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The precise role of circulating IGF-I in somatic growth under
normal and GH-deficient conditions remains unclear. To de-
fine the contribution of circulating IGF-I to the endocrine
regulation of somatic growth and the GH/IGF-I axis, we con-
structed a transgene with the transthyretin (TTR) enhancer/
promoter and the mouse IGF-I ¢cDNA and generated TTR-
IGF-I transgenic mice. The transgene was exclusively
expressed in the liver, which resulted in a 50-60% increase in
serum IGF-1I, a decrease in serum GH, and an improved tol-
erance to glucose challenge. The body weight and lean mass
of TTR-IGF-I mice were heavier compared with wild-type
(WT) mice. The increase in lean mass was a result of increase
in both number and thickness of skeletal muscle fibers. The
femur, tibia, and body lengths of TTR-IGF-I mice also were
longer. In WT mice, the GH antagonist pegvisomant (Peg) sup-
pressed the transcription of endogenous IGF-I and acid-labile
subunit (ALS) genes with no effect on IGF-binding protein 3

(IGFBP-3) mRNA. Consequently, Peg-induced GH deficiency
in WT mice severely reduced ALS, IGF-I, and IGFBP-3 in the
circulation and caused a severe growth deficit. In TTR-IGF-I
mice, Peg reduced the mRNA of the endogenous IGF-I gene
with no effect on the TTR-IGF-I transgene expression, leading
to a blunted decrease in serum IGF-I levels. Interestingly,
IGFBP-3 mRNA was elevated and circulating IGFBP-3 was
less reduced in Peg-treated TTR-IGF-I mice. Peg-treated TTR-
IGF-I mice also exhibited heavier body weight and longer
body length than Peg-treated WT mice. Therefore, liver-
expressed IGF-I can stimulate IGFBP-3 mRNA expression and
stabilize IGFBP-3 under GH deficiency, leading to a better
maintenance of IGF-I levels in the circulation. Higher circu-
lating levels of IGF-I can stimulate somatic growth and lean
mass and improve glucose tolerance. (Endocrinology 147:
3877-3888, 2006)

ULTIPLE LINES OF evidence have confirmed the es-
sential role of IGF-I in regulating postnatal somatic

and bone growth and in mediating the somatotropic function
of GH (1, 2). For instance, GH induces IGF-I expression in
multiple tissues and increases IGF-1levels in circulation, and
inactivation of the IGF-I gene in mice severely impairs so-
matic growth after birth (1-4). IGF-I exerts its cellular func-
tion by binding to the extracellular domain of the a-subunit
of the IGF-I receptor (IGF-IR) complex and activating the
intracellular tyrosine kinase domain of the B-subunit of IGF-
IR, which triggers the transphosphorylation of IGF-IRB sub-
units and activates its downstream signaling pathways (1, 2).
Because both IGF-I and IGF-IR are widely expressed in dif-
ferent tissues, IGF-I may act on its target cells through en-
docrine, paracrine, and/or autocrine mechanisms. There-
fore, it has been difficult to define the contribution of
circulating IGF-I to somatic growth in response to GH stim-
ulation. In the circulation, most IGF-I associates with IGF-
binding protein 3 (IGFBP-3) and acid-labile subunit (ALS) to
form a ternary complex, which remarkably extends the half-
life of IGF-I and IGFBP-3 in the circulation and efficiently
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maintains the reservoir of IGF-I and its endocrine function (1,
2). Consistent with this, overexpression of IGFBP-3 led to an
increase in plasma IGF-I in transgenic mice (5). Conversely,
a reduction of IGF-I in mice caused a reduction of circulating
IGFBP-3 levels without affecting its mRNA expression in the
liver (6). Null mutation of the ALS gene in mice also caused
a significant decrease of IGF-I and IGFBP-3 in the circulation
without affecting their mRNA transcription (7). These stud-
ies indicate that ALS is required for the stability of both IGF-I
and IGFBP-3, whereas IGF-I and IGFBP-3 are required for
each other’s stability. These associated changes among the
components of the ternary complex make it difficult to assess
the specific role of systemic IGF-I in somatic growth.

The liver is the principle organ that produces circulating
IGF-1, IGFBP-3, and ALS (1, 2). ALS is exclusively expressed
in the liver, and its expression is dependent on GH stimu-
lation. GH also directly stimulates IGF-I mRNA expression
in the liver. The transcriptional regulation of IGFBP-3 in the
liver is unclear, although some studies suggest that GH may
indirectly regulate IGFBP-3 expression through enhancing
IGF-I production (8, 9). Earlier studies showed that IGF-I
could stimulate growth of pituitary-deficient rats, suggesting
that the endocrine action of IGF-I was to promote somatic
growth (10-12). However, this concept was challenged by a
study demonstrating that deletion of the liver IGF-I gene in
mice resulted in a 75% reduction in total plasma IGF-I levels,
but mice exhibited normal growth (6). This study suggested
that normal body growth might be mainly mediated by au-

3877

Downloaded from endo.endojournals.org by on July 12, 2009


http://endo.endojournals.org

3878 Endocrinology, August 2006, 147(8):3877-3888

tocrine/paracrine actions of IGF-I. However, two concerns of
this animal model were the significantly elevated GH levels
and the lack of reduction in free IGF-I levels in the circulation
(6, 13). Interestingly, ALS null mice with a 65% reduction of
circulating IGF-I levels but without change of GH levels
exhibited a 13% growth deficit (7), suggesting that the en-
docrine action of IGF-I does play a role in the regulation of
somatic growth. The difference between growth in liver-
specific IGF-I knockout mice and ALS knockout mice may be
the result of a higher turnover of IGF-Iin ALS knockout mice
and thus reduced bioavailability. Importantly, disruption of
both the liver IGF-Iand ALS genes resulted in a 30% decrease
in body weight, further substantiating the role for circulating
IGF-1 in body growth (14). Although these loss-of-function
animal models provide great insight into the understanding
of the endocrine function of the liver-generated or systemic
IGF-], a gain-of-function animal model with liver-specific
and GH-independent production of IGF-I may provide ad-
ditional insight into understanding the role of circulating
IGF-1in the regulation of the GH/IGF-I axis, somatic growth,
and carcinogenesis.

In the present study, we have generated transthyretin
(TTR)-IGF-I transgenic mice with TTR gene enhancer/pro-
moter-directed liver-specific expression of a mouse IGF-I
transgene. We show that these mice have a significant in-
crease in their plasma IGF-I levels, which is accompanied by
increases in body weight, body length, bone length, and lean
mass, improved glucose tolerance, and partially suppressed
serum GH levels. In wild-type (WT) mice, blockade of the GH
receptor (GHR) by pegvisomant treatment diminished ALS
mRNA in the liver and ALS protein in the blood, reduced
IGF-I mRNA in the liver and IGF-I protein in the blood, and
reduced IGFBP-3 protein in the blood without changing
IGFBP-3 mRNA in the liver. These alterations were accom-
panied by severe growth deficit. Interestingly, in the IGF-I
transgenic mice treated with pegvisomant, the IGFBP-3
mRNA levels in the liver and the plasma levels of IGF-I and
IGFBP-3 were much higher compared with pegvisomant-
treated WT mice. Pegvisomant-treated TTR-IGF-I mice also
exhibited heavier body weight and longer body length than
pegvisomant-treated WT mice. These results indicate that the
liver-produced IGF-I can promote somatic growth under
both normal physiological and GHR-dysfunctional condi-
tions. Importantly, the liver-produced IGF-I also can stabilize
IGFBP-3 and stimulate IGFBP-3 transcription under GH-
deficient conditions, which may facilitate the maintenance of
IGF-I concentration and endocrine function and thereby in-
crease the resistance to GH deficiency.

Materials and Methods
Construction of the IGF-I transgene

Total RNA sample was prepared from C57BL/6] mouse liver and
reverse transcribed into cDNA as templates for PCR. The mouse IGF-I
c¢DNA was amplified by PCR using a pair of mouse IGF-I-specific prim-
ers with Acc651 and EcoR1 cloning sites, 5'-TATAGGTACCCACTCT-
GACCTGCTGTG (IGF-I forward) and 5'-TATAGAATTCGATGTTTT-
GCAGGTTGCTC (IGF-I reverse). The PCR-amplified 600-bp IGF-I
c¢DNA was subcloned into the pBluescript II SK plasmid, and its au-
thenticity was verified by DNA sequence analysis. Subsequently, the
Acc651/EcoR1 fragment was transferred into the PAP-TTR-SV plasmid
that contained a TTR promoter and a simian virus 40 (5V40) polyade-
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nylation signaling sequence. The Ascl/Pacl TTR-IGF-I-SV fragment
was then transferred into the PAP-2xHS4-2xHS4 plasmid (15) with two
repeats of the HS54 chromatin insulation sequence on each side of the
Ascl and Pacl sites (Fig. 1A). The vector backbone was removed by NotI
digestion. The 6-kb transgene DNA was gel purified and microinjected
into the pronuclei of fertilized eggs of C57BL/6] mice. Microinjected
eggs were transferred into the uteri of pseudopregnant female mice and
allowed to develop to term.

Genotyping and estimation of the transgene copy numbers

Pups derived from embryo transfer were screened for positive trans-
genic founders at the age of 3 wk by PCR-based genotyping using
genomic DNA samples prepared from tail tip biopsy. The forward
primer (5'-ATGTCGTCTTCACACCTCTTCT) and the reverse primer
(5'-TTCGATGTTTTGCAGGTTGCTC) for PCR were located in exons 2
and 4 of the IGF-I gene, respectively. PCR was performed with the
following program: 94 C for 3 min, 56 C for 1 min, and 72 C for 1 min
for one cycle; 94 C for 50 sec, 56 C for 50 sec, and 72 C for 1 min for 38
cycles; and 94 C for 50 sec; 56 C for 50 sec, and 72 C for 3 min for one
cycle. PCR product was analyzed by 1.5% agarose gel electrophoresis.

A comparative PCR method was used to estimate the copy number
of the IGF-I transgene. Genomic DNA isolated from WT and transgenic
mice were used as PCR templates. Both endogenous and transgene were
amplified by the same pair of primers, 5-CCACAGGCTATGGCTC-
CAGC and 5'-AGTCTTGGGCATGTCAGTGTG, which produced a
190-bp amplicon. The results were normalized by coamplification of the
endogenous steroid receptor coactivator-3 (SRC-3) gene by another pair
of primers as described (16). The copy number of the IGF-I transgene was
estimated by comparing the relative ratio of IGF-I to SRC-3 gene prod-
ucts in transgenic mice containing two endogenous IGF-I alleles and
transgene alleles with the relative ratio of IGF-I to SRC-3 gene products
in WT mice with two endogenous IGF-I alleles.

RNase protection assay (RPA)

Total RNA was extracted from WT and IGF-I transgenic mouse livers
by using the Trizol reagent (Invitrogen, Hercules, CA). [**P]JUTP-labeled
riboprobes were transcribed by the MAXIscript T7 kit (Ambion, Austin,
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Fia. 1. Generation of IGF-I transgenic mice. A, Transgene construct.
The transgene contains the enhancer/promoter region of TTR, the
mIGF-I ¢cDNA and the SV40t polyadenylation signal sequence (pA).
The transgene is flanked by chromosomal insulator sequences. Each
insulator contains two repeats of the HS4 sequence. The locations for
two exon/exon junctions in the mIGF-I ¢cDNA (short sticks), four PCR
primers (P1-P4) and two RPA probes (probes 1 and 2) are indicated.
B, Identification of IGF-I transgenic mice. Tail DNA was prepared
from WT control (lane 1) and mice derived from microinjected embryos
(lanes 2-5). PCR analyses were performed with indicated primer
pairs and tail DNA (lanes 1-5) or the positive control plasmid with the
transgene (lane 6). C, Estimation of TTR-IGF-I transgene copies.
Semiquantitative PCR was performed with the indicated amount (ng)
of genomic DNA prepared from WT and heterozygous TTR-IGF-1 (Tg)
mice. The control band was detected by a pair of primers specific to
the mouse SRC-3 gene. The IGF-I band was detected by P1/P4 primers
shown in the A. P1/P4 primers could detect both endogenous and
transgenic IGF-I alleles. The estimated ratios of the IGF-I band in-
tensity to the control band intensity are indicated.
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TX). RPA was performed with 15 ug total RNA by using the RPA III kit
(Ambion). The RNase-protected bands were detected by running 6%
denaturing polyacrylamide gel at 330 V and by exposing dried gel to
x-ray film at —80 C.

Two riboprobes were generated to detect the endogenous IGF-I
mRNA and the IGF-I mRNA transcribed from the transgene. The DNA
template for the first probe was complementary to the exon 3 of the IGF-I
gene, and it was amplified from reverse transcribed mouse liver cDNA
by PCR using the following primers: 5'-CCACAGGCTATGGCTC-
CAGC and 5'-GTAATACGACTCACTATAGGGCGAATTGGGTAGTC-
TTGGGCATGTCAGTGTG (italic, T7; underlined, a sequence taken from
the pBluescript II SK plasmid). The transcribed probe was 180 bp in
length, and its protective length was 170 bp. This probe was able to
equally hybridize with both endogenous and transgenic IGF-I mRNA.
The second riboprobe was designed to distinguish the transgenic IGF-I
mRNA from the endogenous IGF-ImRNA. The 5’ portion of its sequence
was complementary to IGF-I mRNA, but the 3’ portion of its sequence
was specific to the SV40 polyadenylation signaling sequence of the
transgene. The template of this probe was amplified by PCR using
primer T1 (ACAAGTAGAGGAAGTGCAG) and T2 (GTAATACGA CT-
CACTATAGGGCGAATTGGGTGATCCCCCGGGCTGCAGGAA). The
transcribed probe was 150 bp in length. The protective lengths for
endogenous and transgenic IGF-I mRNAs were 120 and 140 bp,
respectively.

The DNA template of the IGFBP-3 riboprobe was amplified from
reverse transcribed mouse liver cDNA by PCR using primer P149
(ACATCAGTGAGTCCAAGGAG) and P151 (GTAATACGACTCACTA-
TAGGGCGAATTGGGTAGCGCTGGCTGTCCCTGGCG). The length
of the transcribed probe was 160 bp, and its protective length was 150
bp. The DNA template of the ALS riboprobe was amplified from reverse
transcribed mouse liver cDNA by PCR using primer ALS-P1 (GTGT-
TCCAAGGGCTGGGCAG,) and ALS-P3 (GTAATACGACTCACTATAG-
GGCGAATTGGGTTGGAGATGCTGTTGTCCCGGA). Its transcribed
length was 140 bp, and its protective length was 130 bp.

RIA

IGF-I assay was carried out as previously described (16). Briefly, total
IGF-Iwas extracted from serum and measured by using the rat IGF-IRIA
kit (Diagnostic Systems Laboratories, Webster, TX). Samples, standards,
and controls were incubated with '*’I-labeled IGF-I and antibodies
against IGF-I according to the manufacturer’s protocol. The IGF-I and
antibody complexes were precipitated, and its '*°I radioactivity was
counted on a y-counter. The IGF-I concentration in serum samples was
determined against the standard curve.

For GH measurement, mice were bled at 0800 h on d 1, 1500 h on d
14, and 2200 h on d 21. This schedule was designed based on the limiting
mice blood volume and the fluctuation feature of GH secretion. The
serum GH concentration was measured by using the Rat GH Assay Kit
(Amersham Pharmacia, Piscataway, NJ), but the GH antibody in the kit
was replaced by a rabbit anti-rGH antiserum (1:100,000 dilution) pro-
vided by Dr. A. F. Parlow (National Hormone and Peptide Program,
Torrance, CA). The average value of three samples from a mouse was
used to represent the GH level for this mouse. Insulin was measured by
using the Sensitive Rat Insulin RIA Kit (Linco Research, St. Charles, MO).

Measurement of body weight, body length, bone length, lean
mass, and fat mass

The mouse body weight was measured once a week by using an
electronic scale. The mouse body length from the tip of nose to the
bottom of the tail was measured under anesthesia at the end points of
experiments with a ruler. Femur and tibia bone length was measured
using a Faxiton Specimen Radiography System from DALSA Life Sci-
ences (Tucson, AZ). Beginning at 5 wk of age, mice were x-rayed under
anesthesia every 2 wk until 11 wk old, and bone length measurements
(in millimeters) were acquired using the Faxitron computer ruler pro-
gram. Femur length was determined by starting at the femoral head to
the formation of the genual joint at the medial and lateral condyles. The
tibia was measured from the cranial intercondylar area to the medial
malleolus. At 13 wk of age, mice were anesthetized and body mass
composition was analyzed by dual-energy x-ray absorptiometry den-
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sitometry using a PIXImus II Densitometer (Lunar Corp., Madison, WI)
as previously described (17).

Muscle histology

Adult male mice (5-6 months old) were killed, and the hind-limb
muscle soleus was isolated together with its connecting bones. After
being fixed in 4% paraformaldehyde in PBS overnight at 4 C, the soleus
muscle was washed in PBS, cut into two segments in the middle, and
embedded in paraffin. Cross-sections were prepared from the thickest
portion of the muscle and stained with hematoxylin and eosin for his-
tological examination. The muscle sections were analyzed as previously
described (18). The electronic images of muscle cross-sections were
recorded under a 5-fold microscope objective. The area (pixels) of each
muscle cross-section was measured by using NIH Image 1.62 Allas
software, and the number of muscle fibers was counted by using the
UTHSCSA Image Tool software. The average thickness of muscle fibers
in the soleus was calculated by dividing the cross-sectional area with the
total number of muscle fibers.

Glucose measurement and glucose and insulin
tolerance tests

Adult WT and TTR-IGF-I male mice (5-6 months) were fasted for 6 h.
Blood glucose levels were measured by collecting one drop of blood
from the tail and using the One Touch Ultra Glucose Meter (LifeScan,
Inc., Milpitas, CA). For the glucose tolerance test, ip injection of glucose
(200 mg/ml in saline, using 2 g/kg body weight) was performed, and
the mouse blood glucose levels were measured at 15, 30, 60, and 120 min
after the injection. For the insulin tolerance test, ip injection of insulin
(0.05 U/ml in saline, using 0.5 U/kg body weight) was performed after
the basal glucose level was measured. After insulin injection, mouse
glucose levels were measured at 15, 30, 60, and 120 min. After the time
course was finished, mice were injected with 0.2 ml glucose solution (200
mg/ml in saline, ip injection) for recovery.

Pegvisomant treatment

Pegvisomant was a generous gift from Pfizer (Cambridge, MA). The
buffered pegvisomant was resuspended in water at 20 mg/ml and
stored at 4 C until use within a week. Three-week-old WT and IGF-I
transgenic mice were injected with pegvisomant (ip, 250 mg/kg) or an
equal volume of PBS (vehicle) at 0900 h on every other day. Mice were
treated for 5 consecutive weeks. Mice were weighed every time before
injection. Blood samples were collected for IGF-I and GH measurement
at the second, fourth, and fifth week of pegvisomant treatment. At the
end of treatment, mice were killed and the weight of their brain, pitu-
itary, heart, liver, and kidney was measured.

Ligand blotting analysis

The level of serum IGFBP-3 was assayed by ligand blotting analysis
as previously described (7, 14, 19). Briefly, 0.5 ul serum was mixed with
nonreducing SDS-PAGE sample buffer, heat-denatured, and separated
by running a 10% SDS-PAGE mini-gel at 100 V. Proteins were blotted
to nitrocellulose membrane, and the membrane was washed with PBS
and then incubated with PBS containing 3% Nonidet P40 for 30 min at
4 C. The membrane was blocked with 1% BSA (fraction V, RIA grade,
catalog no. A-7888; Sigma Chemical Co., St. Louis, MO) in PBS at 4 C for
2 h and then washed for 10 min at 4 C in PBS containing 0.1% Tween
20. The membrane was subsequently incubated at 4 C overnight in 5 ml
PBS containing 1% RIA-grade BSA, 0.1% Tween 20, and 5 X 10° cpm of
the '**I-labeled recombinant human IGF-I (receptor grade; Diagnostic
Systems Laboratories) in a sealed plastic bag. The membrane was
washed two times with PBS containing 0.1% Tween 20 and three times
with PBS, air dried, wrapped with plastic membrane, and exposed to
x-ray film for 2-3 d at —80 C.

Western blot analysis

The ALS antibody (AF1436; R&D Systems, Minneapolis, MN) was
used in Western blot analysis as described previously (20). Briefly,
mouse serum was mixed with SDS-PAGE reducing sample bulffer,
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boiled, and separated by 10% SDS-PAGE. Proteins were transferred to
nitrocellulose membrane. The membrane was blocked in Tris-buffered
saline (TBS) containing 5% fat-free dry milk powder for 30 min at room
temperature or overnight at 4 C. Then, the membrane was incubated in
TBS containing 1% BSA and the ALS antibody for 1 h at room temper-
ature. After washing with TBS, the membrane was incubated in TBS
containing 1% BSA and a secondary antibody (1:5000 dilution) conju-
gated with horseradish peroxidase for 1 h at room temperature. The
membrane was washed in TBS, developed for 1 min in 2 ml ECL solution
(Amersham), and exposed to x-ray film.

Results
Generation of the liver-specific IGF-I transgenic mice

The aim of this study was to define the role of elevated
circulating IGF-I on the GH/IGF-I regulatory axis and so-
matic growth under both natural and impaired GH signaling
conditions. The major source of systemic IGF-1is synthesized
in, and secreted from, the liver and regulated by GH (1, 2).
To express IGF-I in a liver-specific and GH-independent
manner, we constructed a transgene consisting of the en-
hancer/promoter of the TTR gene, the mouse IGF-I cDNA,
and the SV40t polyadenylation-signaling sequence (Fig. 1A).
The TTR enhancer/promoter has been shown to target trans-
gene expression specifically to the liver (15, 21, 22). To min-
imize the positional effect of chromosomal integration sites
on transgene expression, the IGF-I transgene was flanked
with a tandem repeat of the HS4 chromosomal insulator
sequence from the 5’ region of the chicken $-globin gene (23).
Transgene DNA was isolated and microinjected into fertil-
ized eggs prepared from C57BL/6 mice to produce trans-
genic founder mice.

TTR-IGF-I transgenic founder mice were identified by
PCR analysis using DNA samples isolated from the tail tips.
PCR analyses using nested primer pairs spanning two or
more exon-exon junctions revealed that this transgenic line
harbored the full-length IGF-I transgene (Fig. 1B, lane 4).
These primers specifically detected the TTR-IGF-I transgene
because PCR using these primer pairs and Tag DNA poly-
merase was unable to amplify the products containing large
introns from the endogenous IGF-I alleles. The transgenic
colony was established by crossing the male founder with
C57BL/6 female mice. The established line was maintained
as heterozygous TTR-IGF-I transgenic mice. Both heterozy-
gous and homozygous TTR-IGF-I transgenic mice exhibited
normal development and normal reproductive function.

Next, we estimated the transgene copy number by semi-
quantitative PCR analysis. When a serial dilution of genomic
DNA from WT mice was used as PCR template, PCR prod-
ucts of the reference gene and the IGF-I gene were equally
amplified because there were two alleles for both genes in
WT mice (Fig. 1C, top). The reference band was detected by
a pair of primers located in an exon of the SRC-3 gene (16).
The IGF-I band was detected by P1 and P4 primers located
in the exon 3 of the IGF-I gene (Fig. 1A), so they could detect
both the endogenous IGF-I gene and the transgenic TTR-
IGF-I gene. When a serial dilution of genomic DNA from the
TTR-IGF-I mice was used for PCR analysis, the amount of
reference product was the same as that amplified from WT
mice. However, the intensity of the IGF-I band amplified
from TTR-IGF-I mice with both IGF-I WT and TTR-IGF-I
transgenic alleles was much stronger than that amplified
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from WT mice. The ratio of the IGF-I band intensity to the
reference band intensity was about 5:2. Therefore, we esti-
mated that there are approximately three copies of the TTR-
IGF-I transgene in the TTR-IGF-I heterozygous mice.

Liver-specific expression of the TTR-IGF-I transgene
causes an increase in IGF-I and a decrease in GH in
the circulation

The expression profile of the TTR-IGF-I transgene was
examined by RPA analysis of RNA samples isolated from
different organs including brain, heart, liver, kidney, spleen,
and skeletal muscle. A **P-labeled riboprobe, probe 1 shown
in Fig. 1A, complementary to a common region of the en-
dogenous and transgenic IGF-I mRNA detected a strong
band from the liver RNA and a weak band from RNA sam-
ples isolated from other organs of WT mice. The same probe
detected a 4-fold stronger band from the liver RNA of the
TTR-IGF-I transgenic mice, and the relative intensity of the
protected IGF-I bands from RNA samples of other organs
stayed the same as compared with WT mice (Fig. 2A). These
results suggested that the TTR-IGF-I transgene is specifically
expressed in the liver at a higher level than the endogenous
IGF-1 gene. To further analyze the expression profile and
levels of the TTR-IGF-I transgene, we designed another ri-
boprobe (probe 2 in Fig. 1A) consisting of the 3" IGF-I coding
region that was common to both endogenous and transgenic
IGF-I mRNAs and the 5" SV40t polyadenylation-signaling
sequence that was unique for the transgenic mRNA. This
riboprobe should distinguish the TTR-IGF-I transgene ex-
pression (full-length protection) from the endogenous IGF-I
expression (partial region protection). Indeed, this second
riboprobe not only detected the equal expression levels of the
endogenous IGF-ImRNA in livers of both WT and TTR-IGF-I
transgenic mice but also detected the exclusive expression of
the TTR-IGF-I transgene in the liver of the TTR-IGF-I trans-
genic mice. The expression level of the TTR-IGF-I transgene
was about 3-fold higher than the endogenous IGF-I gene (Fig.
2B). These results indicate that the TTR-IGF-I transgenic mice
with liver-specific overexpression of IGF-I were successfully
developed.

To examine whether the liver-specific expression of the
TTR-IGF-I transgene would change the circulating levels of
IGF-1, serum IGF-I concentrations were measured by RIA.
The average concentrations of total serum IGF-I were 468 *
55 and 432 = 68 ng/ml in 8- to 12-wk-old male and female
WT mice, respectively. In the same age male and female
TTR-IGF-I transgenic mice, the average concentrations of
serum IGF-I were 696 * 108 and 693 = 102 ng/ml, which
were significantly increased by 50 and 60% compared with
male and female WT mice, respectively (Fig. 2C). These re-
sults indicate that the liver-specific expression of the TTR-
IGF-I transgene significantly increases IGF-I levels in the
circulation.

To examine whether the increased IGF-I would suppress
GH secretion, we collected blood samples from adult male
WT and TTR-IGF-I mice for GH analysis. Given the pulsatile
fashion of GH secretion and the limited volume of the mouse
blood pool, we bled each mouse once every other week at
three different time points (see Materials and Methods) and
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Fic. 2. Liver-specific overexpression of the TTR-IGF-I transgene leads to elevation of serum IGF-I levels and reduction of GH. A, RPA analysis
using the probe 1 shown in Fig. 1A. RNA was extracted from the pituitary (P), brain (B), heart (H), liver (L), kidney (K), and spleen (S) of WT
and TTR-IGF-I transgenic (Tg) mice. Fifteen micrograms of tissue RNA or yeast (Y) RNA (negative control) were used for each assay. The
full-length riboprobes (P) including the probe 1 of IGF-I (IGF-P1) and the cyclophilin A probe (Cycl P) and the protected IGF-I mRNA (IGF-I)
and cyclophilin mRNA (Cycl) bands are indicated. Note the specific increase of the protected IGF-I mRNA band in TTR-IGF-I (Tg) mice, which
represents the sum of endogenous and transgenic IGF-I mRNAs. B, RPA analysis using the IGF-I probe 2 (IGF-P2) shown in Fig. 1A. RNA
samples were extracted from the same types of tissues indicated in A and from skeletal muscle (M). Note the comparable intensity of the protected
endogenous IGF-I mRNA in WT and TTR-IGF-I (Tg) mice and the liver-specific overexpression of the transgenic IGF-I mRNA (Tg-IGF-I) in
the TTR-IGF-I (Tg) mice. C, Elevation of serum IGF-I in TTR-IGF-I mice. Serum samples were prepared from 8- to 12-wk-old male WT (n =
23) and TTR-IGF-I (Tg) (n = 20) mice as well as female WT (n = 13) and TTR-IGF-I (Tg) (n = 5) mice. Data are presented as mean * SD. ***,
P < 0.001 by ¢ test between male or female WT and Tg mice. D. Reduction of GH in TTR-IGF-I mice. Serum samples for each male mouse (5-6
months old) were prepared from bleeding at three time points (see Materials and Methods) and individually assayed by RIA. A total of 14 WT

and 15 TTR-IGF-I mice were analyzed. Data are presented as average * SD. *, P < 0.05 by unpaired ¢ test.

measured GH levels in these individual samples. We assayed
14 WT and 15 TTR-IGF-I male adult mice and found that the
average GH levels in TTR-IGF-I mice were significantly
lower than in WT mice (Fig. 2D), suggesting that the elevated
IGF-I from the TTR-IGF-I transgene is biologically active and
plays a role in negative-feedback regulation of GH levels in
the circulation.

Liver-specific expression of the TTR-IGF-I transgene
increases body weight, lean mass, and bone length

To address the question as to whether the elevation of
plasma IGF-I levels by the liver-specific transgene would
stimulate somatic growth, the body weight of WT and TTR-
IGF-I transgenic mice was measured. The measurement
started at the age of 2 wk and ended at the age of 12 wk. Most
measured and compared WT and TTR-IGF-I transgenic mice
were littermates derived from breeding pairs of WT and
TTR-IGF-I heterozygous mice. The male TTR-IGF-I mice
started to grow faster than male WT mice at the age of 5 wk,
and their average body weight became significantly heavier
than male WT mice at 9 wk and older ages (Fig. 3A). The

female TTR-IGF-I mice also grew faster than female WT mice.
The average body weight of female TTR-IGF-I mice was
significantly heavier than the average body weight of female
WT mice at the ages of 8, 10, 11, and 12 wk (Fig. 3A). To find
out what caused the increase in the body weight of TTR-IGF-I
mice, lean mass and fat mass were measured. The lean
masses of 13-wk-old WT and TTR-IGF-I female mice were
16.17 = 0.56 g/mouse (n = 10) and 16.93 * 0.53 g/mouse
(n = 10), respectively. The lean mass of TTR-IGF-I mice was
statistically heavier than the lean mass of WT mice (P = 0.01,
unpaired ¢ test). In contrast, the fat masses of WT and TTR-
IGF-I mice were not significantly different, which were
1.86 £ 0.26 g/WT mouse (n = 10) and 1.90 = 0.18 g/TTR-
IGF-I mouse (n = 10). Taken together, these results indicate
that the elevated systemic IGF-I originated from the liver-
specific expression of the TTR-IGF-I transgene can signifi-
cantly stimulate somatic growth and lean mass increase.
Next, we examined the histology of soleus, a hind-limb
skeletal muscle, in adult male mice (5-6 months old) to
address the feature of lean mass increase in TTR-IGF-I mice.
Examination of soleus cross-sections revealed that the entire
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Fic. 3. The TTR-IGF-I transgene stimulates body and skeletal mus-
cle growth. A, The growth curves of male and female WT and TTR-
IGF-I transgenic mice. Average body weight for each genotype group
was calculated from the indicated number (n) of mice. *, P < 0.05 by
t test between male or female WT and TTR-IGF-I transgenic (Tg)
mice. B, The cross-sections of soleus muscles from WT and TTR-IGF-I
mice. Note the area of cross-section of WT soleus is smaller than that
of TTR-IGF-I soleus. The individual fiber of WT soleus is also much
thinner compared with TTR-IGF-I soleus (see insets). The quantita-
tive data from multiple mice are presented in Table 2.

soleus and its individual muscle fibers were much thicker in
TTR-IGF-I mice compared with WT mice (Fig. 3B, compare
the entire cross-sections and the enlarged insets). Quantita-
tive analysis of eight WT and six TTR-IGF-I mice further
confirmed that the average area and the total number of
muscle fibers per soleus section were significantly larger in
TTR-IGF-I mice (Table 1). The individual muscle fiber was
also much thicker in TTR-IGF-I mice compared with WT
mice (Table 1). These results indicate that the increased lean
mass in TTR-IGF-I mice is associated with both the increase

TABLE 1. TTR-IGF-I transgene stimulates skeletal
muscle growth

No. of Soleus thickness  Fiber counts  Fiber thickness
mice (n) (pixels) (per section) (pixels/fiber)
WT 6 64,868 * 5,828 822 = 53 77.6 £ 8.7
Tg 8 86,059 * 8,781 912 = 59 92.4 = 8.1
P value <0.0001 <0.05 <0.01

Data are presented as average = SD. P values were calculated by
unpaired ¢ test, and P < 0.05 is considered significantly different.

Liao et al. ® TTR-IGF-I Transgenic Mice

of muscle fiber numbers and the increase of muscle fiber
thickness.

Furthermore, we examined whether expression of the
TTR-IGF-I transgene in the liver affects bone growth by mea-
suring femur and tibia lengths in live mice. The average
lengths of femur and tibia had no statistical differences be-
tween WT and TTR-IGF-I mice when measured at the ages
of 5 and 7 wk. However, when measured at the age of 9 wk,
both femur and tibia of TTR-IGF-I mice were significantly
longer than the femur and tibia lengths of WT mice (Table 2).
We also measured the bone density and found that the bone
density was identical in WT mice and TTR-IGF-I mice, which
was 0.05 = 0.002 g/cm? (n = 10 for each group). These results
indicate that the elevated level of plasma IGF-I is able to
enhance bone growth without additional enhancement of
bone density.

TTR-IGF-I mice show a slightly increased glucose tolerance

It has been shown that reduction of liver-produced IGF-I
in mice increases GH, insulin, insulin resistance, and blood
glucose levels in mice (24). To examine whether TTR-IGF-I
mice have an altered regulation of glucose homeostasis, we
compared glucose and insulin levels as well as glucose and
insulin tolerance levels in adult male WT and TTR-IGF-I
mice. The average blood glucose levels were 153 = 23 mg/dl
(n = 13) in WT mice freely accessible to food and 144 *+ 16
mg/dl (n = 13) in WT mice fasted for 6 h, which were similar
tothe 159 + 25mg/dl (n = 19) and 131 = 21 mg/dl respective
values observed in TTR-IGF-I mice under same conditions.
The average insulin levels were also comparable in fasted
WT and TTR-IGF-I mice, which were 508 * 327 pg/ml (n =
19) and 727 + 398 pg/ml (n = 13) and showed no statistical
difference. These results demonstrate that the elevated IGF-I
levels in TTR-IGF-I mice do not significantly change glucose
and insulin levels in their circulation.

The TTR-IGF-I mice showed a slightly improved glucose
tolerance. In the glucose tolerance test, the glucose levels in
TTR-IGF-I mice were significantly lower at the 60-min time
point compared with WT mice, but no significant differences
were observed at other time points (Fig. 4A). In addition, the
insulin tolerance test did not reveal any difference between
WT and TTR-IGF-I mice (Fig. 4B). These results suggest that
the increased IGF-I in TTR-IGF-I mice can slightly enhance
glucose tolerance.

TABLE 2. Promotion of bone growth by the TTR-IGF-I transgene

Average bone length (mm) + sp

5 wk 7 wk 9 wk

Femur

WT 32.40 = 1.52(5) 32.34 =1.21(5) 34.68 +0.15(5)

Tg 31.68 = 0.80(6) 32.65 *+2.16(6) 35.40 + 0.59 (6)

P value >0.05 >0.05 <0.05
Tibia

WT 23.04 = 1.55(5) 23.88+1.16(5) 25.02 + 0.65 (5)

Tg 22.44 = 1.11(6) 24.80 =1.89(6) 26.30 + 0.54 (6)

P value >0.05 >0.05 <0.01

Numbers in the parentheses indicate the number of mice measured
in that group. Unpaired and two-tailed ¢ tests were performed to
compare the statistical differences of bone lengths between WT and
TTR-IGF-I (Tg) mice. The P values for all three age groups are listed.
If P < 0.05, the difference was considered statistically significant.
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F1G. 4. Glucose and insulin tolerance tests. A, Glucose tolerance test.
Glucose was injected into WT and TTR-IGF-I (Tg) mice, and then
blood glucose levels were measured at time points indicated. *, P <
0.05 by one-way ANOVA. B, Insulin tolerance test. Insulin was in-
jected into WT and TTR-IGF-I mice and blood glucose levels were
measured at time points indicated. No statistical difference in insulin
tolerance was detected between these two groups of mice.

TTR-IGF-I transgenic mice are more resistant to the GH-
deficient condition

Pegvisomant, a modified GH molecule, is a potent GHR
antagonist that disables signal transduction through block-
ing GHR. Pegvisomant is the most effective pharmacological
agent that can normalize IGF-I levels in patients with acro-
megaly and has also been used to create animal models of
acute GH deficiency (25, 26). To define the role of the liver-
specific TTR-IGF-I transgene under the condition of GH de-
ficiency, we treated the TTR-IGF-I and WT male mice with
PBS (vehicle) or pegvisomant from the age of 3 wk to the age
of 8 wk and compared their body weights and body lengths
(Fig. 5A). The average body weight and body length of the
PBS-treated TTR-IGF-I mice were statistically heavier than
WT mice after the age of 5 wk and longer than WT mice as
measured at the end of treatment (Fig. 5, B and C), which was
consistent with the results observed from the other batch of
untreated mice shown in Fig. 3. Pegvisomant treatment sig-
nificantly inhibited the growth of body weight and body
length of both WT and TTR-IGF-I mice compared with the
PBS-treated WT and TTR-IGF-I mice. However, the body
weight and length of the pegvisomant-treated TTR-IGF-I
mice were still statistically heavier and longer than the body
weight and length of the pegvisomant-treated WT mice (Fig.
5, B and C). Importantly, the body weight and length of the
pegvisomant-treated TTR-IGF-I mice showed no statistical
differences from that of the PBS-treated WT mice (Fig. 5, B

Endocrinology, August 2006, 147(8):3877-3888 3883

Age in days

0 7 14 21 28 35 42 49 56
1 ] ] ] | ] | | I

Pegvisomant: |
Bleeding schedule: ' T '
B
25 [ Snsssssssssnema e,
s | }
= 20
=
= i
Y 15 } : ' }
- i *
B 10 } ——Tg+PBS,n=8
= - —=— WT+PBS, n=6
57T —+—Tg+Peg,n=7
i ——WT+Peg,n=6
0 A L A L A L A L A L A 'l - A L A L A 'l Ld
177 21 25 29 33 37 41 45 49 53 57 61
Age in Days
C
’é“ 10 d OwT HETg
g 9 e
-= o
T 8 F
= L
i,
z 6 F
S L
R 5

PBS Peg

Fic. 5. The pegvisomant-treated TTR-IGF-I mice have heavier body
weight and longer body length than pegvisomant-treated WT mice. A,
Schedules for pegvisomant treatment and bleeding. Mice were in-
jected with pegvisomant solution every 48 h from the age of 21 d to
the age of 56 d. Blood samples were collected at 6, 48, and 24 h after
pegvisomant injection at the ages of 35, 49, and 56 d (arrowheads). B,
Body weight growth curves of PBS- and pegvisomant (Peg)-treated
male WT and TTR-IGF-I transgenic (Tg) mice. The number (n) of mice
in each treatment group is indicated. Statistical differences were
compared by ¢ test: *, P < 0.05; ** P < 0.01; *** P < 0.001 between
PBS-treated WT mice and Tg mice and between Peg-treated WT mice
and Tg mice. There are no statistical differences (P > 0.05) between
PBS-treated WT mice and Peg-treated Tg mice. C, The average body
lengths of PBS- and pegvisomant (Peg)-treated WT and TTR-IGF-I
(Tg) mice at the age of 56 d. The number of mice in each group is
identical to that in B. *, P < 0.05; **, P < 0.01 by ¢ test.

and C). These results suggest that mice with the liver-specific
and GH-independent expression of the TTR-IGF-I transgene
are more resistant to GH deficiency.

To further assess the role of the TTR-IGF-I transgene-
generated IGF-I in growth, we measured and compared the
organ weights of the IGF-I transgenic mice with WT mice
after PBS or pegvisomant treatment. The average brain
weight of TTR-IGF-I mice was the same as that of WT mice
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regardless of PBS or pegvisomant treatment. However, the
average weights of pituitary, heart, liver, kidney, and spleen
in the TTR-IGF-I mice were heavier than the weights of
respective organs in WT mice after PBS treatment (Table 3).
Interestingly, after pegvisomant treatment, the liver and kid-
ney in TTR-IGF-I mice were significantly heavier compared
with the liver and kidney in WT mice (P < 0.01 and P < 0.001
by t test, respectively). The other organs including pituitary,
heart, and spleen in the pegvisomant-treated TTR-IGF-I mice
were slightly heavier than that in pegvisomant-treated WT
mice, but their differences did not reach statistical signifi-
cance (Table 3). These results suggest that IGF-I originating
from the TTR-IGF-I transgene may preferentially stimulate
liver and kidney growth under the condition of GH
deficiency.

Effects of pegvisomant on GH and IGF-I in TTR-IGF-I mice

It was expected that blockade of GHR by pegvisomant
would increase GH levels through the endocrine feedback
regulatory mechanism (27). Indeed, GH levels were signif-
icantly increased in pegvisomant-treated WT and TTR-IGF-I
mice compared with PBS-treated WT and TTR-IGF-I mice
(Fig. 6A). Although the difference between GH levels in
PBS-treated WT and TTR-IGF-I mice did not reach statistical
significance because of limited mice number and single-point
analysis in this experiment, the GH levels in PBS-treated
TTR-IGF-I mice still showed a lower trend compared with
the PBS-treated WT mice. The GH level in pegvisomant-
treated TTR-IGF-I mice was lower than that in pegvisomant-
treated WT mice, but their difference was also not statistically
significant (Fig. 6A). These results indicate that pegvisomant
treatment efficiently inhibited the function of GHR in both
WT and TTR-IGF-I mice.

To examine the efficiency of pegvisomant-induced GH
deficiency on reduction of systemic IGF-I levels and to check
whether the pegvisomant-treated TTR-IGF-I mice had higher
levels of IGF-I than pegvisomant-treated WT mice, we mea-
sured IGF-I concentration in the serum prepared at 6, 24, and
48 h after PBS or pegvisomant injection. As expected, the PBS
treatment did not significantly alter the IGF-I levels in WT
and TTR-IGF-I mice at all three time points compared with
the IGF-I levels of untreated WT and TTR-IGF-I mice (Figs.
6B and 2C). The pegvisomant-treated WT mice exhibited a
predictable reduction of the serum IGF-I levels to about 20%
of the PBS-treated WT mice. These low levels of IGF-I re-
mained unchanged during the 48-h period from the preced-
ing to the next pegvisomant injection (Fig. 6B), indicating that
the pegvisomant successfully resulted in a sustained GH

Liao et al. ® TTR-IGF-I Transgenic Mice

deficiency in WT mice during the entire 5-wk treatment
period. Surprisingly, pegvisomant treatment also signifi-
cantly reduced the IGF-I levels in TTR-IGF-I mice. However,
the IGF-I levels in the pegvisomant-treated TTR-IGF-I mice
were 2- to 4-fold higher than the IGF-I levels in pegvisomant-
treated WT mice. Furthermore, the average IGF-I level in
pegvisomant-treated TTR-IGF-I mice rose significantly at 24
and 48 h after injection compared with their IGF-I levels at
6 h after injection, indicating that the pegvisomant-treated
TTR-IGF-I mice can restore their IGF-I levels much faster
than the pegvisomant-treated WT mice.

To understand how the pegvisomant treatment affects
IGF-I expression, we measured IGF-I mRNA expressed from
the endogenous IGF-I gene and the TTR-IGF-I transgene in
the liver by RPA. Pegvisomant treatment efficiently and
equally reduced the IGF-I mRNA expressed from the en-
dogenous IGF-I gene in WT and TTR-IGF-I mice but did not
affect the transgenic IGF-I mRNA expressed from the TTR-
IGF-I transgene as normalized to the cyclophilin A control
mRNA levels (Fig. 6C). These results suggest that transcrip-
tional inhibition of the endogenous IGF-I gene by the pegvi-
somant contributes to the significant decrease in IGF-I levels
in both WT and TTR-IGF-I mice.

Higher expression of IGFBP-3 mRNA and blunted
reduction of IGFBP-3 in pegvisomant-treated
TTR-IGF-I mice

The majority of IGF-I molecules form ternary complexes
with ALS and IGFBP-3 in the circulation (1, 2). These IGF-
binding proteins protect IGF-I from degradation and thereby
maintain a high systemic IGF-I concentration and its phys-
iological function. To understand why pegvisomant could
remarkably reduce the systemic IGF-I levels not only in WT
mice but also in the TTR-IGF-I mice without affecting the
TTR-IGF-I transgene expression that produced many-fold
higher IGF-I mRNA than the endogenous IGF-I gene after
pegvisomant treatment, we first examined the ALS mRNA
levels in the liver and the ALS protein levels in the serum.
RPA analysis using a riboprobe complementary to the mouse
ALS mRNA revealed that the pegvisomant treatment se-
verely and equally reduced the ALS expression in both WT
and TTR-IGF-I mice compared with PBS treatment (Fig. 7A).
Immunoblotting with an ALS-specific antibody detected the
ALS protein in the serum of PBS-treated WT and TTR-IGF-I
mice but not in the serum of pegvisomant-treated WT and
TTR-IGF-I mice (Fig. 7B). Because ALS is a direct target gene
of the GH signaling pathway, these results further validated
the efficiency of GHR blockade by pegvisomant. These re-

TABLE 3. Liver-specific expression of IGF-I selectively increases organ weight

Average organ weight (mg), mean * sp

Treatment n

Brain Pituitary Heart Liver Kidney Spleen
PBS
WT 6 432 = 18 1.1 £0.17 93 =9 936 = 82 262 *+ 34 58 = 13
Tg 8 436 = 27 1.7 £ 0.08% 107 = 10¢ 1146 = 132¢ 314 *+ 14¢ 82 + 11¢
Pegvisomant
WT 6 432 = 15 1.9 £ 0.59 94+ 6 913 = 55 224 = 18 83 = 33
Tg 7 435 = 10 2.4+ 0.17 98 £ 5 1029 + 73° 271 = 5¢ 100 = 18

@ P<0.05;° P<0.01;¢ P <0.001by¢ test comparison between WT and TTR-IGF-I transgenic (Tg) mice treated with PBS or with pegvisomant.
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Fic. 6. Effects of pegvisomant treatment on GH and IGF-I levels and
on endogenous and transgenic IGF-I mRNAs. A, Serum GH levels in
PBS- and pegvisomant (Peg)-treated WT and TTR-IGF-I transgenic
(Tg) mice. Blood samples were collected in 48 h after the preceding Peg
injection after mice were treated with Peg for 5 wk. Data are pre-
sented as average = SD. The assayed mouse numbers were six and
eight for PBS- and Peg-treated WT mice and seven and eight for PBS-
and Peg-treated TTR-IGF-I mice. **, P < 0.01 by unpaired ¢ test
between PBS- and Peg-treated groups. The differences between PBS-
treated WT and TTR-IGF-I mice and between Peg-treated WT and
TTR-IGF-I mice did not reach statistical significance (P > 0.05). B,
Serum IGF-I levels in PBS- and Peg-treated WT and Tg mice 6, 24,
and 48 h after Peg injection. The number of mice used for each
treatment is identical to the numbers indicated in Fig. 4B. *** P <
0.001 by unpaired ¢ test between WT and Tg groups. C, RPA analysis
using RNA samples isolated from the liver of PBS- and Peg-treated
WT and Tg mice. Note the Peg treatment reduced the endogenous
IGF-I mRNA (IGF) but not the transgenic IGF-I mRNA (Tg-IGF).
Y.RNA, Yeast RNA (negative control); Cyc-P, cyclophilin probe; IGF-
P2, the probe 2 shown in Fig. 1A; Cyc, protected cyclophilin mRNA.

sults also suggest that the significant decrease of IGF-I in
pegvisomant-treated WT and TTR-IGF-I mice was associated
not only with the reduced expression of the endogenous
IGF-I gene but also with the predictable reduction of ALS.

Next, we examined the levels of IGFBP-3 mRNA and pro-
tein. The pegvisomant treatment did not change IGFBP-3
mRNA levels in the liver of WT mice compared with vehicle
(PBS) treatment (Fig. 7C), indicating that the IGFBP-3 gene
isnot a direct target gene of the signaling pathway of GH and
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its receptor. Surprisingly, the IGFBP-3 mRNA in the liver of
pegvisomant-treated TTR-IGF-I mice was increased about
2-fold compared with the pegvisomant-treated WT mice and
PBS-treated WT and TTR-IGF-I mice (Fig. 7C). ['*IJIGF-I
ligand blotting analysis revealed that serum IGFBP-3 levels
were higher in PBS-treated TTR-IGF-I mice than in PBS-
treated WT mice (Fig. 7D). Pegvisomant treatment signifi-
cantly decreased the levels of IGFBP-3 in WT and TTR-IGF-I
mice, presumably because of the reduction of ALS (7). How-
ever, the levels of IGFBP-3 were much higher in pegviso-
mant-treated TTR-IGF-I mice than in pegvisomant-treated
WT mice (Fig. 7D). These results demonstrate that expression
of the liver-specific TTR-IGF-I transgene is able to up-regu-
late IGFBP-3 mRNA under GHR-dysfunction conditions and
counterbalance the decrease of IGFBP-3 caused by GH de-
ficiency, which in turn helps to maintain IGF-I levels in the
circulation.

Discussion

In this study, the TTR-IGF-I transgenic mouse line was
generated to study the role of liver-produced IGF-I in the
regulation of the GH/IGF-I axis and somatic growth. In this
mouse line, the TTR-IGF-I transgene was not regulated by
GH, and it was exclusively overexpressed in the liver. Cir-
culating IGF-I levels in these transgenic mice were increased
50-60% under normal physiological conditions. More im-
portantly, the IGF-I produced in the liver from the TTR-IGF-I
transgene was secreted into the circulation and was biolog-
ically active because it suppressed GH levels and promoted
increases in body weight, organ weight, lean mass, body
length, and bone length. The lean mass increase resulted
from both the enlarged muscle fiber and the increased num-
ber of muscle fibers. Therefore, our analysis clearly demon-
strate that elevated serum IGF-I originating from a liver-
specific TTR-IGF-I transgene can moderately stimulate
overall postnatal somatic growth.

We also showed that the TTR-IGF-I transgenic mice have
a slightly improved glucose tolerance without significant
changes of their glucose and insulin levels under normal
feeding and fast conditions. Because GH plays a role in
regulation of insulin resistance (24), the improved glucose
tolerance in TTR-IGF-I mice may be a result of down-regu-
lated GH levels in these mice. However, it is also possible that
the elevated IGF-I stimulates glucose uptake by peripheral
tissues.

To our knowledge, the TTR-IGF-I transgenic mouse line is
the first line that exclusively overexpresses transgenic IGF-I
in the liver. Because the liver is the major organ responsible
for production of the circulating IGF-I, this transgenic mouse
model should be particularly useful for studying the endo-
crine function of IGF-I. One of the previously established
IGF-I transgenic mouse lines used the promoter of avian
skeletal a-actin to direct the expression of human IGF-I in the
striated muscle. The epitopic expression of the IGF-I trans-
gene in these transgenic mice resulted in myofiber hyper-
trophy with no effect on the circulating IGF-Ilevels and body
weight (28). Another documented IGF-I transgenic mouse
line was developed by using the mouse metallothionein I
promoter. This mouse line overexpressed human IGF-I in
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Fic. 7. Analysis of ALS and IGFBP-3 mRNA and protein. A, RPA of ALS mRNA in the liver. The cyclophilin A probe (Cyc-P), the ALS probe
(ALS-P), and the protected ALS and cyclophilin A (Cyc) mRNA bands are indicated. A long-time exposure of the x-ray film to the RPA gel was
required to see the protected weak ALS mRNA band because of its low expression level, which made an undigested ALS-P band and certain
weak nonspecific background bands visible. Note the significant reduction of the ALS band intensity observed in the pegvisomant (Peg)-treated
WT and TTR-IGF-I transgenic (Tg) mice. B, Immunoblotting analysis of the serum ALS protein in PBS- and Peg-treated WT and Tg mice. Note
the absence of the ALS band in the Peg-treated mice. A nonspecific band (NS) is shown to serve as a reference for relative loading of total protein.
C, RPA of IGFBP-3 mRNA in the liver. The IGFBP-3 probe (BP3-P) and the protected IGFBP-3 mRNA (BP3) are indicated. Note the increased
intensity of the BP3 mRNA band in Peg-treated Tg mice. The protected cyclophilin A (Cyc) serves as an endogenous control of RNA amount.
D, [***I]IGF-I ligand blotting analysis of IGF-binding proteins in PBS- and Peg-treated WT and Tg mice. Note that IGFBP-3 is higher in
Peg-treated transgenic mice than in Peg-treated WT mice. IGFBP-4 is identical in all mice.

most tissues and manifested a 1.5-fold increase in circulating
IGF-I levels and a 1.3-fold increase in body weight (29).
Although the results from this transgenic mouse line dem-
onstrated that elevated IGF-I played an important role in the
control of somatic growth, it was not able to distinguish the
contribution of the elevated plasma IGF-I from the contri-
bution of locally produced IGF-I to the transgene-enhanced
somatic growth.

Interestingly, although the TTR-IGF-I transgene was ex-
pressed several-fold higher than the endogenous IGF-I gene
in the liver, the plasma IGF-I levels were increased only
50-60% in untreated or 65-100% in PBS-treated TTR-IGF-I
mice compared with WT mice (Figs. 2C and 6B). This could
be attributed to the limiting concentrations of ALS and
IGFBP-3 in the circulation because they are key factors that
determine IGF-I stability. We noticed that the IGFBP-3 levels
were slightly higher in PBS-treated TTR-IGF-I mice com-
pared with PBS-treated WT mice (Fig. 7D), suggesting that
the increased production of IGF-I also extended the IGFBP-3
half-life in the circulation because IGFBP-3 mRNA levels
were unaltered under this condition. Therefore, the plasma
ALS concentration may be the major limiting factor for final
levels of IGF-I increase in TTR-IGF-I mice. This notion is
further supported by the significant reduction of plasma
IGF-I levels in TTR-IGF-I mice after pegvisomant treatment,
where ALS was severely reduced, whereas the expression of
the TTR-IGF-I transgene was unaffected in these mice with
GHR dysfunction.

In this study, we have used pegvisomant to determine
whether transgenic non-GH-regulated IGF-I can alter phe-
notypes associated with loss of GH action. Under the con-

dition of GHR dysfunction caused by pegvisomant treat-
ment, we found that ALS was diminished from the
circulation of both WT and TTR-IGF-I mice. This was an
expected effect because ALS is a direct target of the GHR
signaling pathway, and blockade of GHR severely reduced
ALSmMRNA expressionin theliver (1,2,7). As expected, GHR
dysfunction also caused a significant reduction of IGF-I
mRNA transcribed from the endogenous IGF-I gene in the
liver of both WT and TTR-IGF-I mice but did not alter the
IGF-ImRNA transcribed from the TTR-IGF-I transgene in the
transgenic mice. In this case, transgene expression resulted
in 2- to 3-fold higher IGF-I concentrations in TTR-IGF-I mice
compared with WT mice after pegvisomant treatment. Con-
sequently, the serum IGF-I levels were reduced much less in
TTR-IGF-I mice than in WT mice after pegvisomant treat-
ment, although IGF-I was significantly reduced in pegviso-
mant-treated WT and TTR-IGF-I mice compared with PBS-
treated WT and TTR-IGF-I mice, respectively.

In the pegvisomant-treated WT mice, the expression of
IGFBP-3 mRNA in the liver was unaffected, indicating that
IGFBP-3 is not a direct target of the GH/GHR signaling
pathway in vivo. However, the plasma IGFBP-3 levels were
drastically reduced in pegvisomant-treated WT mice, likely
because of its impaired stability after the severe reduction of
ALS and IGF-I as observed in mice lacking ALS or lacking
liver-produced IGF-I (6, 7, 14). In the pegvisomant-treated
TTR-IGF-I mice, the plasma IGFBP-3 levels were reduced
compared with the PBS-treated TTR-IGF-I mice. However,
the plasma IGFBP-3 levels in the pegvisomant-treated TTR-
IGF-I mice were about 2-fold higher than in the pegvisomant-
treated WT mice. These results were consistent with those of
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a previous study showing that the IGFBP-3 levels were
higher in the GH-deficient mice harboring a widely ex-
pressed IGF-I transgene compared with GH-deficient mice
(30). The higher IGFBP-3 levels in pegvisomant-treated TTR-
IGF-I mice can be attributed to two contributions. First, the
consistently available IGF-I produced from the transgene
should stabilize IGFBP-3 in the circulation and extend its
half-life; second, the IGFBP-3 mRNA expression was in-
creased in pegvisomant-treated TTR-IGF-I mice compared
with pegvisomant-treated WT mice as well as PBS-treated
TTR-IGF-I and WT mice. Interestingly, the transgene-
produced IGF-I stimulates IGFBP-3 mRNA expression in the
liver only under the condition of GHR dysfunction. Conse-
quently, the pegvisomant-treated TTR-IGF-I mice with bet-
ter-maintained plasma IGF-I and IGFBP-3 levels manifested
a higher resistance to GHR dysfunction or GH deficiency,
including a heavier body weight, longer body length, and a
maintained IGF-I/IGF-IR signaling pathway in target
tissues.

At the present time, it is not clear why the increase of
IGFBP-3 transcription in the liver appeared only in the pegvi-
somant-treated TTR-IGF-I mice and how the TTR-IGF-I
transgene-produced IGF-I stimulated the increase in IG-
FBP-3 mRNA under the condition of GHR dysfunction. Be-
cause pegvisomant treatment had no effect on the TTR-IGF-I
transgene expression but significantly reduced serum ALS
and IGFBP-3 concentrations, it is possible that the unaltered
synthesis and secretion of transgenic IGF-I in the liver cre-
ated an excess ratio of IGF-I to its binding proteins, ALS and
IGFBP-3, which at least locally increased the free IGF-I con-
centration. The locally increased free IGF-I might stimulate
IGFBP-3 expression in hepatic nonparenchymal cells and
endothelial cells because parenchymal liver cells do not ex-
press IGF-IR and IGFBP-3 (1, 8).

Clinical studies have found a positive correlation between
circulating IGF-I concentrations and the risk of breast cancer
among premenopausal but not postmenopausal women (31),
suggesting that plasma IGF-I levels may play an important
role in ovarian steroids-promoted breast tumorigenesis.
Other studies also have suggested a positive correlation be-
tween the circulating IGF-I levels and the relative risks of
colon, prostate, and lung cancers (32-35). These clinical ob-
servations have been mimicked in mouse models, where
lowering IGF-I inhibits growth of an array of different can-
cers (36). We believe that the TTR-IGF-I transgenic mice will
be very useful for studying the role and molecular mecha-
nisms of the circulating IGF-1in promotion of carcinogenesis.
Furthermore, the TTR-IGF-I mice also will be valuable to be
used in conjunction with other genetically manipulated
mouse models to investigate the endocrine function of the
liver-generated IGF-I in regulation of many physiological
processes. For instance, the TTR-IGF-I mice can be crossed
with the IGF-I knockout mice to produce IGF-I knockout
mice harboring the liver-specific IGF-I transgene. This big-
enic animal model would help to address the question as to
how the circulating IGF-I regulates somatic growth and tar-
gets different tissues that do not express endogenous IGF-I
through an endocrine mechanism.
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