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Abstract

 

In human skeletal muscle, insulin-like growth factor-I

(IGF-I) exerts both growth hormone–like (increase in pro-

tein synthesis) and insulin-like (decrease in protein degra-

dation and increase in glucose uptake) actions and aug-

ments forearm blood flow two- to threefold. This study was

designed to address whether (

 

a

 

) the increase in blood flow

due to IGF-I could be blocked by an inhibitor of nitric oxide

synthase; and (

 

b

 

) the metabolic actions of IGF-I were al-

tered by use of a nitric oxide synthase inhibitor.

Forearm blood flow, glucose, lactate, oxygen, nitrite, and

phenylalanine balances and phenylalanine kinetics were

studied in a total of 17 healthy, adult volunteers after an

overnight fast in two different protocols. In protocol 1, after

basal samples IGF-I was infused alone for 4 h with samples

repeated during the last 30 min. After the 4-h sample pe-

riod, 

 

N

 

G

 

-monomethyl-

 

L

 

-arginine (L-NMMA) was infused

into the brachial artery for 2 h to bring flow back to baseline

and repeat samples were taken (6 h). In response to IGF-I

alone, forearm blood flow rose from 3.8

 

6

 

1.0 (bas) to

7.9

 

6

 

1.9 (4 h) ml/min/100 ml (

 

P

 

 

 

,

 

 0.01) and was reduced

back to baseline by L-NMMA at 6 h (

 

P

 

 

 

,

 

 0.01). In protocol

1, IGF-I alone increased forearm nitrite release at 4 h (

 

P

 

 

 

,

 

0.03), which was reduced back to baseline by L-NMMA at

6 h (

 

P

 

 

 

,

 

 0.05). Despite the reduction in flow with L-NMMA,

IGF

 

1

 

L-NMMA yielded increases in glucose uptake (

 

P

 

 

 

,

 

0.005), lactate release (

 

P

 

 

 

,

 

 0.04), oxygen uptake (

 

P

 

 

 

,

 

 0.01),

and a positive shift in phenylalanine balance (

 

P

 

 

 

,

 

 0.01) due

to both an increase in muscle protein synthesis (

 

P

 

 

 

,

 

 0.02)

and a decrease in protein degradation (

 

P

 

 

 

,

 

 0.03).

In protocol 2, L-NMMA was coinfused with IGF-I for 6 h,

with the dose titrated to keep blood flow 

 

6

 

25% of baseline.

Coinfusion of L-NMMA restrained blood flow to baseline

and also yielded the same, significant metabolic effects, ex-

cept that no significant increase in muscle protein synthesis

was detected. These observations suggest: (

 

a

 

) that IGF-I in-

creases blood flow through a nitric oxide–dependent mecha-

nism; (

 

b

 

) that total blood flow does not affect the insulin-

like response of muscle to IGF-I; and (

 

c

 

) that nitric oxide

may be required for the protein synthetic (growth hormone–

like) response of muscle to IGF-I. (

 

J. Clin. Invest.

 

 1996. 97:

1319–1328.) Key words: phenylalanine 

 

•

 

 

 

nitrate 

 

•

 

 nitrite 

 

•

 

oxygen consumption 

 

•

 

 protein degradation

 

Introduction

 

It has long been recognized that increases in skeletal muscle
metabolic activity are associated with increases in blood flow
to muscle (1). Although it has been suggested that the increase
in blood flow is driven by skeletal muscle to support increased
metabolic demand (1, 2), it nonetheless has been difficult to
separate the contribution of blood flow, per se, to the observed
change(s) in muscle metabolism. The potential importance of
this issue has been underscored by recent studies examining
the relationship between insulin action and the insulin-induced
increase in blood flow (3–5). As observed in normal subjects,
in insulin-resistant patients the metabolic (glucose uptake) re-
sponse to insulin is closely correlated with the blood flow re-
sponse to insulin (3–5). These studies have suggested that the
increase in flow may be important to promote or facilitate the
uptake of hormone and substrate by muscle.

In the human forearm, insulin-like growth factor-I (IGF-I)
markedly accelerates blood flow (6, 7). These changes in fore-
arm blood flow are accompanied by both growth hormone–like
(stimulation of protein synthesis) as well as insulin-like actions
(decreases in protein degradation and increases in glucose up-
take and lactate release) in forearm muscle (6). As recent ob-
servations have shown that insulin increases forearm or leg
blood flow through a nitric oxide–dependent mechanism (8, 9)
and that IGF-I increases nitric oxide production in vitro (10),
the present studies were designed to examine (

 

a

 

) if the in-
crease in blood flow due to IGF-I is also nitric oxide depen-
dent; and (

 

b

 

) the relationship among nitric oxide synthase inhi-
bition, blood flow, and the expression of IGF-I’s metabolic
actions.

 

Methods

 

Subjects

 

17 healthy, normal weight, adult volunteers, 25

 

6

 

5 yr of age, were ad-
mitted to the University of Virginia General Clinical Research Cen-
ter the evening before study. Eight of these subjects participated in
protocol 1 and nine participated in protocol 2. No subject was taking
any medication and all female participants had a negative serum
pregnancy test 1–2 d before study. The study protocol was approved
by the University of Virginia Human Investigation Committee and
each subject gave written consent.
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Experimental protocol

 

Two different protocols were used, which are schematically depicted
in Fig. 1. In both protocols, after an overnight 12-h fast, a brachial ar-
tery and an ipsilateral, retrograde, median cubital (deep) vein cathe-
ter were placed percutaneously. In the contralateral arm, a second,
retrograde, median cubital vein catheter was placed. Each subject re-
ceived a primed (

 

z

 

 33 

 

m

 

Ci), continuous (0.43 

 

m

 

Ci/min) infusion of

 

L

 

-[

 

ring

 

 2,6-

 

3

 

H]phenylalanine through a catheter placed in the lower
extremity. After a 90-min tracer equilibrium period, quadruplicate,
paired arterial and bilateral venous samples were taken for glucose,
lactate, oxygen, and phenylalanine concentrations and phenylalanine
specific activities from the arterial and each forearm venous catheter.
Samples for IGF-I were taken from both deep veins. Forearm blood
flow was measured in each arm after each set of arterial and venous
samples by capacitance plethysmography.

 

Protocol 1.

 

After obtaining baseline samples, IGF-I (Genentech
Inc., South San Francisco, CA) was continuously infused into the bra-
chial artery at 6.0 

 

m

 

g/kg bwt/min for 6 h. For the first 4 h of the IGF-I
infusion, blood flow was measured every 30 min. During the last 30
min of this 4-h period (330–360 min), repeat, quadruplicate blood
samples as described for the baseline period were acquired (samples
designated IGF alone). After this middle sample set and for the last
2 h of the IGF-I infusion, 

 

N

 

G

 

-monomethyl-

 

L

 

-arginine (L-NMMA)

 

1

 

(Novabiochem USA, La Jolla, CA) was coinfused into the brachial
artery. The L-NMMA infusion was initiated at a dose of 25 nmol/kg
bwt/min and was diluted in 0.9% saline. Blood flow was measured ev-
ery 15 min. If, after two consecutive flow measurements, flow was

 

. 

 

25% above baseline, the L-NMMA infusion was increased by 25
nmol/kg bwt/min. The maximal dose of L-NMMA infused was 100
nmol/kg bwt/min. Repeat measurements over 30 min as described for
the basal and IGF periods were made at 6 h (450–480 min) since the
infusions began. Blood pressure and heart rate were monitored dur-
ing the study.

 

Protocol 2.

 

This protocol was similar to protocol 1, except that
L-NMMA infusion was initiated simultaneously with IGF-I. The dose
at initiation was 25 nmol/kg bwt/min. Blood flow was measured every
15 min through the entire 6 h of the IGF/L-NMMA infusion. As de-
scribed above, if blood flow rose 

 

.

 

 25% over baseline in two consec-
utive readings, then the L-NMMA infusion was stepped up by 25
nmol/kg bwt/min. No subject received 

 

.

 

 100 nmol/kg bwt/min. As de-
scribed in protocol 1, repeat samples were drawn after 4 h and then
6 h of the combined infusion. For both protocols 1 and 2, the L-NMMA

infusion rates were not changed during the sampling periods. Blood
pressure and heart rate were monitored during the entire study.

 

Analytic methods

 

Blood flow was measured in both arms at the bedside using venous
capacitance plethysmography (UFI, Morro Bay, CA). Like other
venous plethysmography methods, this technique uses the change in
volume of the forearm after brief venous outflow obstruction above
the antecubital fossa. With capacitance plethysmography, the change
in volume caused by venous outflow obstruction distorts the capaci-
tor network wrapped around the midforearm and yields an electrical
signal, which, by use of a predefined calibration signal, is then con-
verted into a volume measurement (11, 12). Practically, 2 min after a
wrist cuff was inflated to 200 mmHg to obstruct flow to and from the
hand, a stable baseline tracing was obtained. Two calibration spikes
were recorded and the venous outflow (supraantecubital) cuff was in-
flated to 40 mmHg. The recording was continued until the tracing pla-
teaued. Blood flow rates were calculated from the rate of change in
volume (milliliters per minute), divided by the volume under the ca-
pacitance network cuff. All flows were measured and results were cal-
culated by the same observer. This method correlates well with the
indocyanine green dye-dilution method (reference 12 and Fryburg,
D., unpublished results).

Whole blood glucose and lactate concentrations were measured
by a combined glucose/lactate analyzer (Yellow Springs Instruments,
Yellow Springs, OH). Plasma insulin and IGF-I (after acid ethanol
extraction) were measured by radioimmunoassay. Phenylalanine con-
centration and specific activity were measured by ion pair, reverse-
phase HPLC, as described previously (13). Percent oxygen saturation
of blood and hemoglobin concentrations was determined with a Ra-
diometer OSM hemoximeter (Radiometer, Copenhagen, Denmark).

Total plasma nitrate and nitrite were measured in protocol 1 us-
ing modifications of the methods of Tracey (14) and Gilliam et al.
(15). This method converts nitrate to nitrite and then assays the ni-
trite using a well accepted colorimetric method. Briefly, to a solution
of K

 

2

 

HPO

 

4

 

 (500 

 

m

 

l, 0.14 M), FAD (25 

 

m

 

l, 100 

 

m

 

M), NADPH (8 

 

m

 

l of
12.5 mM), and nitrate free H

 

2

 

O, 250 

 

m

 

l of plasma was added after
spinning at 4,500 rpm for 10 min. Nitrate reductase (

 

Aspergillus sp.

 

)
was hydrated with K

 

2

 

HPO

 

4

 

 buffer for 30 min at room temperature
before use (activity 

 

5

 

 3.5 U/ml). After hydration, 17 

 

m

 

l of nitrate re-
ductase was added to each sample, vortexed, and then incubated for
3 h in the dark (total volume 

 

5

 

 1.150 ml). Using this method, the effi-
ciency of conversion of nitrate to nitrite in plasma is 

 

.

 

 95% on aver-
age, as estimated by the recovery of nitrite from samples spiked with
graded amounts of nitrate. After the incubation period, pyruvate
(10 

 

m

 

l of 1.0 M stock) and lactate dehydrogenase (10 

 

m

 

l, stock con-
centration 938 U/ml) were added to each sample and mixed and warmed
in a water bath at 37

 

8

 

C for 5 min. After the addition of lactate dehy-
drogenase and pyruvate (to remove excess NADPH), 0.5 ml of this
mixture was next mixed with 1.0 ml of Greiss reagent (naphthylethyl-
ene diamine and sulfanilamide in phosphoric acid [14]). The nitrite
standard curve (0, 1, 2, 3, 4, 6, 8, 10, and 20 

 

m

 

M concentrations) for
each subject was generated in his/her own pooled plasma and the re-
sults were read at 540 nm on a spectrophotometer (DU-640; Beck-
man Instruments, Inc., Fullerton, CA). The sensitivity of this assay
was determined to be 1.0 

 

m

 

M total nitrite. All data reported reflect
total plasma nitrate and nitrite concentrations but are referred to as
nitrite concentrations.

 

Calculations of forearm phenylalanine kinetics

 

The net forearm balances for glucose, lactate, oxygen, nitrite, and
phenylalanine were calculated from the Fick principle:

(1)

where [A] and [V] are arterial and venous substrate concentrations
nd F is forearm blood flow in ml/min/100 ml forearm volume. As re-
gards phenylalanine, the measurement of the absolute rates of syn-

Net balance A[ ] V[ ]–( ) F;×=

 

1. 

 

Abbreviations used in this paper:

 

 L-NMMA, 

 

N

 

G

 

-monomethyl-

 

L

 

-arginine; NNA, 

 

N

 

G

 

-nitro-

 

L

 

-arginine; Phe, phenylalanine.

Figure 1. Experimental paradigms. Each subject had a systemic in-
fusion of [3H]phenylalanine begun 90 min before the basal (BAS) 
sample sets as described in Methods. In protocol 1, between 3.5 and 
4 h of IGF-I alone, repeat samples were drawn from both arms (4 H). 
After the 4-h sample set, L-NMMA was coinfused with IGF-I for 
the next 2 h, the dose titrated to return forearm blood flow to base-
line. Repeat samples were drawn at 6 h. For protocol 2, the L-NMMA 
infusion was initiated with IGF-I immediately after BAS samples. 
Samples were acquired at the same time points as in protocol 1.
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thesis and breakdown of muscle protein requires knowing the phenyl-
alanine specific activity in the phenylalanyl-tRNA pool being used
for protein synthesis. This is not experimentally accessible in the fore-
arm. The rates of protein synthesis and degradation can be estimated
from the kinetics of exchange of labeled phenylalanine across the
forearm as described previously (6). Equations have been presented
for estimating forearm protein synthesis and degradation that were
based upon the use of either arterial or deep venous specific activity
of [

 

3

 

H]phenylalanine to approximate phenylalanyl-tRNA specific ac-
tivity (16, 17). As phenylalanine is not synthesized, catabolized, or
concentrated in muscle, the amount of phenylalanine extracted from
arterial plasma (

 

R

 

d

 

) should at steady state reflect utilization of phenyl-
alanine for muscle protein synthesis. 

 

R

 

d

 

 is given by the equation:

. (2)

 

R

 

a

 

 is a measure of tissue protein breakdown and is calculated from:

. (3)

Data are presented using arterial specific activity to reflect the amino
acid precursor pool as this is the manner in which these were reported
previously (6).

 

Data presentation and statistical analysis

 

All data are presented as mean

 

6

 

SEM. Data on hormone concentra-
tions, bilateral forearm substrate balance, and bilateral forearm
amino acid kinetics are presented for each of the sample periods. For
both protocols, samples are acquired at baseline, and after 4 (4 h) and
6 h (6 h) of the respective infusions. For protocol 1, data points are
designated: basal (BAS), IGF alone (IGF), and IGF

 

1

 

L-NMMA
(combined infusion). For protocol 2, data points are designated: basal
(BAS), IGF

 

1

 

L-NMMA (4 h), and IGF

 

1

 

L-NMMA (6 h).
Within forearms, statistical comparisons were made using ANOVA

for repeated measures and post-hoc, two-tailed comparisons with
Duncan’s test (True Epistat, Epistat Services, Richardson, TX).

 

Results

 

General.

 

All subjects tolerated the study without adverse re-
actions. Blood pressure did not change significantly in protocol
1 (basal: 137

 

6

 

6/56

 

6

 

6 mmHg; 4 h: 140

 

6

 

6/58

 

6

 

7 mmHg; 6 h:
144

 

6

 

6/54

 

6

 

6 mmHg at 6 h). In protocol 2, systolic (but not di-
astolic) blood pressure rose slightly, and significantly over the
study (basal: 146

 

6

 

7/65

 

6

 

5 mmHg; 4 h: 156

 

6

 

8/63

 

6

 

5 mmHg; 6 h:
161

 

6

 

8/64

 

6

 

6 mmHg; ANOVA (systolic BP): 

 

P

 

 

 

,

 

 0.005; basal
vs. 4 h or 6 h: 

 

P

 

 

 

,

 

 0.05).

 

Forearm blood flow.

 

Fig. 2 (

 

top) illustrates the changes in
forearm blood flow over the course of the study. In protocol 1,
forearm blood flow increased from the baseline mean of
3.861.0 to 7.861.9 ml/min/100 ml at 4 h (330–360 min) (P ,
0.01). As seen in Fig. 2, blood flow declined rapidly in response
to L-NMMA. During the 6-h (450–480 min) sample period,
mean blood flow closely approximated the baseline value at
3.760.5 ml/min/100 ml (ANOVA: P , 0.005; 4 h vs. 6 h: P ,
0.01). In protocol 2 (Fig. 2, bottom), the mean baseline flow
was 2.760.3 and increased by 19% to 3.260.3 at 4 h and by an
additional 9% to 3.560.5 ml/min/100 ml at 6 h. The overall in-
crease in flow was restricted to 0.860.4 ml/min/100 ml or 28%
over baseline (NS).

Substrate and hormonal concentrations. Table I summarizes
the arterial and venous glucose and lactate concentrations and
venous hormone concentrations for both protocols. Arterial
glucose declined slightly but significantly in both protocols
during the progressive fast. Insulin levels also declined during
the study. Deep venous total IGF-I levels rose to levels ob-

Rd DPMart DPMvein–[ ] flow×( ) /SAart=

Net balance Rd Ra–=

served previously (6) in both the IGF-infused as well as the
contralateral arms. Table II provides arterial and venous phe-
nylalanine concentrations and specific activities.

Metabolic responses to IGF-I and L-NMMA: glucose and

lactate balances. Fig. 3 summarizes the changes in forearm glu-
cose and lactate balance for protocol 1. At baseline, forearm
glucose uptake was 0.560.1 mmol/min/100 ml, and in response
to IGF-I it rose by 240% to 1.760.5 mmol/min/100 ml. With
the infusion of L-NMMA and reduction in blood flow back to
baseline, forearm glucose uptake remained elevated at 2.960.6
mmol/min/100 ml (ANOVA: P , 0.005; BAS vs. 4 h or 6 h:
P , 0.01; 4 h vs. 6 h: NS). Similarly, forearm lactate release in-
creased slightly, but insignificantly, between the basal and 4-h
(IGF alone) periods, from 0.160.2 to 20.360.2 mmol/min/100
ml. By the 6-h time point, the increase in lactate release was
significant at 20.660.1 mmol/min/100 ml (ANOVA: P , 0.04;
BAS vs. 6 h: P , 0.05).

As observed in the 2-h L-NMMA study, the restraint of
blood flow by L-NMMA in protocol 2 did not affect IGF-I’s
ability to stimulate forearm glucose uptake (Fig. 4). Despite
the lack of increase in blood flow, forearm glucose uptake rose
from 0.960.2 mmol/min 100 ml at baseline to 2.960.6 (4 h) and
2.960.8 (6 h) mmol glucose/min/100 ml (ANOVA: P , 0.005;
BAS vs. 4 h or 6 h; P , 0.01). In parallel to the increase in glu-
cose uptake, IGF1L-NMMA coinfusion briskly increased
forearm lactate release, from 2.160.1 (BAS) to 20.860.2 (4 h)

Figure 2. Blood flow responses. The top depicts the blood flow re-
sponse in protocol 1, the bottom depicts protocol 2. Note the differ-
ences in the y-axis scales. Each data point reflects the mean6SEM 
value for that time point. Basal period 5 90–120 min; 4 h 5 330–360 
min; 6 h 5 450–480 min.
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and 20.960.2 (6 h) mmol/min/100 ml (ANOVA: P , 0.005;
BAS vs. 4 h or 6 h: P , 0.01).

Forearm phenylalanine kinetics. Figs. 5 and 6 depict the
changes in phenylalanine (Phe) balance, Ra, and Rd in both
protocols. In protocol 1, the infusion of IGF-I alone induced a
significant, positive, and anabolic shift in phenylalanine bal-
ance, from 22262 to 11767 nmol/min/100 ml between the
basal and 4-h sample points (Fig. 5, top). Restriction of flow to
baseline did not affect this value at 6 h (12267 nmol/min/100
ml). This change in phenylalanine balance was statistically sig-
nificant (ANOVA: P , 0.0001; BAS vs. 4 h or 6 h: P , 0.001)
and was due to both a 46% decrease in Phe Ra (ANOVA: P ,
0.03; BAS vs. 6 h: P , 0.05; Fig. 5, middle) and a 50% increase
in Rd (ANOVA; P , 0.02; BAS vs. 4 h or 6 h: P , 0.05; Fig. 5,
bottom).

In protocol 2, the simultaneous infusion of IGF1L-NMMA
did not alter the positive change in phenylalanine balance
(22163 to 1464 nmol Phe/min/100 ml, ANOVA: P , 0.0001;
BAS vs. 6 h: P , 0.001, Fig. 6, top). Like the effect of IGF-I
alone or in combination with L-NMMA, in protocol 1 Phe Ra

fell by 46% (Fig. 6, middle) (ANOVA: P , 0.005; BAS vs. 6 h:
P , 0.005). In contrast to the effect observed in protocol 1,
there was a slight, but insignificant, 25% rise in Phe Rd at 6 h
(Fig. 6, bottom).

Forearm oxygen uptake. In protocol 1, mean baseline fore-
arm oxygen uptake was 8.561.3 mmol/min/100 ml. After 4 h of
IGF-I O2 uptake rose to 10.762.2 mmol/min/100 ml, and by 6 h
to 13.862.2 mmol/min/100 ml during the combined infusion
(ANOVA: P , 0.01; BAS vs. 6 h: P , 0.01). In protocol 2,
forearm oxygen uptake rose in the IGF1L-NMMA arm from
8.560.8 to 9.860.8 (4 h) to 12.161.3 (6 h) mmol/min/100 ml
(ANOVA: P , 0.04; BAS vs. 6 h: P , 0.03).

Forearm nitrite balance. Table III summarizes the arterial
and venous concentrations as well as forearm balances of ni-
trite in protocol 1. The values reported include plasma nitrate
and nitrite. Mean basal arterial nitrite levels declined signifi-
cantly by 4 h (P , 0.01) and further by 6 h (ANOVA: P ,
0.0001; BAS vs. 6 h: P , 0.001; 4 h vs. 6 h: P , 0.05). Between
basal and 6 h, venous nitrite concentrations in both the IGF-I–
infused and the contralateral arms also fell across the study,
paralleling the change in the arterial nitrite levels. Despite the
decline in arterial nitrite concentrations, forearm nitrite re-
lease increased markedly between the basal and IGF alone pe-
riod (P , 0.05). L-NMMA returned forearm nitrite balance
back to baseline, a change that was also significantly different
from the 4 h (IGF alone) value (ANOVA: P , 0.03; 4 h vs. 6 h:
P , 0.05). No changes in nitrite release were observed in the
contralateral arm during the course of the study.

Table I. Arterial and Venous Glucose and Lactate Concentrations and Hormone Concentrations, Protocols 1 and 2

Protocol 1: IGF/IGF1L-NMMA Protocol 2: IGF1L-NMMA

BAS 4 h 6 h P BAS 4 h 6 h P

Glu Art 4.560.1 4.360.2 4.260.2* , 0.05 4.660.2 4.560.1 4.360.2 , 0.05

Glu Vein 4.460.1 4.060.2‡ 3.560.2‡ , 0.001 4.360.2 3.460.2 3.460.2 , 0.001

Glu CL Vein 4.360.1 4.260.2 4.060.2‡ , 0.01 4.360.2 4.260.2 4.260.2 NS

Lac Art 0.860.2 0.660.1 0.660.1 NS 0.760.1 0.560.1 0.560.1 NS

Lac Vein 0.860.2 0.760.1 0.760.1 NS 0.760.1 0.860.1 0.860.1 NS

Lac CL Vein 0.860.1 0.760.1 0.760.1 NS 0.760.2 1.160.6 0.560.1 NS

Insulin 2268 964§ 562§ , 0.001 4465 1866‡ 1366‡ , 0.001

IGF Vein 167623 604632‡ 849621‡i , 0.0001 225619 822670§ 871661§ , 0.0001

IGF CL Vein 176620 345634‡ 404633‡i , 0.001 213617 400632‡ 465633‡i , 0.001

Data are expressed as mean6SEM. Glucose (Glu) and lactate (Lac) concentrations in mmol/liter. Insulin concentrations in pmol/liter. IGF-I concen-

trations in ng/ml. CL, contralateral vein indicates the control or noninfused arm. P indicates ANOVA by repeated measures within arm. Post-hoc

testing by Duncan’s test: ‡P , 0.001 vs. BAS; §P , 0.01 vs. BAS; iP , 0.05 vs. 4 h; *P , 0.05 vs. BAS. Vein refers to the IGF and L-NMMA infused arm.

Table II. Phenylalanine Concentrations and Specific Activities in Protocols 1 and 2

Protocol 1: IGF/IGF1L-NMMA Protocol 2: IGF1L-NMMA

BAS 4 h 6 h P BAS 4 h 6 h P

Phe Art 4763 4366* 4364* , 0.01 4962 4662 4662 NS

Phe Vein 5363 4162‡ 3763‡ , 0.001 5663 4463 4264 , 0.001

Phe CL Vein 5463 5163 4863‡ , 0.001 5862 5462 5463 NS

Phe SAa 1862 2162 2262* , 0.05 2062 2162 2162 NS

Phe SAv 1361 1862‡ 1662‡ , 0.001 1461 1762‡ 1661‡ , 0.001

Phe SACLv 1262 1262 1562* , 0.05 1361 1562* 1561* , 0.01

Data are expressed as mean6SEM. Phenylalanine (Phe) concentrations in mmol/liter. Phenylalanine specific activities (SA) in dpm/nmol to nearest

integer. CL, contralateral. P indicates ANOVA by repeated measures within arm. Post-hoc testing by Duncan’s test: ‡P , 0.01 vs. BAS; *P , 0.05 vs. BAS.



Nitric Oxide–dependent Actions of IGF-I on Human Skeletal Muscle Metabolism 1323

Contralateral arm. Table IV summarizes the changes in
forearm blood flow, glucose, lactate, oxygen, and phenylala-
nine balances, as well as phenylalanine, Ra and Rd for both
protocols 1 and 2. The rise in contralateral forearm flow in
protocol 1 was not statistically significant and largely due to a
substantial rise in a single subject. In protocol 2, the increase in
flow was statistically significant. Despite time-dependent ele-
vations in blood flow in the control arms, forearm oxygen, lac-
tate, and phenylalanine balances and phenylalanine kinetics
were stable across the study during both protocols. In protocol
1, contralateral forearm glucose uptake decreased transiently
at 4 h and returned to baseline by 6 h.

Discussion

Three major observations were made from these studies. First,
the increase in blood flow and nitrite due to IGF-I was inhib-
itable by a competitive antagonist of nitric oxide synthase, sug-
gesting that IGF-I mediates the increase in blood flow by aug-
menting nitric oxide production. Second, despite normalization
of flow by L-NMMA during the last 2 h of protocol 1, IGF-I
exerted both its insulin- and growth hormone–like actions.
Third, in contrast to observations made in protocol 1, the titra-
tion or clamping of blood flow at the basal level for the entire
experiment (protocol 2) antagonized the IGF-stimulated in-
crease in muscle protein synthesis.

In the last several years, it has been demonstrated that sev-
eral different vasodilators, including acetylcholine, bradykinin,
and histamine, exert their effects on vascular smooth muscle
through endothelial cell generation of nitric oxide (18–20). As

observed for these vasodilators, in vitro, IGF-I stimulates the
production of nitric oxide in both human umbilical vein cells
and immortalized rat renal artery cells (10) and, in vivo, in both
humans and animals, systemically infused IGF-I increases re-
nal blood flow (21–23), a response which can be blocked in rats
by the administration of L-NMMA before IGF-I infusion (24).

The results of this study extend these observations and pro-
vide two pieces of in vivo evidence that the IGF-stimulated in-
crease in forearm blood flow is nitric oxide dependent. First,
L-NMMA rapidly restored to normal the IGF-mediated in-
crease in blood flow or, when infused continuously in protocol
2, completely blocked its increase. These observations are sim-
ilar to results from other experiments using L-NMMA in the
forearm, i.e., vasodilation due to a nitric oxide–dependent va-
sodilator is antagonized by nitric oxide synthase inhibition (8,
9, 25–28).

The second piece of evidence that IGF-I increases blood
flow through nitric oxide is that IGF-I increases nitrate and
nitrite production, an effect that is entirely abolished by
L-NMMA. Several in vivo studies have demonstrated previ-
ously that serum nitrate/nitrite levels rise in response to sepsis
(29–32), gastroenteritis (33), heart failure (34), during the folli-
cular phase of the menstrual cycle (35), and in response to an
infusion of L-arginine (36). Some of these studies have also re-
ported that the increase in nitrate and nitrite production can
be blunted by nitric oxide synthase inhibition (31, 32). That
forearm nitrate/nitrite release increases due to IGF-I in this
study is concordant with these other observations but is distin-
guished from them by the increase in nitrate/nitrite production
detected from within the forearm.

Figure 3. Forearm glucose and lactate responses, protocol 1. The top 
depicts forearm glucose balance and the bottom depicts forearm 
lactate balance during this protocol. *P , 0.01 vs. BAS. ‡P , 0.05 
vs. BAS.

Figure 4. Forearm glucose and lactate responses, protocol 2. The top 
depicts forearm glucose balance and the bottom depicts forearm 
lactate balance during this protocol. *P , 0.01 vs. BAS; ‡P , 0.02 
vs. BAS.
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In addition to significant changes in local production, the
decline in arterial (as well as venous) nitrate/nitrite concentra-
tions was striking. At baseline, the mean arterial and venous
levels were lower than many already published values (29, 30,
34, 35). However, it should be pointed out that it is not re-
ported in most studies whether or not the subjects were fasting
and at bed rest before the samples were drawn (29, 30, 34, 35).
In two studies, in which these conditions were defined, values
are closer to or below those reported in the present study (36,
37). This issue of fasting and bed rest also likely explains the
decline in plasma nitrate/nitrite levels over time. At present,
no other time course data are available to which these results
can be compared. However, based upon urinary nitrate/nitrite
excretion in mice and humans the most likely explanation for
this decline is progressive fasting (38, 39). Although it has been
demonstrated clearly that nitrate and nitrite are synthesized in
mammalian cells, increasing dietary nitrate intake similarly in-
creases urinary excretion of nitrate/nitrite in both mice (39)
and humans (38). Placing the subject on a nitrate-restricted
diet decreases, but does not eliminate, urinary nitrate produc-
tion (38). The subjects in this study begin fasting at 8 p.m. the
evening before the study and continue to fast until the end of

the study at approximately 4 p.m. the next day. By the basal
sample period, which is usually drawn at 10 a.m., each subject
will have fasted for at least 13–14 h. Thus, one possibility is
that there is continued renal clearance of plasma nitrate/nitrite
during the fast as well as diminished intestinal contributions
from food and/or bacteria. In addition, as exercise increases ni-
tric oxide production (27, 40, 41), it needs to be considered
that activity before blood sampling may also alter plasma ni-
trate/nitrite concentrations.

Although the concept that IGF-I has potent vasodilatory
effects differs from a more conventional view of growth factors
primarily causing cellular differentiation and tissue growth,
precedent for the vasoactive roles of growth factors has been
observed recently with insulin (8, 9, 42, 43). Several investiga-
tors have reported increases in limb (either forearm or leg)
blood flow during euglycemic hyperinsulinemia (8, 9, 42, 43).
The magnitude of the insulin-induced increase in blood flow
was z 75–100% over the baseline value and correlated well
with whole body glucose uptake in both lean and obese sub-
jects (3, 4). This effect of insulin on blood flow is dose depen-
dent in lean subjects (3, 4) and appears to be blunted in obese
or hypertensive insulin-resistant patients (3, 5). As a result of

Figure 5. Forearm phenylalanine balance, Ra, and Rd, protocol 1. The 
top, middle, and bottom panels, respectively, depict forearm phenylal-
anine balance, Ra, and Rd. *P , 0.001 vs. BAS; ‡P , 0.05 vs. BAS.

Figure 6. Forearm phenylalanine balance, Ra, and Rd, protocol 2. The 
top, middle, and bottom panels, respectively, depict forearm phenyl-
alanine balance, Ra, and Rd. *P , 0.001 vs. BAS; ‡P , 0.005 vs. BAS.
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these compelling observations, it has been hypothesized that
the augmentation of blood flow by insulin contributes to or
modulates glucose disposal in skeletal muscle (44).

Scherrer and colleagues recently presented evidence that
nitric oxide mediates the vasodilation due to insulin (8). In this
study, healthy, lean subjects were given a step-wise, 16-min in-
fusion of L-NMMA into the brachial artery before a 2-h, sys-
temic infusion of insulin (8). Prior treatment with L-NMMA
blocked the insulin-induced, z 40% rise in blood flow that was
observed in the control study. The authors noted that whole
body glucose disposal was not altered by intraarterial L-NMMA;
forearm glucose uptake values were not measured (8). Simi-
larly, Baron et al. (9) infused insulin systemically for z 220 min
using two different doses of insulin. In both the low and high
doses, which yielded insulin levels of 69 and 210 mU/ml respec-
tively, leg blood flow rose similarly and to approximately twice
that of baseline (9). After the insulin infusion period,
L-NMMA was infused directly into the femoral artery for 1 h
at 16 mg/min. At this dose of L-NMMA, leg glucose uptake
fell from 107 to 80 mg/min with the low dose and 114 to 85 mg/
min with high-dose insulin. The authors concluded that insu-
lin’s effects on blood flow contributed 25% of insulin’s overall
effect to stimulate glucose uptake (9). The present study dem-

onstrates that IGF-induced increase in glucose uptake (as well
as the insulin-like action on proteolysis) is not at all dependent
upon an increase in blood flow.

In contrast to systemic insulin administration, insulin infu-
sion directly into the brachial artery does not increase blood
flow markedly (15). Only at a dose yielding deep venous insu-
lin concentrations of 125 mU/ml did insulin augment blood
flow and, in that experiment, by 25% (15). At lower doses
yielding deep venous insulin levels comparable with those ob-
served in systemic insulin infusion studies, no increases in fore-
arm blood flow were observed (45). This contrast suggests that
the mechanism for insulin augmentation of blood flow may be
outside of the limb, e.g., activation of the sympathetic nervous
system (43, 46, 47). It is important to point out that this in-
crease in limb blood flow due to either systemically or locally
infused insulin has not been uniformly observed (48, 49). How-
ever, as insulin and IGF-I are similar in both structure and ef-
fects and that L-NMMA blocks the insulin-mediated increase
in flow, the results of the present study are compared with
those studies that have observed an increase in blood flow due
to insulin.

Unlike insulin, IGF-I markedly increases forearm blood
flow when infused directly into the brachial artery (6, 7). At
the lowest dose tested, which does not significantly raise fore-
arm glucose uptake, IGF-I increases forearm blood flow and
the Phe Rd by 75 and 69%, respectively (6). At the same dose
used in the present study, in a previous study IGF-I alone dou-
bled blood flow by 4 h, tripled flow by 6 h, and exerted signifi-
cant metabolic effects. These actions include a four- to seven-
fold increase in glucose uptake and a marked, anabolic shift in
forearm phenylalanine balance due to a large increase in Phe
Rd (synthesis) as well as a decrease in Phe Ra (proteolysis). It is
important to point out that this dose of IGF-I yields an equiva-
lent effect on forearm glucose uptake as the dose of insulin
that increases forearm flow by 25% (15). Within the forearm
preparation and when normalized for effects on glucose up-
take, therefore, IGF-I has a greater effect on blood flow than
does insulin.

The association between IGF-I’s action on blood flow and
its metabolic effects prompted the present study. It is not pos-
sible to sort out from this earlier work whether or not the in-
crease in flow was required to observe these effects. This re-
quirement may be due to a simple mathematical effect, as
blood flow is a multiplier in every equation used to calculate

Table III. Arterial and Venous Nitrite Concentrations and 
Forearm Nitrite Balances, Protocol 1

BAS IGF alone IGF1L-NMMA P

Nitrite artery (mM) 10.463.5 7.262.6* 5.461.9‡§ , 0.0001

Nitrite vein (mM) 10.663.7 8.063.1* 5.262.3‡§ , 0.0001

Nitrite contralateral

vein (mM) 10.663.8 7.462.7* 5.462.7‡§ , 0.0005

IGF arm nitrite

balance 20.460.9 27.762.8i 0.461.3§ , 0.03

Contralateral nitrite

balance 20.260.3 20.760.6 0.261.0 NS

Data are expressed as mean6SEM. Nitrite balance data are in units of

nmol nitrite/min/100 ml forearm volume. P indicates ANOVA by re-

peated measures within arm. Vein refers to the IGF and L-NMMA in-

fused arm. Contralateral vein indicates the control or noninfused arm.

Post-hoc testing by Duncan’s test: ‡P , 0.001 vs. BAS; *P , 0.01 vs.

BAS; §P , 0.05 vs. 4 h; iP , 0.05 vs. BAS.

Table IV. Metabolic Responses in Contralateral Arms of Protocols 1 and 2

Protocol 1: IGF/IGF1L-NMMA Protocol 2: IGF1L-NMMA

BAS 4 h 6 h P BAS 4 h 6 h P

Blood flow 3.461.0 3.961.3 5.161.6 NS 2.360.3 3.460.4 4.360.9* , 0.02

Glucose Bal 0.760.2 0.360.1‡ 0.560.2 , 0.001 0.760.2 1.160.6 0.560.1 NS

Lactate Bal 0.060.3 20.260.1 20.460.1 NS 20.360.1 20.460.1 20.660.1 NS

Oxygen Bal 10.161.3 8.861.5 9.761.7 NS 9.861.3 8.960.9 10.361.8 NS

Phe Bal 22161 22165 22266 NS 22061 22563 23168 NS

PheRa 62610 64610 65617 NS 4764 5266 61611 NS

Phe Rd 41610 43612 42614 NS 2763 2765 3065 NS

Data are expressed as mean6SEM. Blood flow in units of ml/min/100 ml forearm volume. Glucose, lactate, and oxygen balances (Bal) in mmol/min/

100 ml. Phenylalanine balances (Phe Bal), Ra, and Rd in nmol/min/100 ml. P indicates ANOVA by repeated measures within arm. Post-hoc testing by

Duncan’s test: ‡P , 0.01 vs. BAS; *P , 0.05 vs. BAS.
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net substrate balance as well as phenylalanine kinetics. Part of
this concern is alleviated by examination of the direction of
changes for these outcome variables. Qualitative shifts from
net release to net uptake (or a change in the arterio-venous
difference from negative to positive, as observed for phenylal-
anine) provide some assurance that the observed outcome is
likely independent of the numeric change in flow.

Addressing whether or not the increase in flow, per se, was
responsible for the observed outcome is more difficult. That
the increase in flow, in general, becomes manifest before the
metabolic change suggests that the two may be causally re-
lated. However, examination of a variety of circumstances un-
der which forearm blood flow increases aids with this distinc-
tion. For example, when epinenephrine is infused into the
brachial artery at a dose that raises deep venous epinephrine
levels to those observed in severe stress, blood flow approxi-
mately doubles and glucose uptake falls (50). However, muscle
protein anabolism is achieved through an insulin-like mecha-
nism, i.e., decrease in proteolysis. Chloroquine, the antimalar-
ial thought to inhibit lysosome activity, doubles blood flow in
the forearm yet does not affect forearm glucose and phenylala-
nine handling (51). Finally, intraarterially or systemically ad-
ministered growth hormone increases flow by approximately
twofold and increases Phe Rd by z 70% (13). Despite these
marked increases in flow, the metabolic outcomes induced by
these agents are quite distinct from each other. As regards glu-
cose uptake, none of the above increase glucose extraction, in
fact, both growth hormone and epinephrine antagonize insu-
lin’s action (52). Thus, analysis of forearm tissue metabolic re-
sponses in the context of increases in flow suggests that flow
responds to differing metabolic demands in muscle.

If flow does not directly affect muscle metabolism, it is still
possible that the increase in flow facilitates these metabolic re-
sponses by augmenting perfusion of tissue that would not have
been exposed to as much substrate, hormone, etc. In contrast
to epinephrine, growth hormone, or chloroquine, the change
in total flow or distribution may be more critical for hormones
such as insulin and IGF-I, which promote glucose uptake. That
restoration of flow to baseline for 2 h or clamping flow at base-
line for 6 h did not alter glucose uptake, lactate release, or sup-
pression of proteolysis supports the alternative hypothesis,
namely that the muscle metabolic response to IGF-I is intrinsic
to muscle and not dependent upon the flow response. That is,
IGF will increase the uptake of a total mass of glucose (or phe-
nylalanine or oxygen) either by increasing blood flow or by in-
creasing the arterio-venous extraction ratio for that substrate.
Therefore, net balance is the key outcome variable and, in re-
sponse to IGF-I, muscle adjusts fractional substrate extraction
to yield the desired shift in total substrate mass.

These data demonstrate that the insulin-like actions of
IGF-I are not dependent upon an increase in flow. The re-
sponses observed in protocol 1 demonstrate that acute reduc-
tion in flow by L-NMMA does not alter the forearm muscle
metabolic response. In addition to the insulin-like responses to
IGF-I, a similar conclusion was reached for the growth hor-
mone–like effects, i.e., Phe Rd rose during the increase in fore-
arm blood flow and when forearm blood flow was returned to
baseline. This latter observation was particularly critical as in-
creases in Phe Rd (protein synthesis) have been accompanied
consistently by increases in flow (6, 13). As flow is a multiplier
in the calculation of Phe Rd (see Methods), the persistent ele-
vation of Phe Rd despite the reduction in flow by L-NMMA in

protocol 1 suggests that flow did not mathematically alter the
Phe Rd at the 6-h time point.

However, the aforementioned discussion focuses on total
forearm blood flow. It is not possible at present to distinguish
alterations in the distribution of flow within a tissue bed. As
muscle is not uniform in fiber type and hence metabolic activ-
ity, it has been proposed that alterations in the distribution of
blood flow within muscle might alter its overall metabolic ac-
tivity (2, 53). That is, some areas may be more metabolically
active than others and in response to a metabolic stimulus,
there is increased perfusion of more metabolically active areas
(termed nutritive flow [53]). Not all metabolic stimuli may
yield the same pattern of nutritive versus nonnutritive flow,
such that similar increases in total blood flow may not be
equal. As this concept relates to this study and other studies
with L-NMMA, it needs to be considered that although total
blood flow was restored to baseline, the relative distribution of
nutritive to nonnutritive flow may not be the same. This issue
will require further study.

Despite the lack of an acute effect of flow reduction on
these outcome variables, it was possible that an initial increase
in flow (and nitric oxide synthase activity) was sufficient to set
these metabolic events in motion. To address this possibility, in
protocol 2 L-NMMA was infused to prevent any significant in-
crease in blood flow throughout the entire 6-h period. Clamp-
ing blood flow to basal values throughout the entire study did
not change the insulin-like effects of IGF-I, i.e., there were
substantive rises in glucose uptake and lactate release as well
as an anabolic shift in phenylalanine balance due to suppres-
sion of muscle proteolysis. The only metabolic outcome that is
distinct from protocol 1 is that no significant increase in Phe Rd

was observed. It is important to emphasize that this increase in
Phe Rd has been readily detected with IGF-I alone (Fryburg,
D., both published and unpublished data) or in protocol 1 in
combination with a 2-h infusion of L-NMMA. Therefore, it is
unlikely that this attenuated response reflects a false negative
result. In addition, it is possible that L-NMMA partially
blocked protein synthesis in forearm muscle not by antagoniz-
ing nitric oxide synthase, but rather as substrate for protein
synthesis. As aminoacyl-tRNA synthetases can discriminate
minor differences in amino acid structure with a high degree of
specificity, it is unlikely that L-NMMA directly antagonizes
protein synthesis. Recent studies from this laboratory with
L-NMMA alone (at the same doses used in this study) do not
affect muscle protein synthesis or, for that matter, glucose bal-
ance (Fryburg, D., unpublished results).

That L-NMMA antagonizes IGF-mediated increase in pro-
tein synthesis is consistent with the observation that hepatic
protein synthesis in septic rats is blocked by NG-nitro-L-argi-
nine (NNA), another inhibitor of nitric oxide synthase (32). In
that study, rats injected with endotoxin responded with large
increases in plasma nitrate/nitrite concentrations and increases
in fractional hepatic protein synthesis. Another group of ani-
mals received NNA in a single dose before administration of
endotoxin. Pretreatment with NNA blocked the increase in ni-
trate/nitrite at both 4 and 10 h after endotoxin and attenuated
the rise in hepatic protein synthesis at 4 but not 10 h after en-
dotoxin (32). In contrast, nitric oxide generated in vitro from
Kupffer cells in response to lipopolysaccharide inhibited cul-
tured hepatocyte protein synthesis (54). However, in rat mes-
angial cells laminin synthesis increased twofold and collagen
and fibronectin synthesis decreased by 35–48% in response to
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either g-interferon or lipopolysaccharide (55). NG-nitro-L-argi-
nine (L-NAME), another inhibitor of nitric oxide synthase,
blocked these changes in protein synthesis (55). Taken to-
gether, nitric oxide appears to be involved in the modulation
of protein synthesis in a variety of tissues, responses which
may depend upon the tissue and the stimulus for nitric oxide
generation.

In addition to its physiologic significance, these observa-
tions have import for diabetes mellitus. Several groups have
demonstrated that the vasomotor responses to either nitric ox-
ide production or inhibition are impaired in patients or ani-
mals with diabetes mellitus (56–60). This effect appears to be
more manifest in patients with microalbuminuria than those
with normal urinary albumin excretion (60). This impairment
in nitric oxide–dependent vasodilation is consistent with the
blunted vasodilatory response to insulin-resistant patients (3,
4). It is presently unknown if the blood flow response to IGF-I
is also impaired in patients with diabetes mellitus.

Up to this point, the discussion has centered upon blood
flow and therefore the endothelial cell isoform of nitric oxide
synthase. In addition to endothelial cell nitric oxide synthase,
two other major isoforms have been identified, i.e., neuronal
(brain) and inducible (61). Of particular relevance to the
present study, the neuronal form appears to be highly ex-
pressed in human skeletal muscle (62). The abundance of ni-
tric oxide synthase in skeletal muscle might suggest a potential
metabolic role of nitric oxide in this tissue. Recently, two dif-
ferent groups of investigators have demonstrated that, in vitro,
muscle contraction stimulates rat skeletal muscle production
of nitric oxide (63, 64). Kobzik and colleagues also observed
that nitric oxide synthase blockade augments, and nitric oxide
donors depress, muscle contractility (64). Balon and Nadler
observed that blockade of nitric oxide synthase in vitro de-
creases exercise-induced glucose uptake (63). Thus, early ob-
servations suggest that nitric oxide is important in skeletal
muscle metabolism. In addition to affecting endothelial cell ni-
tric oxide synthase, it also needs to be considered that IGF-I
also affects skeletal muscle nitric oxide synthase and that the
nitrate/nitrite measured in the present study may have origi-
nated in skeletal muscle as well as endothelium. Furthermore,
it is acknowledged that the infusion of L-NMMA (or other ni-
tric oxide synthase inhibitors in this and any other study) may
also inhibit the skeletal muscle isoform in addition to the en-
dothelial isoform. Thus, the diminished effect on muscle pro-
tein synthesis may be a reflection of the inhibition of muscle
and not endothelial nitric oxide synthase.

In conclusion, this study demonstrated that IGF-I increases
blood flow through a nitric oxide–dependent mechanism and
that the increase in flow is not required to observe the meta-
bolic actions of IGF-I alone. Therefore, an increase in flow is
not critical to the expression of IGF-I’s actions in normal
young adults. However, the attenuation of the effect on muscle
protein synthesis raises the possibility that IGF-I’s effect on
protein synthesis may depend upon nitric oxide production in
muscle. These results suggest the need for further studies
examining the regulation of nitric oxide synthase in skeletal
muscle.
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