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Abstract The high efficiency of protein deposition during
the neonatal period is driven by high rates of protein syn-
thesis, which are maximally stimulated after feeding. In the
current study, we examined the individual roles of amino
acids and insulin in the regulation of protein synthesis in
peripheral and visceral tissues of the neonate by performing
pancreatic glucose—amino acid clamps in overnight-fasted
7-day-old pigs. We infused pigs (n = 8—12/group) with
insulin at 0, 10, 22, and 110 ng kg~ *°® min~"' to achieve
~0, 2, 6 and 30 pU ml~! insulin so as to simulate below
fasting, fasting, intermediate, and fed insulin levels,
respectively. At each insulin dose, amino acids were
maintained at the fasting or fed level. In conjunction with
the highest insulin dose, amino acids were also allowed to
fall below the fasting level. Tissue protein synthesis was
measured using a flooding dose of L-[4->H] phenylalanine.
Both insulin and amino acids increased fractional rates of
protein synthesis in longissimus dorsi, gastrocnemius,
masseter, and diaphragm muscles. Insulin, but not amino
acids, increased protein synthesis in the skin. Amino acids,
but not insulin, increased protein synthesis in the liver,
pancreas, spleen, and lung and tended to increase protein
synthesis in the jejunum and kidney. Neither insulin nor
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amino acids altered protein synthesis in the stomach. The
results suggest that the stimulation of protein synthesis by
feeding in most tissues of the neonate is regulated by the
post-prandial rise in amino acids. However, the feeding-
induced stimulation of protein synthesis in skeletal muscles
is independently mediated by insulin as well as amino acids.
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Introduction

The rate of protein deposition is more rapid during the
neonatal period than at any other stage of postnatal life and
is driven by high rates of protein synthesis (Denne and
Kalhan 1987; Davis et al. 1989). During the neonatal
period, more rapid gains in protein mass occur in skeletal
muscle than in the body as a whole (Young 1970). The
synthesis of skeletal muscle protein is high immediately
after birth and declines more rapidly than in other tissues of
the body during the first month of life (Davis et al. 1993a,
1996). A marked change in the composition of muscle also
occurs during the neonatal period and is accompanied by a
significant reduction in ribosome number and a specific
accumulation of myofibril proteins (Davis et al. 1989;
Fiorotto et al. 2000).

Neonates use dietary amino acids efficiently for growth
(Davis et al. 1993b) because they can increase protein
synthesis in response to feeding to a greater extent than
mature animals (Davis et al. 1993a, 1996). The feeding-
induced stimulation of protein synthesis occurs in all
measured tissues in the neonatal pig and rat, and the
greatest increase occurs in skeletal muscle, particularly in
those muscles that contain predominately fast-twitch
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muscle fibers (Burrin et al. 1997; Davis et al. 1997). We
have previously shown that raising amino acids from
fasting levels to those typical of the fed state increases
protein synthesis in skeletal muscle to rates similar to that
of fed neonatal pigs, when insulin and glucose are main-
tained at fasting levels (Davis et al. 2002). Furthermore,
raising insulin from the fasting to the fed level, in the
presence of fasting amino acid and glucose levels, also
increases muscle protein synthesis (Davis et al. 2001;
Wray-Cahen et al. 1998). These responses to insulin and
amino acids were greater in muscles that contain primarily
fast-twitch glycolytic fibers than in those composed of
primarily slow oxidative fibers. Although we further
showed that insulin and amino acids independently stim-
ulate protein synthesis in fast-twitch glycolytic muscle
(O’Connor et al. 2003), it was not determined whether
insulin and amino acids interact at low doses to stimulate
protein synthesis in muscles of different fiber types.

In most visceral tissues of the neonate, including liver,
raising amino acids to fed levels increases protein synthe-
sis, whereas fed insulin levels do not elicit a response
(Davis et al. 2001, 2002). We previously demonstrated that
the stimulatory effect of amino acids on protein synthesis
in the liver is independent of insulin in that the effect of
amino acids occurs at different levels of insulin within the
physiological range and even in the absence of insulin
(O’Connor et al. 2004). However, it was not determined
whether the stimulation of protein synthesis in other vis-
ceral tissues by amino acids is independent of insulin.

Although a number of studies have examined the effects
of amino acids and insulin on protein synthesis in skeletal
muscle (Garlick et al. 1983; O’Connor et al. 2003), there
are surprisingly few reports of the effect of amino acids and
insulin in other tissues (Charlton et al. 2000; Jefferson et al.
1983). Because whole-body protein synthesis rates repre-
sent the compilation of the rates of synthesis in all tissues
and organs of the body, and rates of protein synthesis in
visceral tissues considerably exceed those in peripheral
tissues, examination of the effect of amino acids and
insulin on protein synthesis in visceral tissues is important.
In the current study, we utilized pancreatic glucose—amino
acid clamps to determine the independent effects of amino
acids and insulin on the regulation of protein synthesis in
muscles of different fiber types, as well as in other
peripheral and visceral tissues.

Methods
Animals

Multiparous sows (n = 11, crossbred Yorkshire x Land-
race X Hampshire x Duroc; Agriculture Headquarters,
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Texas Department of Criminal Justice, Huntsville, TX)
were housed in lactation crates in individual, environ-
mentally controlled rooms, maintained on a commercial
diet (5084, PMI Feeds, Richmond, IN), and provided water
ad libitum throughout the lactation period. After farrowing,
piglets remained with the sow but were not given supple-
mental creep feed. Piglets were studied at 5-8 days of age
(2.1 &+ 0.4 kg). Three to five days before the infusion
study, pigs were anesthetized, and catheters were surgically
inserted into a jugular vein and a carotid artery with sterile
techniques, as described previously (Wray-Cahen et al.
1997). Piglets were returned to the sow until studied. The
previously described protocol (O’Connor et al. 2003) was
approved by the Animal Care and Use Committee of
Baylor College of Medicine. The study was conducted in
accordance with the National Research Council’s Guide for
the Care and Use of Laboratory Animals.

Pancreatic glucose—amino acid clamps

The clamp procedure has been previously described by
O’Connor et al. (2003). Briefly, after an overnight fast, pigs
were placed unanesthetized in a sling restraint system. The
average basal concentration of blood glucose (YSI 2300
STAT Plus, Yellow Springs Instruments, Yellow Springs,
OH) and plasma branched-chain amino acid (BCAA)
concentrations (Beckett et al. 1996) to be used in the sub-
sequent pancreatic glucose—amino acid clamp procedure
were established during a 30-min basal period. The 2-h clamp
was initiated with a primed (20 pg kg™'), continuous
(100 pg kgfl hfl) somatostatin (BACHEM, Torrance, CA)
infusion. After a 10-min infusion of somatostatin, a continu-
ous infusion of replacement glucagon (150 ng kg™' h™'; Eli
Lilly, Indianapolis, IN) was initiated and continued to the end
of the clamp period. Insulin was infused at 0, 10, 22, or
110 ng kg~*% min~"' to achieve plasma insulin concentra-
tions of ~0, 2, 6, or 30 pU ml~! to simulate below fasting,
fasting, intermediate, or fed insulin levels, respectively
(Davis et al. 1996). At each dose of insulin, amino acids were
clamped at either the fasting (500 nmol BCAA ml™") or fed
(1,000 nmol BCAA ml™") level by using BCAA as an index
for amino acid concentrations. BCAA concentrations were
monitored every 5 min and the infusion rate of a balanced
amino acid mixture was adjusted to maintain its concentration
within 10% of the desired level (Davis et al. 2002). At the
highest insulin dose only, amino acids were also allowed to
fall below fasting levels (250 nmol BCAA ml™~") by omitting
the amino acid clamp. Blood glucose concentrations were
measured at 5-min intervals, and the dextrose infusion rate
was adjusted to maintain blood glucose at a constant value.
Blood samples also were taken at intervals for later determi-
nation of circulating insulin, glucagon, and individual
essential and nonessential amino acid concentrations.
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Plasma hormones and substrates

The concentrations of individual amino acids from frozen
plasma samples obtained at 0 and 90 min after the start of
the insulin infusions were measured with an HPLC method
(PICO-TAG reverse-phase column, Waters, Milford, MA)
as previously described (Davis et al. 1993a, b). With a
porcine insulin radioimmunoassay kit (Linco, St. Louis,
MO) that used porcine insulin antibody and human insulin
standards, plasma radioimmunoreactive insulin concen-
trations were measured. Plasma radioimmunoreactive
glucagon concentrations were measured using a porcine
glucagon radioimmunoassay kit (Linco, St. Louis, MO)
that used porcine glucagon antibody and human glucagon
standards.

Tissue protein synthesis in vivo

Ninety minutes after the initiation of the clamp procedure,
the fractional rate of protein synthesis was measured with a
flooding dose (1.5 mmol kg~ body weight, 1.0 mCi kg™"
body weight) of L-[4->H] phenylalanine (Amersham Bio-
sciences, Piscataway, NJ) as previously described (Garlick
et al. 1980). Pigs were killed at 2 h and samples were
obtained from the longissimus dorsi, gastrocnemius, mas-
seter, and diaphragm muscles, left heart, skin, liver,
pancreas, spleen, lung, jejunum, kidney, and stomach.
Samples were immediately frozen in liquid nitrogen and
stored at —70°C until analyzed, as previously described
(Davis et al. 1996). The specific radioactivity of the protein
hydrolysate, homogenate supernatant, and blood superna-
tant were determined as previously described (Davis et al.
1989). Previous studies have demonstrated that, after a
flooding dose of tritiated phenylalanine is administrated,
the specific radioactivity of tissue free phenylalanine is in
equilibrium with the aminoacyl tRNA specific radioactiv-
ity, and therefore the tissue free phenylalanine is a valid
measure of the tissue precursor pool specific radioactivity
(Davis et al. 1999).

Calculations and statistics

The fractional rate of protein synthesis (K, percentage
of protein mass synthesized in a day) was calculated as

K.(%/day) = [(Sy/S.) x (1,440/1)] x 100

where S, (dpm min~") is the specific radioactivity of the
protein-bound phenylalanine and S, (dpm min~') is
the specific radioactivity of the tissue-free phenylalanine at
the time of tissues collection and the linear regression of
the blood specific radioactivity of the animal at 5, 15, and
30 min against time, and ¢ is the time of labeling in
minutes.

Analysis of variance (ANOVA; general linear modeling)
was used to assess the effect of amino acids, insulin, and
their interaction, and to determine whether there was a linear
and/or quadratic relationship between BCAA and K. If there
was a significant interaction, Student’s 7 test was used to test
for specific differences between groups. To determine the
effectiveness of the clamp procedure, amino acid and insulin
concentrations in each treatment group were compared with
their basal concentrations by use of 7 tests. Probability values
of P < 0.05 were considered statistically significant.

Results
Infusion, hormones, and substrates

Pancreatic glucose—amino acid clamps were performed in
fasted 7-day-old pigs by infusion of somatostatin (to block
insulin secretion), glucagon (at replacement levels), and
glucose (as needed to maintain fasting levels). Insulin was
infused at four doses to achieve levels that simulated (1)
less than fasting (0 pU ml™"), (2) fasting (2 pU ml™"), (3)
intermediate between fasting and fed (6 pU ml™Y), or (4)
fed (30 pU ml™") conditions. Amino acids were clamped
at fasting (500 nmol BCAA ml™") or fed levels
(1,000 nmol BCAA ml™"). At the highest insulin dose,
amino acids were also allowed to fall to less than the
fasting levels by omitting the amino acid clamp
(~250 nmol BCAA mlfl) so that the dose-response
effect of amino acids (~250, 500, and 1,000 BCAA
nmol ml™") could be examined. The targeted plasma
insulin levels and amino acid levels were largely achieved
in all treatment groups (Table 1) and were presented pre-
viously (O’Connor et al. 2003). Furthermore, the
circulating glucose and glucagon concentrations were lar-
gely maintained at basal fasting levels during the infusion
of somatostatin, glucagon, insulin, and/or amino acids (data
not shown).

The effect of insulin and amino acids on protein
synthesis

We examined the interaction of insulin and amino acids in
the stimulation of protein synthesis in various tissues. For
the purpose of comparison with muscles of different fiber
types, we herein have included previously reported data on
protein synthesis in the longissimus dorsi (LD), a muscle of
primarily fast-twitch, glycolytic fibers (O’Connor et al.
2003). Both insulin and amino acids increased protein
synthesis in the LD muscle (P < 0.01). There was a pro-
gressive increase in protein synthesis rates in the LD
muscle as the level of insulin was increased (P < 0.005).
Amino acids increased LD muscle protein synthesis
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Table 1 Plasma AA and

. . RT) 1 —1
insulin levels in response (o AA/insulin  AA group Baseline Insulin group (WU ml™")
insulin and AA infusion during 0 2 6 30
pancreatic glucose—AA clamps
in 7-day-old pigs TAA Fasting 3245+ 53 3,014 £ 156 3,079 £ 241 3,060 £ 149 2,947 + 123
Fed 3,172 £ 74 5,546 £ 497* 5227 4+ 232*% 4,649 £ 392% 4,697 + 117*
<Fasting 3,354 £+ 134 1,851 + 167*
BCAA Fasting 544 + 19 507 + 47 506 + 64 534 + 58 510 £ 23
Fed 560 + 25 888 £ 55* 1,072 £+ 74* 873 + 58* 887 + 37*
Val L SE <Fasting 601 + 52 259 + 25%
alues are means : EAA Fasting 1,126 £35 1,105+£88 1,121 122 1,158 +£92 1,074 £ 62
n = 8-12 per group. Plasma
concentration of amino acids Fed 1,165 £ 41 1,968 £ 132%* 2210 + 160* 1,936 £+ 93* 1,907 + 60*
(AA) are in nmol ml~". <PFasting 1,243 £ 79 602 £ 73*
Previously published data from .
NEAA Fast 2,116 £ 76 1,905 £ 97 1,954 + 157 1,904 £ 107 1,874 + 82
©"Connor et al. 2003, 2004 Fafimg 2,007 £ 50 3,575 £420% 3,017 £ 124* 2,712 &+ 146% 2,790 + 89*
TAA total AA, BCAA branched- < : : : . : .
chain AA, EAA essential AA, <Fast1ng 2,107 + 87 1,248 + 110
NEAA nonessential AA Insulin Fasting 1.5+£02 0.7 &£ 0.2* 24 +0.2 5.6 + 0.6* 30.8 + 4.2*
* Significantly different from Fed 1.7+02 0.9 + 0.2* 27 +03 6.2 + 0.2* 29.0 £+ 3.4*
baseline (time 0) values <Fasting 1.84+02 24.0 £ 2.0%
(P < 0.05)

(P < 0.05) at each dose of insulin except the highest dose
(30 pU ml™"), where there was a tendency for amino acids
to stimulate LD muscle protein synthesis (P = 0.06)
(Table 2). Both insulin and amino acids also stimulated
protein synthesis in the gastrocnemius, a muscle of mixed
fiber types, the masseter muscle, which is composed of
slow-twitch oxidative fibers, and the diaphragm, a unique

muscle of mixed fiber composition that undergoes contin-
uous contraction (P < 0.05). In the gastrocnemius muscle,
there was a progressive increase in protein synthesis as the
level of insulin was increased (P < 0.005). Amino acids
increased protein synthesis in gastrocnemius muscle only
at the highest dose of insulin (P < 0.05) (Table 2). In the
masseter muscle, there was a progressive increase in

Table 2 Fractional protein synthesis rates (%/day) in tissues of 7-day-old pigs at ~0, 2, 6, and 30 U ml~' plasma insulin levels during
euaminoacidemia (500 nmol BCAA ml™') and hyperaminoacidemia (1,000 nmol BCAA ml™Y)

Tissue Insulin (WU ml™")

0 0 2 2 6 6 30 30

BCAA (nmol ml™")

500 1,000 500 1,000 500 1,000 500 1,000
Longissimus dorsi® 102 + 0.7 127 £0.7* 1404 09" 185+ 08" 174408  205+08™ 208+08" 238 +08
Gastrocnemius 119+08 132409 135+09 149+07 1624+08 173+08 174+10 206+ 08"
Masseter 11.24+08 13.1+0.8" 135+£09" 161 +08™ 17.74+09" 195+09" 193 +£09 205 + 0.8
Diaphragm 77+08 89408 94+10 11.1+09 10710 121+1.0 11.9 + 0.9 154 + 0.9
Heart 137407 142+08 136408 148 +08 1734+ 08" 172+09" 1744038 19.0 + 0.9
Skin 158+ 1.1 158+11 179413 191+10" 179+1.1 181=+1.1 215+ 118" 204 + 1.1
Liver” 68.6 £24 764 +24* 669 +27 785+£25 69.1+27 7T80+£27° 659426  892+26
Pancreas 364 +£23 481 £2.6* 346+£25 421 +£25 379425 461 +£25 294+25 498 +24°
Spleen 343+24 395426 378+25 415423 360 +25 384+25 36.8 + 25 39.1 +£24
Lung 199+10 238+ 1.0° 218411 238+1.1 201 +£12 227+13 217£10 246+ 1.1°
Intestine 309+19 381+19 383+22 403+20 326422 398+22 384 + 2.1 354 +25
Kidney 284 +22 3l6+21 316424 336+1.1 277 4+26 340+24 320423 305 +£23
Stomach 197+17 191+17 204421 185+19 207415 194+16 189 + 2.1 197 + 1.4

Values are means £+ SE; n = 8-12 per group

* Significantly different from euaminoacidemic group within the same insulin group (P < 0.05)

" Previously published data from O’Connor et al. 2003, 2004

* Significantly different from previous insulin level within the same amino acid level (P < 0.005)
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protein synthesis as the level of insulin was increased up to
6 uU ml~! (P < 0.005). Higher doses of insulin had no
further effect on the rate of protein synthesis. Amino acids
increased protein synthesis in the masseter (P < 0.05) only
at lower dose of insulin (~0, 2 pU ml™") (Table 2). In the
diaphragm, insulin significantly increased the rate of pro-
tein synthesis (P < 0.05). Amino acids significantly
increased the rate of protein synthesis (P < 0.05) at the
highest insulin dose. Insulin increased protein synthesis in
the heart at the two highest doses (6 and 30 pU ml™') and
at all doses (2, 6, and 30 pU mlfl) in the skin (P < 0.05;
Table 2). In both the heart and skin, amino acids had no
effect on the fractional rates of protein synthesis.

For the purpose of comparison with other visceral tis-
sues, we herein report previously published data on liver
protein synthesis (O’Connor et al. 2004). Table 2 shows
that while insulin had no effect, amino acids increased the
fractional rates of protein synthesis in the liver and pan-
creas (P < 0.05). Furthermore, examination of individual
treatment effects revealed that liver protein synthesis was
increased by insulin only in response to the highest insulin
dose and in the presence of hyperaminoacidemia
(P < 0.05). There was no effect of any dose of insulin in
the pancreas (Table 2). By contrast, amino acids increased
protein synthesis in the liver and pancreas at each dose of
insulin (P < 0.05). In the spleen and the lung, insulin also
had no effect on the fractional rates of protein synthesis but
amino acids increased protein synthesis (P < 0.05).
Examination of individual effects showed there was a
significant effect of amino acids on spleen protein synthesis
at the lowest dose of insulin (P < 0.05). In lung, amino
acids increased the fractional rates of protein synthesis at
the insulin level of ~0 and 30 pU ml~! (P < 0.05;
Table 2). Neither insulin nor amino acids has any effect on
the fractional rates of protein synthesis in the stomach
(Table 2). However, there was a tendency for amino acids
to increase the overall rate of protein synthesis in the
jejunum (P = 0.09) and the kidney (P = 0.13).

The dose-response effect of amino acids on protein
synthesis

To determine whether there is a dose—response effect of
amino acids on the fractional rates of protein synthesis in
various tissues, insulin was infused to achieve the fed level
only, while amino acids were at below fasting levels, the
fasting level, or the fed level. In the LD and gastrocnemius,
there was a progressive increase in protein synthesis as
amino acids were raised from below fasting to fasting
levels (P < 0.05) and from fasting to fed amino acids
levels (P < 0.01; Table 3). In masseter, raising amino
acids from below fasting levels to fasting levels signifi-
cantly increased protein synthesis (P < 0.05) with no

Table 3 Fractional protein synthesis rates (%/day) in tissues of
7-day-old pigs during hypoaminoacidemia (250 nmol ml™"), euami-
noacidemia (500 nmol BCAA ml™") and hyperaminoacidemia
(1,000 nmol BCAA ml™") in the presence of hyperinsulinemia
(~30 pU ml™H

Tissue BCAA (nmol ml™})
250 500 1,000

Longissimus dorsi® 17.2 £ 0.5 20.8 + 0.8* 24.1 + 1.2*
Gastrocnemius 14.6 = 0.5 17.4 £ 1.0* 20.6 £ 0.8%
Masseter 16.7 £ 0.9 19.3 + 0.9% 20.5 £ 0.8
Diaphragm 103 £ 1.2 119 + 1.0 154 + 1.0%*
Heart 16.5 £ 0.5 174 £ 1.0 19.0 £ 0.5
Skin 192+ 14 215+ 19 204 £ 0.9
Liver® 59.8 £22 69.5 + 2.3* 90.1 £ 2.5%
Pancreas 229 + 0.8 294 £+ 1.1* 49.8 £ 2.6%*
Spleen 38.6 £ 2.9 36.8 £ 1.8 39.1 £ 22
Lung 20.1 £ 0.8 21.8 £ 0.8 24.6 + 0.8*
Intestine 332+ 1.0 38.4 £+ 2.0 354+ 0.7
Kidney 334+ 27 319+ 1.8 305+ 14
Stomach 19.6 £ 2.1 189 £ 1.5 19.7 £ 1.6

Values are means £ SE, n = 8-12 per group
 Previously published data from O’Connor et al. 2003, 2004

* Statistically different from previous amino acid group (P < 0.05)

further increase observed at fed levels of amino acids
(Table 3). Infusion of amino acids to achieve the plasma
concentrations observed during feeding (1,000 BCAA
nmol ml™") significantly increased protein synthesis in the
diaphragm (P < 0.05; Table 3), and tended to increase
protein synthesis in the heart (P < 0.07). Amino acids had
no effect on protein synthesis in the skin (Table 3).

To determine whether there is a dose-response effect
of amino acids on protein synthesis in the visceral tissues
of the neonate, fractional rates of protein synthesis were
determined in lung, intestine, pancreas, liver, spleen,
stomach, and kidney in neonatal pigs. For comparison,
previously published data on liver protein synthesis are
used herein (O’Connor et al. 2004). There was a pro-
gressive increase in protein synthesis in the pancreas and
liver as amino acids were raised from below fasting to
fasting levels (P < 0.05) and from fasting to fed amino
acids levels (P < 0.01; Table 3). In the lung, the frac-
tional rate of protein synthesis was increased only at the
highest amino acid dose (Table 3). In the intestine, pro-
tein synthesis was influenced by the level of amino acids
such that it increased as amino acids were raised from
below fasting to fasting but fell modestly when amino
acids were raised further (P < 0.05; Table 3). In contrast,
the fractional rates of protein synthesis in the spleen,
stomach, and kidney were unaffected by amino acid
infusion (Table 3).
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Discussion

In the current study, we set out to examine the individual
effects of insulin and amino acid and their possible
interaction in the regulation of protein synthesis in
peripheral and visceral tissues of neonatal pigs. Since the
neonate is made up of ~40% skeletal muscle as a per-
centage of body mass and skeletal muscle is a significant
contributor to whole-body protein turnover (Preedy et al.
2001), understanding of how feeding affects skeletal
muscle protein synthesis is important. We (Davis et al.
2001) and others (Garlick et al. 1983) have shown that the
response of muscle protein synthesis to anabolic agents is
greater in muscles of predominantly fast than in those of
the slow fiber type. In this study, we compared the effect
of amino acids and insulin on the different skeletal
muscles: (1) longissimus dorsi muscle (contains primarily
fast-twitch glycolytic fibers), (2) gastrocnemius muscle
(comprised of mixed fiber type), (3) masseter muscle
(contains primarily slow-twitch oxidative fibers) and (4)
diaphragm (composed of mixed fibers but undergo con-
tinuous contraction). In agreement with our previous
study (Davis et al. 2001), we found that insulin increased
protein synthesis in all muscle types. The response to
insulin was greater in longissimus dorsi compared to
gastrocnemius, masseter, and diaphragm muscles sug-
gesting that protein synthesis is more responsive to insulin
in muscles containing primarily fast-twitch muscle fibers
in the neonate. Interestingly, amino acids significantly
increased longissimus dorsi muscle protein synthesis at
almost all insulin levels (0, 2, and 6 pU mlfl) while in
masseter muscle only at 0 and 2 pU ml™' and in gas-
trocnemius and diaphragm muscles only at 30 pU ml™".
Furthermore, the dose-response effect of amino acids, in
the presence of fed levels of insulin, showed a progressive
increase in protein synthesis as amino acids were
increased to fasting and fed levels in the longissimus
dorsi and gastrocnemius muscles, whereas only fed levels
of amino acids stimulated protein synthesis in the mas-
seter and diaphragm. Together, this suggests that muscles
containing primarily fast-twitch muscle fibers also are
more sensitive to amino acids in the neonate.

Although, undoubtedly muscle protein synthesis during
the neonatal period is highly sensitive to insulin and amino
acids, some studies also indicate that muscle protein syn-
thesis is also responsive to insulin and amino acids in
growing but more mature animals. Using adolescent rats,
Balage et al. (2001) observed that both insulin and amino
acids are required for the stimulation of protein synthesis in
response to feeding. Furthermore, Anthony et al. (2002)
found that increases in serum insulin are permissive for the
leucine-induced stimulation of muscle protein synthesis in
young adult rats.
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Skin accounts for a large proportion of whole-body
protein synthesis (10-25%), and this proportion varies with
stage of development (Obled and Arnal 1989). Previous
studies have reported rates of protein synthesis in skin to be
either higher or similar compared with muscle (Attaix et al.
1988; Biolo et al. 1994). In the current study, insulin but
not amino acids increased the factional rate of protein
synthesis in the skin. Furthermore, the rates of insulin-
induced protein synthesis in the skin were comparable to
those in skeletal muscle. Our data from the amino acid dose
response study clearly suggest that amino acids have no
effect of protein synthesis in the skin.

Previously, we showed that insulin stimulates protein
synthesis in cardiac muscle of neonatal pigs (Davis et al.
2001). Furthermore, a study using diabetic rats demon-
strated that insulin withdrawal reduces protein synthesis in
heart muscle (Garlick et al. 1983). In the current study,
insulin but not amino acids increased the fractional rate of
protein synthesis. However, the amino acid dose response
revealed that fed levels of amino acids tended to increase
cardiac muscle protein synthesis. Together, the results
suggest the feeding-induced stimulation of protein syn-
thesis in the heart is primarily mediated by the post-
prandial rise in insulin.

Since our previous studies indicated that feeding
increased protein synthesis in all tissues of the neonatal
pigs (Davis et al. 1996, 1997), we wished to determine
whether insulin and amino acids independently regulate the
protein synthetic response to feeding in visceral tissues of
the neonate, as it does for skeletal muscle. In growing
animals, liver protein synthesis rates can be modulated by
changes in food intake (Burrin et al. 1992; Davis et al.
1996). Furthermore, studies in diabetic rats and in hepa-
tocytes indicate that insulin regulates liver protein
synthesis (Jefferson et al. 1983; Hsu et al. 1992). Consis-
tent with our previous study (Davis et al. 2001), the results
in the current study show that when amino acids were
maintained at the fasting level, insulin had no effect on
liver protein synthesis. However, our finding that protein
synthesis was increased in response to the highest insulin
dose in the presence of fed levels of amino acids only
suggests that the possible role of insulin on liver protein
synthesis after feeding should not be overlooked. We have
previously demonstrated that amino acid infusion to the fed
level, in the presence of fasting insulin levels, can repro-
duce the feeding-induced stimulation of liver protein
synthesis in the neonatal pig (Davis et al. 2002). However,
whether there was a potentially permissive effect of fasting
insulin levels on amino-acid stimulated liver protein syn-
thesis was not ruled out in our previous study (Davis et al.
2002). Here, we show the stimulatory effect of amino acids
to be independent of insulin in that the effect of amino
acids occurred at each dose of insulin, including the zero
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insulin dose, suggesting that neonatal liver is highly sen-
sitive to the anabolic affect of amino acids. Moreover, there
was a dose-dependent effect of amino acids on liver protein
synthesis such that raising amino acids from below fasting
to fasting levels increased liver protein synthesis with a
further stimulatory effect at fed levels of amino acids.

Studies show that feeding stimulates protein synthesis in
pancreas, spleen, and lung of the neonatal pig (Burrin et al.
1997; Davis et al. 1997). Recently, we found that insulin
infusion in the presence of near-fasting levels of glucose
and amino acids had no effect on protein synthesis in the
pancreas and spleen of neonatal pigs (Davis et al. 2001).
The results of the current study show that similar to liver,
amino acids stimulate protein synthesis in the pancreas at
each dose of insulin. Furthermore, a dose-dependent effect
of amino acids were also seen such that raising the amino
acid levels from below fasting to fasting levels increased
protein synthesis in the pancreas with a further stimulatory
effect at fed levels of amino acids. In contrast, in the
spleen, amino acids increased protein synthesis only at the
insulin level of nearly zero while in the lung, amino acids
induced protein synthesis occurred at the lowest and the
highest insulin levels. Amino acid dose response data
revealed that in the spleen, amino acids had no effect while
in the lung, raising amino acid levels from below fasting to
fasting levels had no effect on protein synthesis. Con-
versely, further raising of amino acids to fed levels
increased protein synthesis in lung. Although, the results of
several studies show that feeding stimulates protein syn-
thesis in the intestine, stomach, and kidney (Burrin et al.
1997; Davis et al. 1996), in the current study we found that
amino acids only tended to increase the fractional rates of
protein synthesis in the jejunum and the kidney. The amino
acid dose response study showed that amino acids had no
effect protein synthesis in kidney and stomach while rais-
ing amino acid levels from below fasting to fasting levels
increased protein synthesis in the intestine with no further
stimulatory effect at fed levels of amino acids. The findings
that insulin failed to stimulate protein synthesis in the
intestine and kidney is consistent with our previous study
(Davis et al. 2001). One possible explanation for the lack of
anabolic effect of amino acids on protein synthesis in the
stomach and only modest effect in the intestine is that in
the current study, amino acids were supplied parentally
rather than enterally.

In conclusion, the current study was designed to deter-
mine the role of amino acids and insulin in the regulation
of protein synthesis in numerous tissues in the neonatal pig.
In previous studies, we showed that feeding increased
protein synthesis in all neonatal pig tissues that we exam-
ined. In the current study, we further showed that there was
a differential effect of amino acids and insulin on the
regulation of protein synthesis in neonatal pig tissues.

Although amino acids and insulin play critical roles in the
regulation of the post-prandial increase in tissue protein
synthesis in the neonate, other nutrients and/or growth
factors/hormones also may be involved. Nevertheless, our
data demonstrate the differential roles of amino acids and
insulin in modulating the increase in tissue protein syn-
thesis that supports growth in the neonate.
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