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ABSTRACT

KIM, K.-A., C. L. STEBBINS, H.-M. CHOI, H. NHO, and J.-K. KIM. Mechanisms Underlying Exaggerated Metaboreflex Activation in

PrehypertensiveMen.Med. Sci. Sports Exerc., Vol. 47, No. 8, pp. 1605–1612, 2015. Purpose: Previously, we found that the pressor response to

muscle metaboreflex activation is enhanced in prehypertension and associated with peripheral vasoconstriction. However, mechanisms under-

lying this exaggerated response are not clear. Therefore, we tested the hypothesis that activation of this reflex is augmented owing to increased

production of muscle metabolites (i.e., lactate, K+, and H+).Methods: Twenty-two men (11 normotensive and 11 prehypertensive) were studied.

Changes in cardiac output (Q̇), mean arterial pressure (MAP), and total peripheral resistance (TPR) were compared between the two groups

during static exercise (SE) and postexercise muscular ischemia (PEMI). Subjects completed 2 min of SE at 50% of maximal voluntary

contraction (MVC) followed by 2 min of PEMI. Venous blood samples for determination of metabolites and hormones (catecholamines,

vasopressin, and plasma renin activity) were taken from the exercising and nonexercising arm, respectively. Results: Mean arterial pressure

responses to SE (39 T 3 vs 31 T 2 mm Hg) and PEMI (24 T 3 vs 19 T 3 mm Hg) were significantly higher in the prehypertensive group.

Increases in lactate and decreases in pH during PEMI were seen in both groups. However, changes in these variables were greater in the

prehypertensive group (lactate, 50.1 T 6.2 vs 32.8 T 7.6 mgIdLj1; pH, j0.06 T 0.02 vs j0.01 T 0.01) (P G 0.05). Postexercise muscular

ischemia did not evoke increases in hormones in either group. Conclusions: Compared to the normotensive group, the augmented pressor

response to the metaboreflex in the prehypertensive group was associated with greater production of muscle metabolites that activate its

afferent arm. The augmented response was not associated with activation of the vasopressin and renin-angiotensin systems and greater

activation of the sympathetic nervous system was not apparent. Consequently, additional factors specific to prehypertension, such as arterial

stiffness, may have been involved. Key Words: POSTEXERCISE MUSCULAR ISCHEMIA, EXERCISE PRESSOR REFLEX, TOTAL

PERIPHERAL RESISTANCE, CATECHOLAMINES

T
he cardiovascular response to exercise (e.g., in-
creases in blood pressure (BP), heart rate (HR), and
cardiac output (Q̇) is evoked, in part, by a reflex

originating in skeletal muscle (i.e., the exercise pressor re-
flex) (8,23). The afferent arm of this reflex arc consists of
thinly myelinated group III and nonmyelinated group IV
muscle afferents whose nerve endings terminate in the
interstitium of skeletal muscle. The exercise pressor reflex
is initiated by activation of group III muscle afferents that
are primarily responsive to mechanical stimuli, and group
IV muscle afferents that primarily respond to metabolic
stimuli released from contracting muscles (18,22). Conse-
quently, the exercise pressor response can be viewed in the

context of the combined contribution of a mechanoreflex
and a metaboreflex.

Recently, we investigated the contribution of these two
subreflexes to the exercise pressor reflex in subjects with
prehypertension (7). Prehypertension represents a new clas-
sification of BP between normal and established hyperten-
sion that is not considered a disease state (6). It was created
to highlight the possible risk of this BP range for subse-
quent development of hypertension and is based on obser-
vations of marked increases in the risk of cardiovascular
events associated with BP values previously considered to
be normal (6). We found that reflex-induced increases in
BP, evoked by forearm static contraction, were augmented
in prehypertensive compared to control subjects and that
this augmentation was predominantly due to an exagger-
ated metaboreflex induced by postexercise muscle ische-
mia (PEMI) (7). In addition, the enhanced pressor response
was associated with elevated vasoconstriction (i.e., in-
creased vascular resistance). Although the role played by
metaboreceptors in eliciting this enhanced BP response has
been demonstrated, the underlying mechanisms have not
been identified.

One possibility is that in prehypertensive individuals,
there is a greater production and accumulation of skeletal
muscle metabolites that activate group III and IV muscle
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afferent nerve endings to cause the exercise pressor reflex.
In particular, it seems that decreases in muscle acidity as-
sociated with the production of metabolic acids (e.g., lac-
tate) play an important role in the activation of the muscle
metaboreflex. In this regard, decreases in skeletal muscle
pH during muscle contraction follow a pattern similar to
that seen for increases in BP, sympathetic nerve activity,
and vascular resistance; and these responses are sustained
during PEMI (i.e., during metaboreflex activation alone)
(3,4,29,36).

Another possible metabolic candidate is K+ which is re-
leased from skeletal muscle during contraction (31) and can
activate group III and IV muscle afferents to cause reflex
increases in BP and HR (26,27). Interestingly, potassium
efflux in skeletal muscle is elevated in the spontaneously hy-
pertensive rat (32), which might lead to elevated levels of this
ion during contraction and PEMI. However, it is not known
if such a scenario may occur in prehypertensive humans.

Activation of the muscle metaboreflex in humans has
been shown to induce increases in sympathetic outflow and
in hormones such as renin and arginine vasopressin (AVP)
(24,34). Increases in these factors have also been reported
at rest and/or during exercise in some forms of hyperten-
sion (34,41). Thus, they may play a role in metaboreflex-
induced augmentations of peripheral vasoconstriction and
BP seen in prehypertensive individuals.

Based on these observations, we tested the hypotheses that:
(1) compared to normotensive individuals, the elevated pres-
sor response to metaboreflex activation in prehypertensive
individuals is associated with enhanced production of
skeletal muscle lactate, K+, and H+; and (2) this response is
associated with augmentations in sympathetic outflow and
elevations in AVP and renin activity.

METHODS

Subjects. Eleven prehypertensive and 11 normoten-
sive men age 20–28 yr (23 T 1 vs 24 T 1, respectively),
participated in this study. Subjects were recruited from the
Kyung Hee University campus. Prehypertensive and nor-
motensive subjects were matched by age, weight, height,
and body mass index (BMI).

Prehypertensive individuals were selected according to
the criteria set forth in The Seventh Report of the Joint
National Committee on Prevention, Detection, Evaluation,
and Treatment of High Blood Pressure (systolic BP (SBP),
120–139mmHg and/or a diastolic BP (DBP) of 80–89mmHg)
(6). None of the subjects was taking medications that could
affect cardiovascular function or BP. Based on health history
questionnaires, subjects were determined to be free of any
signs or symptoms of overt cardiovascular disease and were
considered to be in good health. Subjects were instructed to
abstain from caffeine, alcohol, and exercise for at least 24 h
before the screening visit. The Kyung Hee University Hu-
man Investigation Committee reviewed and approved this
study, and each subject gave informed written consent.

Blood pressure screening. When subjects reported
to the laboratory for their screening visit, they rested qui-
etly for 30 min. Subsequently, arterial BP was measured in
the nondominant arm with the subject in a seated position.
Three BP measurements were taken 5 min apart using a
calibrated mercury sphygmomanometer and a cuff size that
was appropriate for the arm circumference of each subject.
Blood pressure measurements were performed with the arm
at the heart level after each subject had been seated for at
least 5 min with his back supported in a chair and both feet
on the floor. Blood pressure was taken in the same manner
before the experimental protocol (i.e., static contraction and
metaboreflex activation).

Experimental protocols. Static contraction and skel-
etal muscle metaboreflex. To determine the relative exercise
intensity, maximal voluntary contraction (MVC) of the
dominant forearm was performed by having the subjects
squeeze a handgrip dynamometer three times at maximal
effort for less than 1 s. Subsequently, the workload for the
static contraction protocols was calculated as 50% of each
subject’s MVC. After a rest period of 10 min, the subjects
then performed isometric handgrip exercise for 2 min at this
work intensity. The target force was displayed on the handgrip
device to assist the subjects in achieving and maintaining
the prescribed workload.

Before exercise, a rapidly inflatable occlusion cuff was
fitted on the upper arm that would be exercised. Ten seconds
before the end of the 2-min contraction period, the cuff was
inflated to suprasystolic pressures (9200 mm Hg) to occlude
the forearm vasculature in the exercising forearm and induce
PEMI. Retrograde insertion of a 20-gauge catheter into the
antecubital vein of the exercising arm was performed to
collect blood samples trapped in the forearm below the
occlusion cuff for measurement of K+, lactate (as index of
lactate), and pH (as an index of H+) during PEMI. This
approach allowed us to identify potential metabolites that
contribute to the metaboreflex. Antegrade placement of
a second 20-gauge catheter in the antecubital vein of the
nonexercising arm was also performed to allow for sampling
of venous blood for determination of plasma concentrations of
catecholamines (an index of general sympathetic activation)
(12). From these samples, plasma renin activity (PRA) (an
index of activation of the renin-angiotensin system) and
AVP (an index of activation of the vasopressin system)
were also assessed.

Five milliliters of venous blood were drawn from each
catheter at rest and during the last 15 s of PEMI. Two min-
utes of static handgrip exercise was followed immediately by
2 min of PEMI.

Blood sampling and biochemical analysis. Blood
samples were collected into prechilled tubes containing
EDTA and centrifuged at 3000 rpm for 10 min. The super-
natant was then collected and stored at 5-C for future analysis.
Plasma catecholamine concentrations were measured by
reverse-phase high-performance liquid chromatography
(HPLC). Extraction of norepinephrine and epinephrine was
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performed by selective absorption from aluminum oxide
(Plasma-Catecholamine-Kit, BIO-RAD, Korea). A 200-KL
internal standard solution + 1 mL Tris buffer were added.
The suspension was vortex mixed for 12 min followed by
centrifugation at 2500 rpm for 5 min. Subsequently, the
supernatant (minus the alumina) was aspirated using a vacuum
aspirator. The samples were then centrifuged again at
2500 rpm for 2 min. Next, 200-KL of the supernatant was
injected onto the HPLC column and eluted by mobile phase.
The intra-assay coefficients of variation were 4.0% for nor-
epinephrine and 4.0% for epinephrine. Plasma renin activity
was determined in duplicate by radioimmunoassay of gener-
ated angiotensin I after incubation by using a commercial kit
(DreamGamma-10 Counter, Japan). The intra-assay coefficient
of variation was 4.0%. Arginine vasopressin was determined
in duplicate by radioimmunoassay also using a commercial
kit (Dream Gamma-10 Counter). The intra-assay coefficient
of variation was 6.0%. Lactate was determined by chemilumi-
nescence immunoassay (Cobas Integra-800, Switzerland), K+

by an ion selective electrode assay (Rapodchem 744-Siemens,
Germany), and pH by an ion selective electrode (Easy Blood
Gas, Medica Corp, USA).

Cold pressor test. The cold pressor test was performed
to determine the BP response to a nonexercise, nonmetabolic
sympathoexcitory stimulus. After baseline measurement col-
lection, the dominant hand of each subject was placed into ice
water (8-C) at the level of the wrist for 2 min. During this time,
SBP and DBP were measured continuously in the contralat-
eral hand.

Measurement of hemodynamic variables. Changes
in SBP, DBP, HR, and stroke volume (SV) were assessed
continuously in the middle finger of the nonexercising hand
at the level of the heart. Measurements were made using
servo-controlled finger photoplethysmography (Finometer,
Finapres Medical Systems, The Netherlands). This device
uses the volume-clamp technique to measure finger arterial
pressure and has been validated to assess changes in both SBP
and DBP in conditions of hypertension according to the Asso-
ciation for the Advancement of Medical Instrumentation (28).

Beatscope Software, together with a Finapres finger cuff,
was used to assess SV from finger arterial pressure by simu-
lating a three-element (aortic impedance, arterial compliance,
and peripheral vascular resistance) nonlinear mathematical
model of aortic input impedance (the Modelflow technique)
that accounts for variations in aortic properties associated
with changes in distending pressure (39). Use of finger
pressure derived from the Modelflow technique reflects
changes in SV that are consistent with changes assessed via
brachial artery pressure (19). Integration of the computed
flow waveform per beat provides left ventricular stroke vol-
ume. This technique has been validated using both thermo-
dilution and Doppler ultrasound (2,35,39).

Sphygmomanometry was used to verify absolute brachial
artery BP because values measured from the inflatable fin-
ger cuff may differ from those of standard BP measurements.
Mean arterial BP (MAP) was calculated according to the

following formula:MAP= [(SBP –DBP)� 1/3] +DBP. Q̇was
calculated according to the Fick equation (Q̇ = SV� HR), and
total peripheral resistance (TPR) was calculated as MAP /Q̇.

Data analysis. Although the Modelflow technique (via
averaging procedures) has been shown to accurately account
for absolute changes in SV from baseline, there is evidence
that it does not precisely reveal beat-to-beat variations (2).
Accordingly, we used the relative changes from baseline to
assess the effects of static contraction and metaboreflex ac-
tivation on SV, Q̇, TPR, MAP, and HR.

Absolute changes in HR, SV, Q̇, MAP, and TPR are
expressed as means T SEM. Baseline hemodynamic variables
were measured immediately before any intervention. A 30-s
average of each hemodynamic parameter was determined
during this time. During static contraction and metaboreflex
activation, the peak 30-s average response for each variable
was assessed just before the end of both contraction and
PEMI (i.e., during 90–120 s of contraction and 60–90 s of
PEMI), and compared between groups and conditions. A
two-way analysis of variance (ANOVA) (group � condition)
was used to assess differences in hemodynamic parameters
and metabolites and hormone concentrations during static
exercise and PEMI. If a significant interaction was found,
post hoc tests were performed via the Tukey test. Physical
characteristics and responses to the cold pressor response
were compared between the normotensive and prehypertensive
groups using an independent t-test. Correlation analysis was
used to determine relationships between MAP and metab-
olite production. The criterion for significant differences
was P G 0.05.

RESULTS

Subjects’ characteristics are presented in Table 1. Pre-
hypertensive and normotensive individuals were age matched
and had similar body mass indices (Table 1). By study design,
the prehypertensive group had a significantly higher resting
SBP and DBP compared with the normotensive group
(Table 1). Maximal voluntary contraction in the prehyper-
tensive group was greater than in the normotensive group
(24.8 T 1 vs 21.5 T 1.0 kg).

Figure 1 shows the absolute peak 30-s average changes in
the hemodynamic values in response to 2 min of static ex-
ercise in both groups. Peak responses were observed at the
period of 90–120 s. Static exercise resulted in significant
increases in MAP in both groups, but the rise in MAP was

TABLE 1. Physical characteristics of subjects.

Variables Normotensive Group (n = 11) Prehypertensive Group (n = 11)

Age, yr 23 T 1 24 T 1
Height, cm 174.7 T 2.3 175.5 T 0.8
Body mass, kg 73.1 T 2.6 73.0 T 1.9
BMI, kgImj2 23.9 T 0.6 23.7 T 0.6
SBP, mm Hg 113 T 2 131 T 1*
DBP, mm Hg 69 T 2 77 T 2*

Values are mean T SE.
*P G 0.05 vs normotensive group.
BMI, body mass index.
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significantly higher in the prehypertensive group than in the
normotensive group. Q̇ also increased in both groups but
tended to increase to a lesser extent in the prehypertensive
group. Heart rate was significantly increased in both groups,
but there were no group differences in the magnitudes of
these increases. There were no significant changes in SV and
TPR in response to static exercise in the normotensive group,
but SV decreased and TPR increased during contraction in
the prehypertensive group.

Absolute peak 30-s average changes in the hemodynamic
data from rest in response to 2 min of metaboreflex activation
are shown in Figure 2. Metaboreflex activation resulted in
significant increases in MAP in both groups, but the rise in
MAP was significantly greater in the prehypertensive group
compared to the normotensive group. While metaboreflex

activation caused increases in Q̇, SV and HR (P G 0.05) in
the normotensive group, no statistically significant changes
in these variables were seen in the prehypertensive group.
TPR was unchanged in the normotensive group but in-
creased in the prehypertensive group (P G 0.05).

Figure 3 shows plasma hormone concentrations in both
groups at rest and during PEMI. No significant differences
in norepinephrine, epinephrine, or AVP concentrations at
rest or during PEMI were found between the groups. There
were no group differences in PRA at rest. Plasma renin ac-
tivity was higher during PEMI in the prehypertensive group
but did not increase from resting conditions.

Skeletal muscle venous pH and concentrations of lactate and
K+ at rest and during PEMI and changes in these variables
from rest to PEMI are presented in Figure 4, respectively.

FIGURE 1—Peak 30-s average changes from rest in MAP, HR, Q̇, SV, and TPR during static exercise in normotensive (NT) and prehypertensive
(PHT) individuals. *P G 0.05 vs resting; #P G 0.05 vs NT. Numbers below the histograms represent resting values.

FIGURE 2—Peak 30-s average changes from rest inMAP, HR, Q̇, SV, and TPR during PEMI in NT and PHT individuals. *P G 0.05 vs resting; #P G 0.05 vs
NT. Numbers below the histograms represent resting values.
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Venous pH at rest was higher in the prehypertensive group but
no group differences were seen during PEMI. However, pH
decreased significantly from rest during PEMI in the pre-
hypertensive group, whereas no change was seen in the nor-
motensive group (Fig. 4). Lactate concentrations were similar
at rest but higher in the prehypertensive group during PEMI
(Fig. 4). No group differences between the prehypertensive
and normotensive groups were seen in K+ concentrations at
rest or during PEMI (Fig. 4). There were significantly
positive correlations between MAP and lactate in the nor-
motensive and prehypertensive groups (r = 0.49, P G 0.05;
r = 0.69, P G 0.05, respectively). No correlation between
MAP and pH was found in the normotensive group, but
MAP was negatively correlated with pH in the pre-
hypertensive group (r = j0.42; P G 0.05). No correlation
between MAP and K+ was found in either group.

Cold pressor test. The cold pressor test resulted in
significant increases in MAP from baseline in both groups.
However, as observed previously (7), these increases were not
different between the normotensive and prehypertensive
groups when expressed as absolute increases (normotensive,
$31 T 2 mm Hg; prehypertensive, $28 T 3 mm Hg) or rela-
tive increases (normotensive, 38% T 3%; prehypertensive,
29% T 3%).

DISCUSSION

Our results confirmed our previous observations that the
BP response to both the exercise pressor reflex and meta-
boreflex are augmented in prehypertension and that this
augmentation is associated with reductions in SV and eleva-
tions in TPR (7). The major new findings are that the exag-
gerated BP response to activation of the metaboreflex in the
prehypertensive individuals is associated with an enhanced
production of lactate and an augmented reduction in pH in
skeletal muscle compared to the normotensive individuals,

and that BP was positively correlated to production of these
two metabolites in the prehypertensive group.

These findings are in contrast to those reported in hyper-
tensive subjects where metaboreflex-evoked increases in lac-
tate and decreases in pH were not different from those seen in
normotensive individuals (9). This inconsistency may be due
to possible differences in skeletal muscle metabolism be-
tween prehypertensive and hypertensive individuals. Never-
theless, there were also differences in work intensity between
the two studies. Our subjects performed static contraction at
50% of MVC for 2 min before PEMI, whereas in the
Delaney et al. study, the highest intensity used was 40% of
MVC and contraction lasted for only 1.5 min (inconsistencies
that could account for differences in muscle acidity). More-
over, the subjects in theDelaney et al. studywere older (60 T 1 vs
20–28 yr.).

It was surprising that activation of the metaboreflex in the
normotensive group did not induce a decrease in skeletal
muscle pH despite an increased production of lactate. Since
lactate production in the normotensive group was less that
that seen in the prehypertensive group, potentially smaller
changes in pH may have been offset by buffers in the skel-
etal muscle or blood (e.g., carnosine, inorganic phosphate,
bicarbonate, and creatine phosphate). On the other hand,
resting pH in the normotensive group was lower than in the
prehypertensive group, which may have influenced the ex-
tent to which it could change during the metaboreflex
according to the law of initial values (40).

Evidence from animal studies suggests that effects of
lactic acid and H+ ions may be mediated, at least in part, by
acid-sensing ion channels (ASIC3) located on the nerve
endings of group III and group IV muscle afferents (17).
These channels can be activated by changes in pH that are

FIGURE 3—Plasma concentrations of norepinephrine, epinephrine,
vasopressin, and renin at resting and during PEMI in NT and PHT
individuals. #P G 0.05 vs NT.

FIGURE 4—Lactate and potassium concentrations and pH in skeletal
muscle venous effluent at rest and during PEMI in NT and PHT in-
dividuals. *P G 0.05 vs resting; #P G 0.05 vs NT.
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within the range seen in contracting muscle (16). In addition,
blockade of ASIC3 attenuates the exercise pressor response
in rats, particularly those that have had their hind limb arteries
ligated such that muscle contraction would be expected to
enhance the production of lactic acid and H+ (33). Thus, it is
worth acknowledging the possibility that enhanced activation
of ASIC3 receptors in our prehypertensive humans (via aug-
mentations in contraction-induced increases in lactate and H+

ions) may have contributed to the simultaneous exaggeration
of the resulting metaboreflex response.

One shortcoming of our study was that we only assessed
metabolites whose production we believed was most likely
to be enhanced by skeletal muscle contraction in the pre-
hypertensive state. Therefore, we acknowledge the likelihood
that there may also be an augmented production/release of
other metabolites, such as deprotonated phosphate (4,30) and
possibly ATP (via activation of P2x receptors) (21).

Although muscle metaboreflex activation may cause pe-
ripheral vasoconstriction that is related to increases in
muscle sympathetic nerve activity (7,24,29), we did not
find evidence of augmented sympathetic outflow in our
prehypertensive group. The BP response to the cold pressor
test (our nonmetabolic, nonexercise sympathetic index) was
not different between our two groups of subjects, which is
consistent with what we have reported previously (7). In ad-
dition, plasma catecholamine concentrations (our index of
general sympathetic nerve activity) were similar between the
normotensive and prehypertensive groups at rest and during
PEMI. Surprisingly, no increase in catecholamine concen-
trations from baseline values during PEMI were found in
either group, which is in agreement with what has been seen
in normotensive individuals (25). However, in studies where
muscle sympathetic nerve activity (MSNA) was recorded
during static contraction-induced metaboreflex activation,
increases in this variable have been reported (14,19). This
discrepancy between MSNA and norepinephrine responses
probably occurs because the magnitude of increase in nor-
epinephrine concentrations in response to static contraction is
considerably smaller than the concomitant increase in MSNA
(38) and because its concentrations in the blood represent
only a small amount of that which is actually released from
postganglionic sympathetic neurons (10). Consequently, cat-
echolamine concentrations are a less sensitive index of overall
sympathetic nerve activity MSNA. It is also possible that
concentrations of catecholamines in the blood taken from our
sampling site (the antecubital vein of the noncontracting
forearm) were not representative of concentrations in other
circulations where sympathetic activity may have been
greater (20). Thus, the use of catecholamines as an index of
sympathetic nerve activity represents a limitation to our
study such that we cannot dismiss the possibility that aug-
mentations in sympathetic outflow contributed to the exag-
gerated metaboreflex in our prehypertensive group.

Another factor that may contribute to the enhanced BP
responses to metaboreflex activation in prehypertension
is vascular stiffness, which has been found to be amplified

in prehypertension (11) and can occur in large arteries such
as the aorta (5). Increases in vascular stiffness tend to ele-
vate distending pressures (1), an outcome that may con-
tribute to elevations in vascular resistance seen in young
prehypertensive individuals (42). It also may have been a
contributing factor to the contraction-induced increases in
vascular resistance seen in our prehypertensive subjects.

Stimulation of skeletal muscle afferent nerves has been
shown to cause reflex-induced increases in AVP and acti-
vation of the renin-angiotensin system (15,37). Since en-
hanced activity of these two pressor systems has been
observed in some forms of hypertension (34,41), we com-
pared AVP and PRA responses to metaboreflex activation
between our prehypertensive and normotensive groups.
Since we observed no differences in AVP concentrations or
PRA at rest between the groups and no increases in response
to PEMI, we ruled out a role of these two pressor systems in
the metaboreflex under our experimental conditions. This
lack of response may be due to the short duration of PEMI
(i.e., 2 min), as sustained muscle metaboreflex activation
(i.e., 14–15 min) has been shown to cause significant in-
creases in both AVP and PRA (24).

Limitations. Although we found positive correlations
between BP and production of H+ and lactate in the pre-
hypertensive group, we did not establish a cause-and-effect
relationship. This would have required blockade of receptors
for these substances, which are located on group III and IV
muscle afferents. We did not conduct such a protocol because
we are not aware of any antagonists that can be used effectively
in humans without causing nonspecific effects.

Since the muscle tension produced during MVC was
higher in the prehypertensive group than in the normoten-
sive group (24.8 T 1 vs 21.5 T 1.0 kg), the absolute tension
produced during activation of the metaboreflex via static
contraction at 50% of MVC would also have been greater in
that group. Thus, it could be argued that this difference in
absolute tension could have resulted in a greater production
of lactate and H+ during PEMI in the prehypertensive group.
If so, then higher K+ concentrations would also have been
expected in this group, but this was not the case. Moreover,
expressing work intensity in relative terms (i.e., as a per-
centage of maximal) normalizes this variable for differences
in muscle mass among subjects and is consistent with the
manner in which previous studies have expressed work inten-
sity associated with activating of the metaboreflex (3,10,13).

In conclusion, our study has shown that exaggerated
metaboreflex-induced increases in BP and vascular resis-
tance in prehypertensive individuals are accompanied by
enhanced increases in skeletal muscle lactate and H+. We
found no evidence of augmented activation of the AVP
or renin-angiotensin systems. Although increases in the
production of these muscle metabolites were not associ-
ated with parallel elevations in BP reactivity or circu-
lating catecholamines, we cannot rule out the possibility
that activation of the sympathetic nervous system was
enhanced because we did not measure sympathetic nerve
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activity. Exaggerated effects of PEMI on BP may have
been due, in part, to enhanced vascular stiffness that ex-
acerbated vascular resistance in response to a given pres-
sor stimulus.
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