Nutritional Sciences 3(2), November, 2000, pp.57-65
@© 2000 The Korean Nutrition Society

Oral Insulin-like Growth Factor-I Combined Alters Intestinal Protein
Synthesis in Parenterally-fed Piglets
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ABSTRACT

Background: Partial enteral nutriton (PEN) supplemented with insulin-like growth factor-T (IGF-T) to neonatal piglets receiving
parenteral nutrition increases lactase-phlonzin hydrolase (LPH) activity, but not LPH mRNA. The goal of the current study was to
investipate the mechanism by which IGF-I up-regulates LPH activity. We hypothesized that IGF-I regulates LPH synthesis post-
transcriptionally. Methods: Newborn piglets {n = 15} received 100% parenteral nutrition (TPN), 80% parenteral nutriion + 20% PEN
{PEN), or PEN + IGE-I (1.0 mg/kg/d). On day 7, two stable isotopes of leucine, [*H;]-leucine and ["*C,]-L-leucine were intravenously
administered to measure mucosal protein and brush border LPH (BB LPH) synthesis. Results: Weight gain, nutrient intake and jejunal
weight and length were similar among the treatment groups, PEN increased mucosal weight, villus width and cross-sectional area, LPH
activity, mRNA expression and the abundance of proLTHh compared to 100% TPN (p < 0.05). IGF-I further increased mucosal weight,
LPH activity and LPH activity per unit BB LPH ~2-fold over PEN alone (p < 0.05), but did not affect LPH mRNA or the abundance
of proLPHh or mature LPH. Isotopic enrichment of [?H.]-leucine and ["C,|-L-leucine in plasma, mucosal protein and LPH precursors,
and the fractional and absolute synthesis rates of mucosal protein and LPH were similar among the treatment groups. Total mucosal
protein synthesis was increased 60% (p < 0.05) and LPH synthesis tended (p = 0.14) to be greater in the IGF-I treated animals
compared to the other two groups. Conclusions: The primary mechanism by which IGF-I up-regulates LPH may be post-translational,

cither via reducing LPH murnover, or by specifically altering LPH activity.
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INTRODUCTION

Total parenteral nutrition {TPN) results in villus atrophy
(Duersken et al.,” Park et al?) and compromises intestinal
functional development (Gall er af.,” Wykes et al.”). The
villus flattening results in reduced abundance of digestive
enzymes which are primarily distributed on the upper part
of the villus along the luminal border of the microvill
(Van Beers et al’). One of the digestive enzymes that is
compromised with parenteral nutrition is lactase-phlorizin
hydrolase {(LPH). LPH is the disaccharidase responsible
for the hydrolysis of lactose, and thus, is an essental en-
zyme in early life since lactose is the main dietary source
of carbohydrate in newborn mammals. Therefore, recovery
of the synthesis and abundance of this enzyme is likely of
critical importance to neonates, particularly during the tran-
sition from TPN to enteral support.

Thus, it is important to investigate potential clinical
therapies which will induce intestinal digestive and ab-
sorptive function in parenterally-fed neonates. We have
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demonstrated that provision of 20% partial enteral nu-
trition (PEN) to piglets maintained on TPN increased
mucosal weight and LPH activity (Park et al®). The in-
crease in LPH enzymatic activity in response to 20%
PEN was proportional to the increase in mucosal weight
(e.g. LPH activity per unit DNA were comparable). In
addition, the increase in LPH activity in response to 20%
PEN was associated with an increase in LPH steady-state
mRNA abundance, suggesting regulation at the level of
transcription (Park et al.%). In contrast, supplementing 20%
PEN with insulin-like growth factor-1 (IGF-1} increased
mucosal LPH activity ~2-fold over 20% PEN alone, with
no further increase in LPH mRNA expression. Therefore,
we hypothesized that the mechanism by which IGF-I in-
duces intestinal LPH activity in parenterally-fed piglets is
post-transcriptional.

Intestinal LPH is synthesized as a precursor protein
which requires significant post-translational modification
prior to insertion into the brush border (BB) membrane
in its active form (Dudley et al.”). Tts complex synthesis in-
troduces the possibility for regulation of enzyme activity
at the levels of transcription, translation, post-translation
modification or enzyme stability. Over the past several
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years, accurate determination of in vive LPH synthesis
has been achieved using isotopically labeled amino acids
(Dudley et al™™). The objective of this experiment was
to determine the effect of enterally administered IGF-I
on intracellular LPH processing utilizing the continuous
isorope infusion strategy. Continuous isotope infusion
protocol, coupled with a priming isotope dose, brings the
LPH precursors to isotopic equilibrium rapidly and main-
rains this steady state for a sufficient time w allow for pro-
cessing and translocation of LPH precursors to the BB
membrane (Dudley ef al.').

MATERIALS AND METHODS

1. Experimental protocol

Newborn piglets were obtained {(n= 15) and handled
as described previously (Park et al”). The piglets were ran-
domized into three groups. One group was assigned to
receive 100% of their energy needs parenteral nutrition to
serve as a TPN control group (n= 3, TPN). The re-
maining piglets were randomized to receive 80% paren-
teral nutrition 4+ 20% PEN (n = 6, PEN); or PEN sup-
plemented with 1.0 mg/kg/d IGF-I (n=6, PEN +
IGF-I). A catheter for TPN infusion was inscrted surg-
ically through the umbilical artery and advanced ~22 cm
into the blood vessel until the tip reached the aortic arch,
as previously described (Park er al®). A second catheter
was inserted ~18 cm into the umbilical artery for sub-
sequent blood sampling during the stable isotope in-
fusion. PEN was provided as a commercial sow milk re-
placer which was offered twice daily (Park e al.). Piglets
on TPN were provided with a nutritionally complete in-
travenous solution by 24 hour continuous infusion. An-
imal housing, TPN solution composition and administra-
don, and IGF-I supplementation into the formula were
as described in Park et al®

2. Isotope infusion

On day 7, piglets were administered intravenously a dual
isotope infusion of [3,3,3-"H;]-leucine ([*H,]-leucine) and
[*C,]-L-leucine (Cambridge Isotope Laboratories, Andover,
MA) as described by Dudley ef al” The dual infusion
technique allows us to document that proLPHh reaches
isotopic steady state over a defined period of time. Both
isotopes were prepared in a sterile saline solution and
were infused as part of the TPN solution, A priming dose
of 30 pmol/kg of [*H;]-leucine was administered via the
umbilical catheter followed by a constant infusion of 30
pmol/kg/h for 6 hours (Dudley er al.'"). After two hours

of infusion of the first isotope, a primed infusion (30
pmol/kg) of the second isotope, [°C,]-leucine, was in-
idated followed by a constant infusion at 30 pmol/kg/h
for 4 hours. In a previous study by Dudley et al.”), iso-
topic steady state was achieved within 90 minutes of in-
fusion. In order to maintain luminal nutrition throughout
the 6 hr isotope infusion, piglets on partial enteral nu-
trition were administered by oro-gastric gavage one fourth
of their daily intake (15 — 20 mL/kg) at two hour in-
tervals.

Blood samples were collected at baseline, 15, 30, 60,
120, 240, and 360 min into the infusion. Serum was ob-
tained after centrifugation at 4,000 x g for 15 minutes
at 4. At the end of the infusion, pigs were killed with
an intravenous injection of pentobarbital sodium (~80
mg/kg). The abdomen was opened and the small in-
testine from pyloric sphincter to ileocecal valve was re-
moved and divided into 13 approximately equal length
segments which were flushed with cold saline, weighed
and measured as described by Park er al.” A 2 cm section
from segments 3-9, representing jejunum, were processed
for histomorphology as described by Park e al.¥ and mu-
cosal samples were collected from the jeunum by opening
cach segment longitudinally and scraping the luminal sur-
face with a glass slide. All samples were stored at —70C
prior to analysis.

3. Sample analyses

1) Mucosal protein content and intestinal his-
tomorphology
Mucosal protein content was measured as described
previously (Park et al”) and data were expressed as mg
protein/g mucosa. Villus height, width cross-sectional
area and crypt depth were determined as described by
Park et al.’

2} LPH enzyme activity

LPH enzyme actvity was measured at a 1 : 30 diludon
of the original homogenate as previously described (Park
et al.”). Enzyme activity was expressed as specific activity
{mol glucose liberated,/min/g protein), total mucosal ac-
tivity (activity per g mucosa * mucosal weight) and per
unit mucosal BB LPH (specific activity = density of BB
LPH from SDS-PAGE).

3) Mucosal free amino acid pools and total mu-
cosal protein
Approximately 100 mg of mucosa scraping was homo-
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genized with 5% trichloroacetic acid (TCA) to precipitate
the protein, which was then spun down by centrifugation
(3000 x g, 15 min) The supernatant, which contained
the mucosal free amino acids, was applied to a caton ex-
change column (Dowex AG50, 8% cross-linked, 1.5 mL
bed volume, H'), and the amino acids were eluted and
dried under nitrogen gas for further GC/MS analysis.
The TCA precipitates, containing mucosal protein, were
washed three times with deionized water by repeated cen-
trifugation (12,000 X g, 30 minutes) and finally the pu-
rified pellet was hydrolyzed with 5.4 M HCl at 110 for
24 hours. The pellets were dissolved in 1 M glacial acetic
acid and were applied to the cation exchange column pre-
pared as described above. Final amino acids were eluted
with 2 mL of 3M NH,OH and dried under nitrogen for
further processing.

The samples were then esterified and derivitized for
GC/MS analysis as described by Dudley et al."” Briefly, 0.
5 mL of esterification solution (isopropanol: acetyl chlo-
dride 5:1 [v/v]) was added to the dried amino acids,
which were then incubated at 607 for two hours fol-
lowed by drying under nitrogen gas. Derivatization was
performed by adding 100 pL of HFBA (heptafluorobutric
anhydride) to each previously dried sample and followed
by heating for 20 min at 60T. To each tube, 400 uL of
ethyl acetate was added prior to analysis by negative
chemical ionization GC/MS with methane as the carrier
gas on a Hewletr-Packard 5988A mass spectrometer (Hewlet-
Packard, Palo Alto, CA) linked to a HP 589011 gas chro-
matograph (Dudley et al.'"). GC/MS analyses were per-
formed by Dr. Douglas Burrin at the Children's Nutrition
Research Center (Houston, TX).

4. Immunoisolation and purification of LPH po-
lypeptides

Approximately 1 gm of scraped mucosa was homogenized
in 10 mL of 1X PBS containing phenylmethylsulfonyl flu-
oride (PMSF, 2 mM)}, leupeptin (52 mM), trypsin in-
hibitor (10 U/L), aprotinin (35 mM), antipain (50 U/L)
and streptomycin (58 mg/L) as described by Dudley er
al.,"” which were all obtained from Sigma Chemical Com-
pany (St. Louis, MO). The mucosal homogenate was cen-
tifuged at 40,000 rpm (70 t rotor, Beckman Instru-
ments, Palo Alto, CA) for 40 minutes at 4. The pellet,
which contained the membrane protein, was solubilized
in 10 mL resuspension buffer (1X PBS, containing 2 mM
PMSF, 10% Triton X-100 (Sigma) and protease inhibitors)
and was rocked overnight at 47. The suspension was
spun at 40,000 rpm for another 40 minutes. The su-

pernatant were applied onto Sepharose beads to which
LPH monoclonal antbodies had been immobilized as
previously described (Dudley ef al”), which were provi-
ded by Dr. Mary Dudley (University of Medicine and
Dentistry at New Jersey, Newark, NJ}. The antibody/an-
tigen bead complexes were washed several tmes with
phosphate buffer, and then the antigens were released
from the antbody by adding phosphate buffered saline
containing 5% -mercaptoethanol. The mixture was heated
for 4 min at 95 followed by centrifugation for 5 min at
3000 x g. The solution was stored at — 207 prior to gel
separation.

5. Separation of LPH precursor forms by SDS-
PAGE

Immunoprecipitated LPH isoforms were separated on
a 6% acrylamine SDS-PAGE gel at 30 mA for 4-5 hours.
An equivalent concentration of mucosal protein for each
animal was loaded onto the gel and molecular weight
standards (Bio-Rad Laboratories, Hercules, CA) were in-
cluded on all gels. Following electrophoresis, gels were
stained overnight with 0.02% Commassie blue R-250 and
destained with 7% acetic acid solution. The density of
each band was determined (Fotodyvne, New Berlin, WI).
The relative abundance of each LPH polypepdde is ex-
pressed as a proportion of the total LPH protein in the
sample (sum of proLPHh, proLPHc, proLPHi, BB LPH
and dimer of BB LPH). The bands were excised for hy-
drolysis of the proteins to amino acids for GC/MS. Ul-
trapure hydrochloric acid (12 N, ~500 pL) was added to
cach gel slice in a glass hydrolysis tube and tubes were
placed in a 1107 oven for 24 hours. Samples were dried
under nitrogen first and then ~16 mL deionized water
was added to the test tube. The hydrolysates were dried
once more and 1.25 mL 1 N acetic acid was added. The
amino acid mixture was then isolated by Dowex 50 ion-
exchange chromatography as described by Dudley et al.'
The isotopic enrichment into each LPH polypeptide was
measured by GC/MS analysis after processing as des-
cribed above for mucosal protein.

6. Calculation of fractional synthesis rates (Ks)
of mucosal protein and mature BB LPH
The fractional synthesis rates were calculated based
upon two assumptions. First, that isotopic equilibrium
was achieved rapidly in both the mucosal free amino acid
pool and proLPHh; and second, that once the isotopic eq-
uilibrivm is achieved in proLPHHh, the isotopic incorpora-
tion into the LPH protein products is linear. The frac-
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tional synthesis rate (FSR) of total mucosal protein and
BB LPH were estimated using the following equations
(Dudley et af., 1995).

protein FSR (day) =

isotopic enrichment of protein 24 h
isotopic enrichment of proLPHh hr of infusion
BB LPH FSR (day) =

isotopic enrichment of BB LPH 24 h
isotopic enrichment of proLPHh hr of infusion

For all the calculations, only [*H,]-leucine values were
used, as enrichment of [“C,]-L-leucine into BB LPH was
very low compared to [*H,]-leucine. This is likely due to
the shorter duration of infusion (4 vs. 6 hours) and the
higher natural abundance of {"C,]-L-leucine compared
to ['H,]-leucine (baseline tracer-to-tracer ratio: 15.5 vs. 0.
19). Considering the higher natural abundance, the in-
fusion concentration (30 pmol/kg) might have been in-
sufficient.

7. Calculations of mucosal protein synthesis

Absolute jejunal protein synthesis rate was calculated as
the product of the abundance of the protein per gram of
mucosa and the FSR. Total jejunal protein synthesis rate
was calculated by multiplying the absolute synthesis rate
and the mucosal weight of the segment (Dudley er al.'”).

8. Calculations of BB LPH synthesis

The abundance of mature BB LPH was estimated by
dividing the LPH enzyme activity (mol glc/min/g mu-
cosa) by the relative abundance of mucosal BB LPH pro-
tein, estimated from the density of the BB LPH band ac-
quired from the SDS-PAGE separation. As a result, the
values obtained represent an arbitrary unit of the total
quantity of LPH in 1 g mucosa (Dudley ef al.'). Abso-
lute synthesis rate was calculated as the product of the ab-
undance of LPH derived from above and the FSR for BB
LPH. The total synthesis rate was calculated as the pro-
duct of its absolute synthesis rate multiplied by the mu-
cosal weight of the jejunal segment (Dudley et al.'),

9. Statistical analyses

Analyses were performed applying the General Linear
Model technique with randomized complete-block design
{groups blocked by litters) as described in Chapter 2.
Least Significant Difference (LSD) technique was applied
to compare differences among the three treatment groups.

Data were considered to be significantly different at p <
0.05. Trends are reported as p < 0.1, Data are expressed
as means *ac SEM.

RESULTS

1. Nutrient intake and weight gain

There were no differences in inital or final body
weights or daily weight gain among the treatment groups
(Table 1).

2. Jejunal weight and length, mucosal weight
and protein content, and histomorphology

Jejunal weight and length per kg BW were not affected
by treatment, however, mucosal weight per kg BW was
increased ~30% with provision of 20% partial enteral nu-
trition compared to piglets received 100% TPN alone
(Table 2). Mucosal protein content was significantly low-
er in 100% parenterally-fed piglets compared to the pi-
glets fed 20% partial enteral nutrition. There was no ad-
ditional effect of enteral IGF-I on either mucosal weight
or mucosal protein content above that observed with 20%

Table 1. Body weight gain and nutrient intake
80 TPN/20 PEN

100%
80 TPN/20 PEN
TPN / + 1 mghg IGF-I

Initial body weight (kg) 1.41 + 0.06 1.50 + 0.05 1.56 + 0.03
Final body weight (kg) 2,19 + 0.06 2.26 + 0.07 2.28 + 0.03
Weight gain (ghkg/d) 75 + 2.4 84 + 30 79 + 25
Energy intake (kcalka/d)
Parenteral 194 + 1.56 142 4+ 0.33 153 + 1.5
Enteral 0 449 + 0.23 452 £ 0.23
Mean + SEM

Different letter superscripts indicate a significant difference among groups
atp < 0.05

Table 2. Jejunal weight and length, mucosal weight and protein con-
tent and histormorphology

0,
100% 80 TAN/20 PEN 80 TPN/20 PEN
TPN + 1 mg/kg IGF-I
Length (cm/kg) 973 + 51 1022 + 31 1031 + 24
Weight (g/kg) 127 + 02 145 + 04 155 £ 05
M ! weight
ucosal welg 16 + 002 21 + 03° 26 + 02°
(kg
M | tei
ucosal protein 963 + 1.1°1088 + 09° 1088 + 1.3
{mg/g mucosa)
Villus height um)  7209° + 79.2 906.3 + 58.8 862.1 = 68.0
Villus width (umyj 457 + 1.6* 784 £ 51° 81. + 38
Villus crosssectional ) ¢ 340 723 1 87 710 = 88"
area (mm’)
Crypt depth {pm) 860 +105 814 + 42 876 + 53
Mean + SEM

Different letter superscripts indicate a significant difference among groups
atp < 0.05



Yoo Kyoung Park and Sharon M. Donovan 61

PEN alone (Table 2). Villus height and crypt depth were
similar among the groups. Villus width and cross-sectional
area were increased by 20% PEN compared to 100% TPN,
with no further effect of IGFE-I (Table 2).

3. LPH enzymatic activity

Jejunal LPH activity 1s shown in Table 3. LPH specific
activity (umol gle/min/g prot) was significantly greater in
piglets receiving 20% PEN + IGF-I than piglets receiving
100% TPN or 20% PEN alone. Total mucosal LPH ac-
tivity was significantly greater in piglets receiving 20% PEN
compared to 100% TPN.(Table 3). Supplementaton of 20%
PEN with IGF-I further increased total mucosal LPH ac-
tivity. In addition, LPH activity relative to BB LPH ab-
undance in IGF treated piglets was twice that of the oth-
€r two groups.

4. Relative abundance of LPH precursor forms

A representative SDS-PAGE separation of LPH poly-
peptides immunoisolated from the mucosa is shown in
Fig. 1. Five distinct bands (BB LPH, 160 kDa: prol.PHi,
180 kDa; proLPHh, 200 kDa. proLPHc, 220 kDa: dim-
er of BB L.PH, ~240 kDa) were observed, which were
identical to those described by Dudley er al.” The first syn-
thesized precursor is the high mannose form, proLPHh,
and then the complex glycosylated precursor proLPHc to
proLPHi. Processing from the intermediate form prol-
PHi into mature BB LPH is rather fast, hence, proL.PH1
band was not easily detectable. The relative abundance of
the individual LPH polypeptides (the proportional percen-
tage density of the bands as proportion of the sum of all
density of bands) are shown in Table 4. In all treatment
groups, the 160 kDa mature LPH band consdruted the
largest proportion of the immunoprecipitated lactase iso-
forms. 100% parenterally fed piglets had a significantly

lower abundance of proLPHh and higher abundance of
BB LP’H than piglets provided 20% partial nutrition,
There were no significant differences in the relative abun-
dance of LPH precursors and mature BB LPH between
20% PEN alone or with IGF-I.

5. Isotopic enrichment of leucine in plasma and
mucosal free amine acid pools, mucosal bound
protein and precursor forms

The tracer- to-tracee ratios of both [*H,]-leucine and

["C,J-L-Jeucine in plasma reached equilibrium within 2
hours of infusion in all the treatment groups (Fig. 2). The
mean tracer-to-tracee ratio of [*H;]-leucine in the plasma
free pool appeared lower in the 20% PEN group, howev-
er the data were not statistically different (Table 5). This
likely did not affect the availability of [*H,]-leucine for
protein synthesis as the tracer-to-tracee ratios of [*H,]-leu-
cine in the mucosal free amino acid pool and in proLPHc
and proLPHh at steady statc were not significantly dif-

- e——— dimmer of LPH

['— pre LPHc
200 Kd -5

+——— pro LPHh
pro LPHiI

BB LPH

116 Kd

Fig. 1. Representative SDS-PAGE separation of LPH polypeptides.
Immunoisolated mucosal samples were separated by SDS-PAGE. Five
identifiable bands (BB LPH, 160 kDa: proLPHi, 180 kDa: prolPHh,
200 kDa: prolLPHc, 220 kDa: dimer of BB LPH, ~240 kDa) were
visualized after Commassie blue-stained gel.

Table 4. Abundance of L.PH polypeptides in jejunal mucosa

0,
100% 80 TPN/20 PEN 80 TPN/20 PEN
- - , _ TPN +1 mgkg IGF-1
Table 3. jejunal LPH activity and steady state mRNA expression - -
100% 80 TPN/20 PEN Density of bands:
° 80 TPNf20 PEN proL.PHh 16.1 + 2.3 178 + 11 170 £ 07
TPN +1 mgkg IGF-I
— — proLPHc 130 = 11 109 £ 0.8 85 + 1.0
Specific activity . . b .
ol gle/ming 9 248.3 £ 14.8° 1833 £ 19.2 3124 £ 165 proLPHi 6.1 + 0.08 59 £ 01 35 £ 0.2
HmOL gieming pro BB LPH* 176 + 29 171 £ 19 148 + 22
Total mucosal aclivity 55, >\ 4o 6306 + 00® 9956 + 118° Relative Abundance® o:
(pmol glc/min)” @ proLPHh 69 = 0.01° 87 + 000° 95 + 0.01°
LPH actlwty per unit . L34 2234 420 447 + 26 prol PHc 6.2 + 0.01 72 £ 000 67 £ 0O1
BB LPH proLPHi 23 +£ 000 29 + 000 1.9 £ 0.00
LPH mRNA 20+ 025 3.0+ 04° 31+ 09° BB LPH* 86.2 £ 0.01° 831 + 000" 83.7 + 0.00°
Mean = SEM Mean + SEM
Different letter superscripts indicate a significant difference among groups Different letter superscripts indicate a significant difference among groups
atp < 0.05 atp < 0.05.

° o Activity per g mucosa * mucosal weight
*: LPH specific activity densitometric value for immunoprecipitated BB
LPH from SDS-PAGE {see Table 4.4).

“o: Data are expressed as a % of the total LPH polypeptides present
in the mucosa.
*. Sum of BB LPH and dimer LPH
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["Hi]-LeucinefLeucine
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Fig. 2, Fracer-to-tracee ratio of leucine in the plasma pool over time.
Plasma free leucine pools of both isotopes ([*Hsl-leucine) and [“C.}--
Leucine) reached steady state within 2 hours of infusion in all treatment
groups.

ferent among the treatment groups (Table 5). Likewise,
the tracer-to tracee ratio of the mucosal free leucine re-
lative to the plasma tracer-to tracee ratio was similar in all
groups, suggesting that uptake of labeled leucine from
the plasma into the mucosa was similar in all treatment
groups. The tracer-to-tracee rados of labeled leucine in
the individval precursor LPH forms were also similar
among the treatment groups (Table 5). However, when
the tracer-to-tracee ratio of proLPHce when expressed as
a percentage of proLPHh, parenterally fed animals had
significantly higher (92.2 == 0.1%) values than those pro-
vided 20% PEN (76.1 + 0.1% and 709 £ 0.3%), sug-
gesting that the inidal processing rate from prolLPHh to
proLPHc is higher in the 100% parenterally-fed piglets.

6. Fractional (Ks), absolute and total synthesis
rates of mucosal protein

The fractional and absolute synthesis rates (represents
the amount of protein synthesized per gram of mucosal
tissue) were unaffected by treatment (Table 6). However
the total protein synthesis rate (protein synthesized in the
jejunal section) was nearly 50% greater in animals re-
ceiving 20% PEN + IGF-1 compared to the other two
treatment groups.

7. Fractional (Ks), absclute and total synthesis
rates of BB LPH

The fractional synthesis rate of BB LPH was similar in

all three treatment groups (Table 6). The LPH absolute

synthesis, calculated as the product of the abundance of

LPH immunoprecipitated from the mucosa and the frac-

Table 5. Tracer-to-tracee ratio of [*Hs)-leucine in plasma and mucaosal
free amino acid pools, mucosal protein and LPH

100% 80 TPN20 PEN 80 TPN/20 PEN

TPN +1 mg IGF-
Plasma free 830 £ 08 499 + 1.1 6.06 £ 0.9
Gut free 131 £ 0.2 115 £ 04 1.16 £ 0.1
Mucaosal protein 044 + 0.0 0.30 + 0.02 035 £ 0.05

LPH polypeptides® o

Pro LPHh 1.42 £ .13 147 £ 004 1.86 = 0.28

Pro LPHC 1.31 £ 0.8 1.13 + .11 1.32 £ 0.37

BB LPH 043 £ 0.02 0.33 £+ 0.02 0.48 £+ 0.06
Mean + SEM

Different letter superscripts indicate a significant difference among groups
atp < Q.05
® 0 n = 3 randomly selected piglets per treatment group

Table 6. Synthesis of mucosal protein and LPH in the jejunum

100% 80 TPN/20 PEN
80 TPN/20 PEN
TPN / +1 mgkg IGF-
Mucosal Protein
Ks/day 4 £ 04 1.2 + 0.2 1.2 = 0

Absolute
synthesis” 0
Total synthesis* 5015 =+ 32.7* 5347 + 39.5° 8169 <+ 81.1°
LPH
Ks/day 131 = 0. 1.02 £ 006 1.18 £ 0.18
Absolute synthesis 354 + 57 231 + 42 537 + 118
Total synthesis  137.66 & 271 119.1 % 241 329.7 + 732
Mean + SEM
Difierent letter superscripts indicate a significant difference among groups
atp <005
° 0 : Absolute synthesis rate {Ks * mucosal protein content)
*. Total synthesis rate (Absolute synthesis rate * mucosal weight), p =
0.14

1347 £ 9.0 1204 £ 143 1347 =132

tional synthesis rate of LPH, was also not affected by pro-
vision of 20% cnteral nutrition or 1.0 mg/kg enteral IGF-
1. The total BB LPH synthesis rate was nearly 2-fold
greater in piglets receiving 20% PEN + IGF-T compared
to 20% PEN alone, however, data were not significantly
different due to animal varation (p = 0.14).

DISCUSSION

Many studies, particularly those focusing on develop-
mental changes, have shown that LI’H activity is regula-
ted primarily at the level of transcription (Van Beers er al. %).
Indeed, our laboratory has previously shown that IGF-1
up-regulated both LPH activity and mRNA expression in
suckling pigs (Houlc et al.'). In contrast, data from the
current study and that of Dudley er af' suggest that
LPH is regulated post-transcriptionally in parenteraly-fed
piglets. Dudley er al'” studied neonatal piglets which
were provided with the same diet either enterally or par-
enterally. LPH activity was significantly reduced in piglets
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fed parenterally, however, LPH mRNA abundance was
similar in both groups.

Based on these observations, the focus of the current
study was to determine the effect of enteral IGF-1 on mu-
cosal protein synthesis, using two stables isotopes of leu-
cine, and LPH synthesis and processing in vivo. LPH po-
lypeptide synthesis and processing were assessed by im-
munoprecipitating precursor and mature forms of LPH
from the jejunal mucosa, separating them by SDS-PAGE,
and determining the isotopic enrichment of each protein.
LPH within the mucosa is present in four distinct forms:
three precursors, proLPHh, proLPHc and prolLPHi, and
mature BB LPH (Dudley ef al.”). LPH is first synthesized
within the rough endoplasmic reticulum as proLPHh, a
high mannosc precursor form, which is then transported
to the Golgi apparatus where it is converted to a complex
glycosylated form, proLPHc. ProL.PHc then undergoes en-
zymatic cleavage prior to insertion into the brush border
membrane. During this processing, proLPHi is formed as
an intermediate precursor between proLPHc and BB LPH
(Van Beers et al.®).

Work in our laboratory by Houle et al.”® as well as oth-
ers (Burrin er al'®: Dudley et al”) have demonstrated
that the relative proportions of the LPH polypeptides can
be influenced by diet. Burrin et al."® compared LPH ac-
tivity and processing in piglets fed colostrum vs, water for
6 h postpartum. Colostrum increased the total jejunal lac-
tase activity (Burrin et al."), however, piglets fed colos-
trum had lower abundance of mature LPH (160 kDa)
and higher abundance of proLPHi (180 kDa, immediate
precursor of the final isoform) compared to those of who
were fed water (Burrin et al.”™). The authors speculated
that macromolecular uptake of colostral IgG into the en-
terocyte may have provided a physical barrier to the final
post-translational processing of LPH from the 180 kDa
(proLPHi) to 160 kDa (BB LPH) proteins. Using the
same analytical techniques in a different animal model,
Dudley et al.” compared LPH processing in piglets fed
protein-deficient vs, protein adequate diets. The total ab-
undance of proL.PHh was reduced ~22% (9.7 + 1.9 vs. 7.
5 + 0.6) and the LPH synthesis rate was reduced by 34%
in the protein-malnourished piglets comipared to protein
adequate piglets. Lastly, Houle ef al.'” in our laboratory
demonstrated that enteral IGF-1 increased the relative ab-
undance of proLPHh and decreased the relative abun-
dance of mature BB LPH, suggesting that IGF-I was af-
fecting the post-transcriptional processing of LI'H. LPH
activity was greater in piglets receiving enteral IGF-I even
though the relative abundance of mature BB LPH was

lower (Houle et al.'®. These observations led us to hy-
pothesize that enterally administered IGF-I would alter
some aspect of LPH precursor post-translational processing
in parenterally-fed piglets.

In the current study, the relative proportion of mature
BB LPH was significantly higher in the piglets fed 100%
TPN vs. those receiving 20% partial enteral nutrition. As
the data are expressed as a relative proportion of total
LPH polypeptides, there was a concomitant decreasc in
the relative abundance of 200 kDa proLPHh precursor
in 100% TPN piglets compared to the 20% PEN piglets.
In contrast, to the observations of Houle e al.,” no ef-
fect of IGF-I supplementation on the relative LPH po-
lypeptide abundance was observed. It is important to
note, that the estimates of each polypeptide abundance
obtained by immunoisolation are only a relative qualitative
measurements of the post-translational events at the cel-
lular level (Dudley et al.'"), Consequently, it is difficult to
draw conclusions from the relative abundance of all the
precursors, however, we found that the ratio of prolL.PHh
to BB LPH was greater in 100% TPN piglets than in the
PEN piglets (12.5 vs. 9.2). This relative accumulation of
proLPHh within the enterocyte suggests the processing
of proLPHh to the mature LPH was affected in the direc-
tion of slowing down the enzyme processing. We have
found previously that TPN significantly decreased the en-
terocyte migration rate (Park er al.), which supports this
reduced turnover rate of LPH in the enterocytes of the
TPN piglets.

Previous studies have shown that intestinal protein syn-
thesis is depressed in parenterally vs. enterally-fed piglets
(Dudley et al') and rats (Lo & Ney™). In the current
study, we did not include an enterally-fed control group,
therefore, we can only compare the effects of enteral nu-
trition and IGE-I relative to 100% TPN. Protein synthesis
data were expressed three ways. First, we determined the
fractional synthesis rate, which reflects the rate of protein
synthesis per unit time. There were no differences among
the treatment groups in the FSR for either mucosal pro-
tein or BB LPH, suggesting that the rate of protein syn-
thesis was similar in all three groups. Since protein ac-
cretion was greater in the piglets receiving 20% PEN, it is
possible that the rate of protein degradation or turnover
was lower in piglets receiving PEN. In addition, there
were no differences among the treatment groups in the
absolute mucosal protein synthesis rate, which is the pro-
duct of the fractional synthesis rate and mucosal protein
abundance, respectively. It is possible that we did not pro-
vide enough enteral nutrition (~55 mL/kg,/d) to observe
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differences in absolute synthesis rates, since differences in
absolute mucosal protein synthesis have been shown between
100% enterally- vs. 100% -parenterally-fed piglets {Dudley
et al™). Lastly, no effect of 20% PEN alone on total mu-
cosal protein synthesis, the product of the absolute syn-
thesis and mucosal weight, was observed: however, toral
mucosal protein synthesis was significantly greater in pi-
glets receiving 20% PEN + IGF-1. This IGF effect is like-
Iy partially attributable to the greater mucosal weight in
the IGE-I treated piglets. It is also possible that there was
an interaction between the presence of PEN and IGF-I
within the intestine, however, we can not prove that since
we did not have a group of piglets which received only en-
teral IGF. Intravenously administered IGF-I has also been
shown to increase mucosal protein synthesis in rats on
TPN (Lo & Ney").

IGF-I supplemented to 20% PEN increased both LPH
specific activity and total mucosal LPH activity. In ad-
dition, there was a numerical increase in both the ab-
solute (N.S) and total synthesis (p = 0.14) of BB LPH in
IGF-I treated piglets, although neither reached statistical
significance due to inter-animal variation. It is possible that
statistical significance would be achieved with a greater
number of animals.

These data also support the possibility that stimulation
of LPH synthesis may not be the primary mechanism by
which IGF-I up-regulates LPH. We would like to pro-
pose two possible explanations. Firstly, that IGF-I is in
someway altering the hydrolytic capacity of the enzyme.
This is supported by the observation that LPH enzymatic
activity normalized by BB LPH is nearly twice that of pi-
glets receiving 20% PEN alone. LPH contains about 10%
N-glycosylation (Van Beers et al’} and a combination form
of N- and O-glycosylation has been observed for most an-
imal species {Bueller et 2l'"). In human intestine, both
the N-,O-glycosylated and N-glycosylated mature LPH was
isolated from the same tissue samples suggesting that
LPH is heterogeneous in respect to glycosylation (Naim
& Lentze™). There were no differences in the binding aft
finity towards lactose (14 mM) of the two isoforms, but,
the presence of O-glycans on the mature enzyme in-
creased V. four-fold over the enzyme that contained no
O-glycans. Therefore we postulate that oral IGF-I may
alter the glycosylation pattern of LPH resulting in a great-
er proportion of O-glycosylation and thus, increasing the
V... of the enzyme. Secondly, it is possible that IGF-I af-
fects LPH turn-over by inhibiting LPH degradation. Tsu-
boi et al.”” showed that the maturational decline in LPH
activity in rats was associated with increased turnover of

the enzyme, based on the disappearance rate of labeled
leucine from pre-labeled LPH pools, while the rate of
LPH synthesis was unaffected. In addition, in a recent
study by Fang et al.,” IGF-1 inhibited protein break-
down in a dose-dependent fashion in muscles from burn-
ed rats. Ubiquitin mRNA (protein that signals degrada-
tion) was also reduced with coincubation of IGFE-I in
those muscle tissue.

In summary, we have demonstrated that enteral IGF-1
administration combined with 20% PEN increases mu-
cosal weight and total mucosal protein synthesis. In ad-
dition, enteral IGF-I increases LPH activity, however, we
were unable to attribute this effect to either an increase
in steady state LPH mRNA expression or LPH synthesis,
Thus, based on our findings, it appears to be that IGF-I
may regulate LPH activity by a combination of post-trans-
lational events which remain to be determined.
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