27.7 0.1 £14.0 107.7 = 26.0 —-1.3*+147 122.0 +30.6 03*113 118.3 = 25.9 1.4 +16.0 .228 .829
HDL-C 52.4 £ 10.8 0.0 £6.0 52.4 = 10.9 —1.1%=53 53.2 £ 11.1 20+64 51.6 = 11.1 —-0.7 £ 6.1 .901 229
HDL,-C 14.8 + 85 -03=*49 15.3 +8.3 -1.3*+47 144 + 9.6 1.5+ 5.1 146 +7.8 -1.0=*45 .946 .160
HDL3-C 34.4+59 0.67 =54 33.8 438 091 =49 35.3 6.3 047 £7.3 34.2 = 6.8 0.62 = 3.8 714 .969
Apo Al 165.9 = 32.1 03*244 167.9 = 34.7 2.6 +20.1 169.7 +37.4 2.8 +15.7 159.8 = 22.4 —5.1*+344 .603 .525
TC/HDL 4.05 = 1.21 —0.03 = 0.49 3.83 £ 1.03 0.03 = 0.59 415 *+1.31 -0.17 = 0.46 4.19 = 1.32 —0.05 = 0.38 571 .320
LDL/HDL 2.57 = 1.00 0.01 = 0.41 2.33+0.83 0.04 = 0.46 2.66 =1.09 -0.10 = 0.37 2.73 +1.08 0.11 = 0.38 .328 .280
Ratio Apo
B/AI 0.73 = 0.26 0.00 £ 0.18 0.68 =0.28 —0.04 =0.22 0.75 = 0.28 —0.01 £ 0.07 0.76 = 0.22 —0.05 = 0.20 .578 .320
HTGLA 145 + 6.2 -03=*4.2 139 £5.2 03+54 12.8 + 5.6 -03=*28 16.7 £ 7.2 -09=*4.1 .130 .589
LPLA 11.3 3.6 0.8 4.0 118+ 28 1.4 = 4.21 11.9 = 4.0 -1.2 = 3.2t% 10.1 = 3.5 2.0 +4.1% 222 .032*

*P < .05 significance of A within group based on paired t test.

tA in E3/E3 is different from A in E2/E3, P < 0.05; #A in E3/E3 is different from A in E4/E3, P < .05 based on Bonferroni corrected post hoc tests.

opment in response to ischemia?® This is associated with
reduced vascular endothelial growth factor (VEGF) synthesis,
again attributed to hyperlipidemia in the Apo E—deficient ani-
mals. Skeletal muscle capillary density also decreases with
increasing LDL-C and Apo B concentrations in humans,3°
suggesting that serum lipids may also affect skeletal muscle
perfusion, and possibly performance, in man. Such observa
tions are unlikely to explain the present results, however,
because the smallest increases in exercise capacity occurred in
the Apo E 3/3 subjects, the group with the putatively most
beneficial changes in serum lipids.

Consequently, the effect of Apo E genotype on exercise
capacity may have been mediated by more direct effects on
other tissues such as skeletal muscle. Apo E mRNA is ex-
pressed in skeletal muscle and appears to be most abundant at
neuromuscular junctions.3! Its role in muscle function is not
clear, but Apo E—deficient animals develop abnormal mito-
chondria as well as sacroplasmic inclusions that react with an
antibody to a fragment of the Alzheimer's cerebrovascular
amyloid peptide.32 Alzheimer’ s disease is also related to Apo E
by virtue of itsincreased prevalence in Apo E4 homozygotes.33
Apo E in the nervous system appears to function in neuronal
repair after injury.3* Since exercise training is a process of
repetitive muscle injury, repair, and hypertrophy, it is conceiv-
able that the Apo E effect on exercise performance is mediated
by a role, as yet undefined, in the muscle injury and repair
process. If true, this will expand the relationship between
lipoprotein metabolism and muscular function, although such a
possihility is highly speculative.

Several other genetic factors have been linked to exercise
performance. A 287-bp deletion (D) in the gene for angioten-
sin-converting enzyme (ACE) is associated with higher serum
ACE levelsin DD subjects than in those with the insertion (1)
genotype.35 Subjects with the | alele demonstrate enhanced
endurance performance in some,36-38 put not all,3° cross-sec-
tional studies and a greater increase in forearm flexion ability
with a fixed weight with exercise training.3 A genetic poly-
morphism in muscle-specific creatinine kinase gene has also

been associated with greater increases in endurance capacity
with exercise training.4°

There are limitations to the present study that could have
affected the Vo, results. The study was not originally designed
to examine the influence of Apo E on exercise performance.
Nevertheless, al of the exercise testing was performed using
standard techniques in academic exercise physiology depart-
ments. Testing equipment was calibrated using gases of known
composition on each testing day. Possible errorsin VO, mea-
surements, although unlikely, should have equally affected all
Apo E genotypes. The physiologic changes with exercise train-
ing in the present study were small. Vo,max increased by only
10% in the men and 8% in the women. Thisis less than the 15%
and 19% increases in Vo,max observed in men and women,
respectively, in the Health, Risk Factors, Exercise Training and
Genetics (HERITAGE) study, a 20-week, multicenter study of
745 subjects designed to examine genetic determinants of the
training response.*t On the other hand, TGs decreased 18% and
8% for our men and women, respectively, and HDL-C changed
by 3% and —1%. Inthe HERITAGE study, TGs decreased only
5% in the men and 2% in the women. The increase in HDL-C
for HERITAGE subjects averaged only 3% or 1.4 and 1.1
mg/dL for men and women. Consequently, the overall physi-
ologic changes achieved with the present study are comparable
to those in similar programs. The present study also lacked a
control group. We used an uncontrolled design because the
primary study goal was to compare the lipid response to train-
ing among the Apo E genotypes and recruiting a control group
for each genotype would have required genetically screening
more than 500 additional subjects. Some of the serum lipid
“exercise training effect” in the present study could represent
an acute effect produced by recent exercise and not a conse-
quence of more persistent metabolic changes induced by exer-
cise training. The acute exercise effect primarily affects serum
TGs,*! however, so the different responses in the cholesterol/
HDL ratios among the Apo E genotypes are likely to persist
even when lipids are not measured within 24 hours of exercise.
Finaly, we cannot exclude the possibility that some other
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genetic factor associated with Apo E variantsis responsible for
the differences in the Vo,max response.

In conclusion, the present results demonstrate that Apo E
polymorphisms affect the lipid response to exercise training in
healthy, normolipidemic subjects. Reductions in LDL-C and
increases in HDL-C are greater in Apo E 3 homozygotes
producing significantly greater reductions with exercise train-
ing in several common markers of CAD risk, including the
ratios of TC and LDL-C to HDL. In addition, the present results
provide evidence that Apo E genotype affects the change in
exercise performance with exercise training. Additional studies
are needed to confirm this finding and, if confirmed, to define
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the mechanism for this effect. The qualitatively small changes
in serum lipids among the Apo E genotype groups have little
physiological significance for individua subjects, but are direct
support of the concept that genetic variability affects the phys-
iological responses to exercise. These small differences among
genotypes could have clinically greater significance for popu-
lation studies.
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