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Abstract
Objective—Bovine growth hormone (bGH) transgenic mice develop severe kidney damage. This
damage may be due, at least in part, to changes in gene expression. Identification of genes with altered
expression in the bGH kidney may identify mechanisms leading to damage in this system that may
also be relevant to other models of kidney damage.

Design—cDNA subtraction libraries, northern blot analyses, microarray analyses and real-time
reverse transcription polymerase chain reaction (RT/PCR) assays were used to identify and verify
specific genes exhibiting differential RNA expression between kidneys of bGH mice and their non-
transgenic (NT) littermates.

Results—Immunoglobulins were the vast majority of genes identified by the cDNA subtractions
and the microarray analyses as being up-regulated in bGH. Several glycoprotein genes and
inflammation-related genes also showed increased RNA expression in the bGH kidney. In contrast,
only a few genes were identified as being significantly down-regulated in the bGH kidney. The most
notable decrease in RNA expression was for the gene encoding kidney androgen-regulated protein.

Conclusions—A number of genes were identified as being differentially expressed in the bGH
kidney. Inclusion of two groups, immunoglobulins and inflammation-related genes, suggests a role
of the immune system in bGH kidney damage.
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1. INTRODUCTION
A multitude of studies have led to the conclusion that GH plays a role in the progression of
kidney damage, in the presence or absence of diabetes. Involvement of GH, either directly or
through its effector molecule IGF-I, in the early stages of diabetic nephropathy was suggested
in two cross-sectional studies in human type I diabetic patients. In one study, a positive
correlation was found between serum IGF-I and glomerular filtration rate 1. In another study,
a strong positive correlation between urinary IGF-I and kidney volume and between urinary
IGF-I, urinary GH, and microalbuminuria was seen 2. Direct evidence for a role of GH in
nephropathy came from studies of transgenic mice chronically expressing GH, growth
hormone releasing factor (GHRF), or IGF-I 3,4. In the absence of diabetes, significant
glomerular enlargement was seen in all three strains of mice. However, mesangial proliferation
followed by progressive glomerulosclerosis was found in the GH and GHRF mice but not the
IGF-I mice. The GH transgenic mice progressed to end stage renal disease, resulting in
premature death 5. Progressive increases of mRNA levels of collagen IV α1, laminin B1,
tenascin, transforming growth factor (TGF)-β1 and platelet-derived growth factor (PDGF)-B
were also seen in the GH transgenic mice 6.

Additional studies suggested that suppression of the GH signaling pathway can reverse or
prevent diabetic kidney complications. Initial evidence came from studies demonstrating the
protective effect of hypopituitarism against glomerular basement membrane thickening and
the normalization of glomerular basement membrane and mesangial changes caused by
diabetes 7,8. Studies of transgenic mice that express a GH receptor antagonist demonstrated
protection from glomerulosclerosis during streptozotocin (STZ) induced type I diabetes, even
though blood glucose and glycated hemoglobin levels were high 9–11. A molecular analysis
of these diabetic transgenic mice revealed normal mRNA and protein levels of glomerular type
IV collagen and laminin B1, in contrast to the elevated levels seen in diabetic nontransgenic
controls 11,12. It has been shown that STZ-diabetic as well as nonobese diabetic (NOD) mice
have elevated levels of circulating GH and low levels of IGF-I, similar to the situation seen in
human diabetic patients, suggesting that mice may serve as a good model for diabetes studies
13,14. In a test of therapeutic efficacy for the GH antagonist, administration of the GH
antagonist to STZ-diabetic and nonobese diabetic (NOD) mice did not alter the already elevated
serum GH levels and reduced serum IGF-I levels seen in the untreated diabetic control mice,
but it did reduce the kidney weight, IGF-I accumulation, glomerular volume, and urinary
albumin excretion (UAE), indicating a therapeutic role for GH antagonist 13,14. Finally, in a
system where GH signaling is completely abolished due to disruption of the GH receptor gene,
the kidneys of these mice also were protected against STZ-diabetes induced glomerular
hypertrophy and glomerulosclerosis 15.

GH acts through its receptor to initiate a series of signaling cascades that ultimately lead to
changes in gene expression 16. While a number of GH-regulated genes have been identified,
genes relating GH to kidney damage are still largely unknown. Utilizing the fact that bGH mice
develop progressive glomerulosclerosis with increasing age, we chose them as a model system
for identifying genes involved in kidney damage. We created cDNA subtraction libraries from
kidney RNA of bGH and NT littermates at different ages and validated differential expression
of specific clones by northern blot analysis. We also performed microarray analyses comparing
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gene expression in the kidneys of bGH and NT littermates. Finally, we compared the levels of
select gene expression by real-time RT/PCR analysis. Here we identify genes that appear to
be differentially expressed in the kidneys of bGH mice as compared to their NT littermates.
Consideration of the list of differentially expressed genes suggests involvement of the immune
system in the bGH kidney damage.

2. MATERIALS AND METHODS
2.1. Animals

The mice used in this study express a bovine GH cDNA under the control of a mouse
metallothionein transcriptional regulatory element. Most of the experiments used mice with a
mixed C57Bl6J and SJL background as in previous studies 17–19. The mice used for the
microarray study were a pure C57Bl6J genetic background 20. All transgenic mice were
compared to NT controls of the same genetic background. Transgenic males were bred with
non-transgenic female littermates in the mouse facility of Ohio University’s Edison
Biotechnology Institute (EBI). Animals are only accepted into the facility from commercial
specific-pathogen-free (SPF) suppliers or from other facilities that have a proven record of
clean health. EBI facilities are serology tested for a standard panel of murine viruses four times
a year. Necropsy, histology and parasitology are performed twice a year. Mice were housed in
microisolator cages, maintained on a 14h light/10h dark cycle and allowed ad libitum access
to water and standard rodent chow (Prolab RMH 3000, PMI Nutrition International, Inc.,
Brentwood, NJ). Genotypes of progeny were confirmed by PCR analysis of genomic DNA
obtained by a tail clip using the same method as described for bGH antagonist (GHA) mice
21.

At 2 months, 5 months, or 12 months of age female NT and bGH transgenic mice (n=3 for
each genotype and age) were weighed and urine collected for a 2 hour period and then stored
at −80°C for albumin and creatinine analyses. The following day the mice were sacrificed by
cervical dislocation and trunk blood collected following immediate decapitation. Whole blood
was centrifuged at 7000 × g for 10 min at 4°C and serum stored at −80°C for IGF-I and IGFBP
analyses. The right kidney was removed and snap-frozen in liquid nitrogen for later isolation
of total RNA for cDNA subtraction library creation (n=1 for each genotype and age) and
northern analyses. The left kidney was removed, weighed, and a transverse section of the
kidney containing the papilla placed in fixative (0.1 M cacodylic acid, 1% glutaraldehyde, and
2% paraformaldehyde) for glomerular analyses by microscopy. Multiple tissues of two
additional 12 month old NT females and one additional 12 month old bGH female were
collected for subsequent RNA isolation and northern analyses. Kidneys from additional mice
at each age also were collected for RNA isolation and northern analyses. Kidneys from 11
month old female bGH and NT mice were obtained for total RNA extraction and use in the
microarray (n=3 for each genotype) and real-time RT/PCR analyses (n=5 for bGH and 6 for
NT).

The RNA used for Fig. 6 was from an unrelated diabetes study using female NT mice. At two
months of age, the mice received a single intraperitoneal injection of saline or 155 mg
streptozotocin (STZ) / kg body weight. Diabetic mice and age-matched saline controls were
sacrificed 10 weeks after the onset of diabetes (blood glucose > 300 mg/dl) and the right kidney
removed and snap-frozen in liquid nitrogen for later isolation of total RNA. RNA samples from
two saline-injected (nondiabetic; ND) and two STZ-induced diabetic (DB) mice were analyzed
in the current study.

Protocols were approved by the Ohio University Institutional Animal Care and Use Committee
and followed federal, state, and local guidelines.
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2.2. Glomerular and mesangial measurements
Glomerular volume for the 2 month, 5 month and 12 month old mice (n=3 for each genotype
and age) was measured as previously described 13. Fixed tissue was embedded in Technovit
7100 (Heracus Kulzer GMBH, Wehrheim, Germany), 2 µm thick sections were cut on a
rotation microtome, and sections were stained with peroidic acid-Schiff (PAS) and
hematoxylin. Profile areas were traced using a computer-assisted morphometric unit (Image
Tool: University of Texas Health Science Center, San Antonio, TX). Glomerular cross-
sectional area (AG) was determined as the average area of all of the glomeruli visualized in the
section (a range of 33–56 glomeruli; tuft omitting the proximal tubular tissue within Bowman’s
capsule). Glomerular tuft volume (VG) was calculated as VG=β/κ×(AG)3/2, where β=1.38,
which is the shape coefficient for spheres (the idealized shape of glomeruli), and κ=1.1, which
is a size distribution coefficient. The mesangial region was measured by point counting of the
PAS stained area as a fraction of the thuft area by applying a grid where about 20 points fell
on the PAS stained area in each of about 25 randomly selected glomerular profiles.

2.3. Urinary albumin excretion and serum IGF-I and IGFBP measurements
Urinary albumin concentrations for the 2 month, 5 month and 12 month old mice (n=3 for each
genotype and age) were determined by radioimmunoassay using rat albumin antibody and
standards as previously described 13. Semilog linearity of mouse urine and rat albumin (in the
standard) was found at multiple dilutions, indicating antigen similarity between mouse albumin
and rat albumin. Urinary volume output was normalized by urinary creatinine concentration
measured using an automated technique adapted from the method of Jaffé 22.

Serum IGF-I levels were measured, after extraction with acid-ethanol, by radioimmunoassay
(RIA) using a polyclonal rabbit antibody (Nichols Institute Diagnostics, San Capistrano, CA)
and recombinant human IGF-I as standard (Amersham International) as previously described
13. Intra- and interassay coefficients of variation were <5% and <10%, respectively.

Serum IGFBP-1, -2, -3, and -4 levels were assessed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and western ligand blotting (WLB) according to the method
of Hossenlopp et al. 23 as described previously 21. Quantification of western ligand blots was
done by densitometry using a Shimadzu CS-9001 PC dual-wavelength flying spot scanner
(Shimadzu Europe GmbH, Duisburg, Germany). The relative densities of the bands are
expressed as pixel intensity.

2.4. Identification of differentially expressed cDNA subtraction clones
Total RNA was isolated from the entire kidney of individual 2 month, 5 month and 12 month
old female bGH transgenic mice and non-transgenic controls using RNA STAT60 Total RNA/
mRNA Isolation Reagent (Tel-Test, Inc., Friendswood, TX) and small RNAs were removed
using the RNeasy Mini Protocol for RNA clean-up (Qiagen Inc., Santa Clarita, CA). cDNA
was generated from total RNA using the Smart PCR cDNA Synthesis kit (CLONTECH, Palo
Alto, CA). The subtracted cDNA libraries were constructed using the PCR-Select cDNA
Subtraction kit (CLONTECH) using RNA from individual mice. Two libraries were created
at each time point, a forward subtracted library containing clones up-regulated in bGH mice
(bGH library; A clones) as compared to NT mice and a reverse subtracted library containing
clones up-regulated in the non-transgenic mice (NT library; B clones) as compared to bGH
mice (RNA from a single mouse for each genotype and age were used).

PCR amplified inserts of randomly picked, individual clones from each library were spotted
in duplicate on each of two separate positively-charged nylon membranes and hybridized with
a random primed 32P labeled probe generated from each entire library using Clontech’s PCR-
Select Differential Screening kit (CLONTECH). Potential differentially expressed clones were
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chosen based on difference in signal intensity upon exposure of the blots to autoradiography
film.

Plasmid DNA from bacterial colonies carrying the differentially expressed cDNA insert was
isolated using the QIAprep Spin Miniprep Kit according to the manufacturer’s instructions
(Qiagen Inc.). Nucleotide sequences were determined by use of the ABI PRISM BigDye
Terminator Cycle Sequencing Ready Reaction Kit with electrophoresis on the ABI PRISM
377 DNA Sequencer (PE Applied Biosystems, Foster City, CA). Oligonucleotides that
hybridize in the polylinker region of the vector just beyond the insertion site were used to prime
the reaction. Nucleotide sequences and predicted amino acid sequences were compared to
public domain databases using the BLAST 2.1 and BLAST 2.2.21+ programs 24.

Differential gene expression was confirmed by northern blot analysis (n=2–5 for each genotype
and age). 15µg of total kidney RNA was resolved by electrophoresis through a 1% agarose,
1% formaldehyde gel and transferred to a positively-charged nylon membrane. Membranes
were hybridized in DIG Easy Hyb solution containing 50 ng/ml of a digoxigenin (DIG) labeled,
asymmetric PCR amplified DNA probe synthesized from each clone of interest and detected
following the manufacturer’s guidelines (The DIG System User’s Guide for Filter
Hybridization, Roche Diagnostics Corp., Indianapolis, IN) and imaged with autoradiography
film or a VersaDoc 3000 imaging system (Bio-Rad, Hercules, CA). Images of the ethidium-
bromide stained ribosomal RNA bands visualized before transfer served as RNA loading
controls.

2.5. Microarray analysis
Microarray analysis was performed essentially as previously described 25. GeneChip Mouse
Expression 430 A arrays and hybridization protocols were obtained from Affymetrix (Santa
Clara, CA). The array covered 14 484 full length defined genes and 3 771 identified but not
full length genes. Six arrays were hybridized with probes made with RNA from kidneys of
three individual 11 month old female bGH mice or three individual 11 month old female NT
mice (one mouse sample per array with no pooling).

First-strand cDNA synthesis was performed using total RNA (10 µg), a T7-(dT)24 oligomer,
and SuperScript II reverse transcriptase (Invitrogen, Carlsbad, CA). Second-strand synthesis
converts the cDNA into the DNA template needed for in vitro transcription (IVT).
Bacteriophage T7 RNA polymerase directs the synthesis of cRNA. Biotin-tagged NTPs are
used in the IVT reaction to produce biotin-labeled cRNA for hybridization. Hybridization of
gene chip arrays were performed at 45°C for 16 h in 0.1 M MES, pH 6.6, 1 M sodium chloride,
0.02 M EDTA, and 0.01% Tween 20. Array was washed using both nonstringent (1 M NaCl,
25°C) and stringent (1 M NaCl, 50°C) conditions before staining with phycoerythrin
streptavidin. The GeneChips were then scanned with a Hewlett-Packard scanner and analyzed.
The p values for detection of individual genes were calculated, and absent calls (detection p
value >0.06) were removed. Further data analysis was performed using the Affymetrix EASI
database (to assign gene descriptions to query probe sets) and the Spotfire Decision Site
software system (Somerville, Mass.). Before comparison analysis, a global normalization
method was used to correct for variations and normalize intensity levels. The comparitive
analysis was performed by Wilcoxon signed rank test to examine the hybridization intensity
data from one gene chip and compare that with another gene chip. Three comparisons were
made, each between a bGH hybridized array and an NT hybridized array, and the results were
filtered for genes with a greater than two-fold increase or decrease.
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2.6. Real-time RT-PCR analysis
Total RNA was isolated from the entire kidney of individual 11 month old female bGH
transgenic mice (n=5) and non-transgenic controls (n=6) using RNA STAT60 Total RNA/
mRNA Isolation Reagent (Tel-Test, Inc.). RNA samples were treated with DNAse I to remove
contaminating genomic DNA and repurified using the RNeasy Micro Kit (QIAGEN). RNA
was quantified using the RiboGreen RNA Quantitation Reagent and Kit (Molecular Probes,
Eugene, Oregon) and the Versafluor standard spectroflurometer (Bio-Rad, Hercules, CA).
Synthesis of cDNA was performed using 1 µg of the isolated RNA and the iScript™ cDNA
Synthesis Kit (Bio-Rad). Samples were analyzed for relative target RNA concentration via
real-time RT-PCR analysis in duplicate using gene specific primers (see Tables 2 and 3 for
target primer sequences) and the iQ Sybr Green Supermix Kit (Bio-Rad) in a MyiQ™ Single
Color Real-Time PCR Detection System (Bio-Rad). Primer sequences were obtained from the
literature, a primer database 26 or designed using the Primer3 program 27 and checked for
specificity using BLAST analysis of the mouse nucleotide databases 24. Results were
normalized using the geometric mean of expression of the two best control genes (HGPRT and
γ-actin) out of six assessed (see Table 2) using the NormFinder application 28.

2.7. Statistical analyses
All values are expressed as mean ± SEM. All parameters were statistically analyzed using
analysis of variance (ANOVA) comparing bGH animals with age-matched littermate controls.
Results were considered statistically significant at P < 0.05.

3. RESULTS
3.1. Mouse characteristics

In an effort to identify genes involved in the progression of kidney damage, three ages (2, 5,
and 12 months) were selected for the comparison of gene expression between NT and bGH
female mice. Based on previous studies of these mice, it was anticipated that the bGH mice
would exhibit increasing degrees of kidney damage in comparison to the NT mice at the three
respective ages 4. Histopathological examination of PAS-stained sections supported this
premise. Light microscopy revealed that, with increasing age, the bGH kidneys progressed
from mild inflammation around the pelvis at 2 months of age to more diffuse inflammation at
5 months of age and finally to diffuse inflammation and mononuclear cell infiltration around
the pelvis at 12 months of age (Fig. 1A). At higher magnification, the infiltrate looked like
lymphocytes, plasma cells and macrophages, but immunohistochemistry was not performed
to definitively identify the cell types. In parallel, dilated tubules were noted in some of the bGH
mice at 2 months of age, large glomeruli were noted at 5 months of age, and thickened, PAS-
positive Bowman’s capsules and protein in the tubules were noted at 12 months of age (Fig.
1B). In contrast, a very mild inflammation around the pelvis limited to the subepithelial region
was noted in two of the 12 month NT mice, but all other NT kidneys appeared normal (Fig.
1C and D). A quantitative assessment of the mice and kidneys is shown in Fig. 2. The physical
characteristics of absolute body and kidney weights were significantly greater for the bGH
mice at all three ages. When normalized to body weights, kidney weights were not significantly
different at any age. Absolute glomerular volume was significantly greater in bGH mice at all
three ages (Fig. 2). This increase was significant only at 2 months of age when normalized to
body weight or kidney weight (data not shown). Mesangial region and urinary albumin
excretion were significantly increased in bGH mice only at 12 months (Fig. 2). IGF-I and IGF
binding protein levels also were assessed in these same mice (Fig. 3). IGF-I and IGFBP-4 were
significantly increased in bGH mice at all three ages. IGFBP-1 was significantly increased only
at 2 and 5 months of age. IGFBP-2 and IGFBP-3 showed no significant differences at any age.
Our results were similar to those obtained in an earlier study of these mice in terms of body
weight, serum IGF-I levels, glomerular volume and urinary albumin excretion 4. In addition,
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the previous study reported marked mesangial sclerosis in the bGH mice at 2–3 months of age
and severe mesangial sclerosis at 6–9 months of age.

3.2. Characterization of clones isolated from cDNA subtraction libraries
Two PCR-based cDNA subtraction libraries were created for each age with one library
containing genes expressed at higher levels in the bGH kidney and the other containing genes
expressed at higher levels in the NT kidney. Individual clones from the libraries were screened
by differential hybridization using probes generated from each library. Of 192 clones screened
from the 2 month libraries and 96 clones screened from the 5 month libraries, none could be
confirmed as differentially expressed between NT and bGH mice. Of 96 clones screened from
the 12 month libraries, seven were confirmed by northern blot analysis as differentially
expressed between NT and bGH mice. Nucleotide sequencing and BLAST analysis suggested
that the four clones up-regulated in bGH kidney (A clones) were immunoglobulin genes (Table
1). Of the three clones down-regulated in bGH mice (B clones), one did not correspond to any
known transcript, one corresponded to the gene encoding kidney androgen regulated protein
and the third corresponded to the gene encoding solute carrier family 16, member 14 (Table
1). Clone B45 appeared to be a full-length clone while the others appeared to be partial clones.

Northern blot analyses were performed to assess the expression of the isolated clones in several
different circumstances. First, expression was assessed at different ages of NT and bGH mice.
Expression of the four A clones (immunoglobulins) was similar in that RNA levels were greater
in bGH kidneys than in age-matched NT kidneys and were greater at the older ages (Fig. 4 and
data not shown). Clone B3 was only assessed at the 12 month age, and its expression was
decreased in the bGH kidneys (Fig. 4). B45 expression in the NT increased with age, but
expression was reduced in the age-matched bGH kidneys (Fig. 4). B46 expression was most
obviously decreased in the 12 month old bGH kidneys (Fig. 4).

Tissue specificity was also examined for several of the clones (Fig. 5). Clone A8 was most
strongly expressed in spleen, followed by lung, intestine, kidney, stomach, fat and liver of both
NT and bGH mice at 12 months of age. Clone A39 was highest in spleen, followed by lung
and kidney. The expression patterns of Clones A34 and A48 were very similar to those for A39
(data not shown). The high expression of the A clones in spleen agrees with their identification
as immunoglobulin genes. Clone B3, the unidentified clone, was only detected in kidney. Clone
B46 levels were highest in kidney but also were detectable in brain. Clone B45 was not tested,
but the expression of the kidney androgen-regulated protein gene predominantly in epithelial
cells of the renal proximal tubule has already been reported 29.

To assess expression of the clones in a diabetic mouse model, RNA levels were examined in
streptozotocin-induced type 1 diabetic mice (Fig. 6). Clone B3 showed little to no change in
expression in kidneys after 10 weeks of diabetes (DB) in comparison to kidneys from non-
diabetic mice (ND). Clone A8 and A48 showed a decrease in expression in the diabetic samples
(Fig. 6 and data not shown), just the opposite of the pattern seen in the bGH kidney damage
model. RNA for clones B34 and B39 was undetectable in all four samples (data not shown).
Clone B46 showed a moderate decrease in expression in the diabetic kidneys while Clone B45
showed a severe decrease in expression in the diabetic kidneys. Both Clone B45 and B46
exhibited decreases in expression in damaged kidneys, but the decrease for Clone B45 was
more dramatic in the STZ-diabetes kidneys while the decrease for Clone B46 was more
dramatic in the bGH kidneys (compare Fig. 4 and Fig. 6).

3.3. Identification of differentially expressed genes by microarray analysis
Microarray analysis was also used to identify genes that were differentially expressed between
the kidneys of NT and bGH mice. Of 18 255 genes, 127 were increased greater than 2 fold for
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all three array comparisons while 26 were decreased greater than 2 fold for all three array
comparisons of the bGH kidneys to the NT kidneys (Supplemental Table). Many of the genes
up-regulated in the bGH kidneys, especially those showing the largest increases, were
immunoglobulins, as was found with the cDNA subtraction libraries. The kidney androgen-
regulated protein gene was the second most down-regulated gene in the bGH kidneys. This
gene was also identified in the cDNA subtraction libraries.

3.4. Verification of differential gene expression by real-time RT-PCR analysis
Real-time RT/PCR analysis was used to quantify the differential gene expression for several
of the cDNA subtraction clones and to verify the differential gene expression of some of the
genes identified in the microarray analysis using RNA isolated from whole kidney of 11 month
old female mice (Table 2). Clone A8 showed a significant increase of nearly 5-fold in the 11
month old bGH compared to NT kidneys. A slight but non-significant decrease was seen for
Clone B3. Clone B45, corresponding to the kidney androgen regulated-protein gene, was
decreased 5-fold, a little less than the 13.18-fold decrease seen in the microarray analysis. Clone
B46 was decreased greater than 2-fold in the bGH kidneys, though the difference did not reach
statistical significance. From the microarray analysis, five genes not related to
immunoglobulins were confirmed as being significantly up-regulated in the bGH kidney and
three additional genes were confirmed as being significantly down-regulated in bGH kidney.
Six others showed no significant difference in expression, including the gene identified by
microarray analysis as exhibiting the greatest decrease in expression in the bGH kidney
(Supplemental Table). Expression of each of the genes in Table 2 was also compared between
two genetic backgrounds, the mixed C57Bl6J/SJL background and the pure C57Bl6J
background. The results were similar (data not shown).

3.5. Additional differential gene expression verified by real-time RT-PCR analysis
An interest in inflammation led to analysis of gene expression of nine additional genes with
various roles in inflammation pathways or outcomes (Table 3). All were up-regulated in bGH
kidneys, but only three showed a significant increase: chemokine (C-C motif) ligand 2 (CCL2;
also known as monocyte chemotactic protein-1 or MCP-1), matrix metallopeptidase 12
(MMP-12; also known as macrophage elastase), and cluster of differentiation 68 (CD68; also
known as macrosialin).

4. DISCUSSION
Evaluation of the bGH transgenic mice used in this study suggested that they developed a
similar, though possibly milder, form of kidney damage as compared to reports of other GH
transgenic mice generated in other labs. For example, for the mice in this study, kidney weight
was increased at all of the ages examined (2, 5 and 12 months), but the increase was proportional
to body weight gain. Glomerular volume was greatly increased as early as two months of age,
but when normalized to body weight or kidney weight, the increase was only apparent at 2
months of age. While a greater than proportional increase in kidney weight and glomerular
volume was commonly reported for some of the other transgenic lines 30, proportional changes
were also observed, possibly reflecting species differences of the foreign GH or differing levels
of GH overproduction in the mice 31. Increased mesangial region was obvious by 12 months
of age for the mice in this study, at which time urinary albumin excretion was also elevated.
Both of these are indications of kidney damage seen previously in bGH mice 32, although they
seem to occur at later ages in our mice. This could be indicative of a milder form of damage
or could be due to differences in the way these parameters were analyzed. Although serum
bGH levels were not measured in the current study, a previous study reported serum bGH levels
of 0.5–6 µg/ml for this mouse line, which was consistent with reports for transgenic lines from
other labs 33. An informal perusal of mouse records for natural deaths of the bGH line used in
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the current study revealed a mean age of death of 213 days for bGH males (n=46) and only
61% alive at six months of age and a mean of 258 days for bGH females (n=25) and only 76%
alive at six months of age, more than a two-fold reduction of the mean for NT mice (K.
Coschigano, unpublished observations), and a lower survival rate than that reported for bGH
mice from other labs 30. Although the small sample number was also a potential limitation of
the current study, the concurrence of our results and those of an earlier study of these mice
suggests that was not an issue 4.

As seen previously for other GH transgenic mice, serum IGF-I expression was elevated from
2 to 12 months of age in our bGH mice. In parallel, serum IGFBP-4 expression was also
elevated at all ages. IGFBP-1 was elevated only at 2 and 5 months of age. Although appearing
slightly elevated, the levels of IGFBP-2 and -3 were not significantly altered. The levels of
IGFBPs differed from reports of elevated IGFBP-3 expression and decreased IGFBP-2
expression in other GH transgenic mice 31, but this might reflect differences in the GH
transgenes or promoters (i.e. species, integration site, etc.). The roles of the IGFBPs are not
fully elucidated, but circulating IGFBPs are thought to regulate the half-life and endocrine
effects of IGF 34. Thus, the increased levels of circulating IGFBPs may be reducing the
bioavailability of IGF-I in the bGH mice. It was not determined whether the increased levels
of IGFBPs reduced the bioavailability of IGF-I to a level lower than seen in the NT mice, but
this was probably not the case since the growth of the bGH transgenic mice was greater than
the NT mice.

In our gene expression analyses, we found that the vast majority of genes with increased RNA
expression in the kidneys of bGH females, as identified by cDNA subtraction and microarray
analyses at the age of 11–12 months, were immunoglobulins. Their expression was greater in
bGH as compared to age-matched NT samples and increased with age with the most obvious
expression being in the 12 month samples. The identification of immunoglobulin RNA
suggests the presence of B cells, perhaps accumulating as a secondary response to an as yet
unidentified phenomonen, rather than via intrinsic expression by the kidney. The observation
of mononuclear cell infiltration also suggests the presence of B cells. A report by Ogueta et al.
demonstrated the development of an arthritic disorder and expression of self-antibodies in
transgenic mice expressing bGH under the transcriptional control of the phosphoenolpyruvate
carboxykinase promoter, a different promoter from the one used in this study 35. Their findings
suggested that the kidney damage seen in those mice might be due to an autoimmune-like
process caused by the chronic high GH/IGF levels. The down-regulation of DNAse I
expression, which has been linked to the development of autoimmunity 36, and the up-
regulation of immmunoglobin gene expression supports a similar conclusion in our bGH mice.
Definitive evidence for this conclusion would require identification of self-antibodies and
immune-mediated glomerular lesions in our bGH mice, studies that we plan to do in the future.

The presence of activated B cells in bGH kidney is also supported by the up-regulation of two
additional genes. Expression of CC chemokine ligand 2, also known as monocyte chemotactic
protein-1 or MCP-1, has been observed in mesangial cells, endothelial cells, tubular epithelial
cells and infiltrating mononuclear cells of diseased kidneys 37. Frade et al. showed that MCP-1
could trigger specific B cell migration 38. CD80, also known as B7-1, has a well-established
role in B cell co-stimulation, but also appears to mediate transmembrane outside-in signaling
in B cells and to be involved in the development of podocyte foot process effacement 39. Thus,
these two genes could be involved in B cell mobilization and accumulation within the bGH
kidney. Since our studies were performed with RNA extracted from the entire kidney, future
studies will be aimed at identifying the exact cells that express these two genes within the bGH
kidney to help clarify their role.
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To gain further insight into the molecular mechanism(s) that may be contributing to the bGH
kidney damage, the possible roles of additional up-regulated genes was considered.
Macrophage metalloelastase, also referred to as MMP-12, is mainly produced by infiltrating
macrophages to break down extracellular matrix components such as fibronectin, laminin and
collagen IV, but it has also been co-localized with MCP-1 in podocytes in the absence of
macrophages but in association with glomerular basement membrane pathogenesis 40. CD53,
a member of the tetraspanin family of membrane-spanning glycoproteins, is expressed mainly
in lymphoid and myeloid cells 41, including mesangial cells, which are derived from the
myeloid lineage 42. CD68, known as macrosialin in mice, is a glycosylated transmembrane
protein also expressed mainly in myeloid cells 43. Lysozyme RNA expression and secretion
is associated with activation of macrophages 44, but its expression has also been observed in
the proximal tubules of the kidney, possibly reflecting the role of the kidney in clearing
lysozyme from the body 45. Prostaglandin D synthetase expression has been associated with
antigen-presenting cells 46, which could include mesangial cells. Speculating that
inflammatory processes were involved in GH-induced kidney damage, Rezende et al. also
found that a number of inflammatory markers were upregulated in the bGH kidney, several
(toll-like receptors [TLR] -2 and -4, MCP-1 and smooth muscle actin [SMA]) as early as 5
weeks of age, the earliest age examined by the authors 47. Toll-like receptors are expressed on
leukocyte subsets and non-immune cells and appear to be involved in both innate and adaptive
immune responses 48. Considered together, the altered expression of all of these genes suggests
infiltration by macrophages in addition to B cells within the bGH kidney. Again, further studies
are required to confirm this supposition.

Interestingly, only one gene was identified in both the cDNA subtraction libraries and the
microarray analysis as being down-regulated in the bGH kidney. It was also identified in a
different set of cDNA subtraction libraries comparing RNA expression of kidneys from
diabetic and non-diabetic mice (Coschigano, unpublished results). In each case, this gene,
which encodes kidney androgen-regulated protein, or KAP, demonstrated decreased
expression in kidneys exhibiting kidney damage. KAP expression is confined almost
exclusively to epithelial cells of the renal proximal tubule 29. Although the function of KAP
remains elusive, it has been demonstrated that the protein specifically interacts with cyclophilin
B and that overexpression of KAP in stably transfected proximal tubule cells significantly
decreases the toxic effects of cyclosporine A 49. Over-expression of the KAP gene in the
kidneys of mice induced hypertension, suggesting a role in cardiovascular-renal homeostasis
50. While it is not clear what function it is performing in the kidney, the loss of KAP expression
appears to associate with indicators of kidney damage.

In summary, comparison of gene expression between kidneys of female bGH mice and their
non-transgenic littermates revealed a number of differentially expressed genes. Inclusion of
two groups, immunoglobulins and inflammation-related genes, suggests a role of the immune
system resulting in bGH kidney damage. Confirmation of the regulation of these genes by GH,
elucidation of the exact roles of the differentially expressed genes in the bGH kidney, and
applicability of these genes and mechanisms to other forms of kidney damage await further
investigation.
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Fig. 1.
Histopathology of bGH and NT kidneys (PAS-stained sections). A. Pelvic region of a kidney
of a 12 month old bGH mouse showing a papilla with lymphocytes and plugged tubules (arrow).
B. A section from the kidney of a 12 month old bGH mouse showing a glomerulus with a
thickened Bowman’s capsule (white arrow) and a closed glomerulus (black arrow). C. Pelvic
region of a kidney of a 2 month old NT mouse showing a normal papilla. D. A section from
the kidney of a 12 month old NT mouse showing two normal glomeruli. A, C: low
magnification (same for both); B, D: high magnification (same for both).
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Fig. 2.
Growth, morphological, and physiological assessments of NT and bGH females at three
different ages. The left panels compare body weight, kidney weight and kidney weight
normalized to body weight (expressed as a percentage) and the right panels compare glomerular
volume, mesangial region (expressed as percentage of glomerular area) and urinary albumin
(normalized to creatinine concentration) for NT (□) and bGH (■) females at 2, 5, and 12 months
of age. *, significantly different from corresponding NT (P < 0.05); error bars indicate SEM;
n = 3.
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Fig. 3.
Comparison of serum IGF-I concentration (determined by RIA) and IGFBP-1, -2, -3, and -4
pixel intensity (determined by WLB) for NT (□) and bGH (■) females at 2, 5, and 12 months
of age. *, significantly different from corresponding NT (P < 0.05); error bars indicate SEM;
n = 3.
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Fig. 4.
Northern blot analysis of expression of six clones (A8, A34, A39, B3, B45 and B46) obtained
from the cDNA subtraction libraries. RNA was extracted from kidneys of NT and bGH females
at 2, 5, and 12 months of age and probed with DIG-labeled clones. Representative blots of two
different samples for each genotype and age are shown. The same RNA samples were used for
the four blots in the top section (the samples for A34 were loaded in a different order; the panels
were rearranged such that all samples align; the white gaps mark the rearrangements) and the
same RNA samples were used for the two blots in the bottom section, though some of the
samples differed between the top and bottom sections. Ethidium-bromide stained images of
the 28S and 18S rRNA bands served as loading controls (bottom panel of each section).
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Fig. 5.
Northern blot analysis of expression of four clones (A8, A39, B3 and B46) obtained from the
cDNA subtraction libraries. RNA was extracted from indicated tissues of a single NT (A and
C) or single bGH (B) female at 12 months of age and probed with DIG-labeled clones. DIG-
labeled 28S rRNA probe (bottom panel of A) or ethidium-bromide stained images of the 28S
and 18S rRNA bands (bottom panel of B and C) served as loading controls. Ki, kidney; He,
heart; Li, liver; Ga, gastrocnemius muscle; Br, brain; Sp, spleen; Lu, lung; St, stomach; In,
intestine; Fa, fat (white adipose tissue); Ov, ovary; Pa, pancreas.
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Fig. 6.
Northern blot analysis of expression of four clones (A8, B3, B45 and B46) in kidneys isolated
from non-diabetic (ND) and STZ-induced diabetic (DB) mice. RNA was extracted from whole
kidneys of two ND and two DB females 10 weeks after induction of diabetes and probed with
DIG-labeled clones. Ethidium-bromide stained images of the 28S and 18S rRNA bands served
as loading controls (bottom panel).
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Table 1

cDNA subtraction clone size and identity based on BLAST

Clone Insert (bp) Gene Name of Best BLAST Match Accession #

A8 334 Similar to Chain L, Structural Basis Of Antigen Mimicry
In A Clinically Relevant Melanoma Antigen System,
transcript variant 3

XM_001476703.1

A34 503 Immunoglobulin heavy chain 6 (heavy chain of IgM) NT_166318.1

A39 482 Immunoglobulin heavy chain (gamma polypeptide),
transcript variant 1 (Ighg)

XM_001001076.2

A48 401 Immunoglobulin heavy constant gamma 1 (G1m
marker)

NT_166318.1

B3 ~1770 No known transcript NT_039433.7

B45 610 Kidney androgen regulated protein (Kap) NM_010594.2

B46 >2000 Solute carrier family 16 (monocarboxylic acid
transporters), member 14 (Slc16a14)

NM_027921.1
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Table 2

Validation of differential expression between bGH and NT kidney RNA of genes identified by cDNA subtraction
or microarray analysis using real-time RT/PCR

Clone name/
accession number

Gene Primer sequences (5’- 3’)

FC: RT-
RT/PCR
(relative to
NT) †

FC:
Microarray
(relative to
NT) ‡

A8 (XM_001476703.1) Similar to Chain L, Structural Basis
Of Antigen Mimicry In A Clinically
Relevant Melanoma Antigen
System, transcript variant 3

(+) GGCCACTCACAAGACATCAA
(−) AAAGGGAGGAGGAGAAGGAG a

4.79 ± 3.24
*

M92849 Acidic Epididymal Glycoprotein (+) TGCATGTGGAGTTGCTGAAT
(−) GGTGCATAGCCCATCTTCAC

293.58 ±
224.21 *

26.91

X51547 Lysozyme P (+) CTCTGGGACTCCTCCTGCTT
(−) CATAGTCGGTGCTTCGGTCT

7.90 ± 2.92
*

7.52

X97227 Cell Surface Glycoprotein CD53 (+) TGGCAACATTCTGGTCATTG
(−) CATTCAGACCCTCAGCCACT

3.81 ± 1.32
*

5.74

AB006361 Prostaglandin D Synthetase (+) TCCGGGAGAAGAAAGCTGTA
(−) ATAGTTGGCCTCCACCACTG

2.13 ± 0.76
*

5.54

M55561 CD80 antigen; also known as B7-1 (+) CATCTCTCAAAGCTGCTCCA
(−) GGATGAGGCCCCACTCTTTA

2.30 ± 0.42
*

4.79

B3 (NT_039433.7) No known transcript (+) GGAGTTCATGCAAGGTGGAT
(−) CAGCAGCATGTGATCCTCAG

0.82 ± 0.21

B45 (NM_010594.2) Kidney androgen-regulated protein
(KAP)

(+) ACAGTCTCCTCCGGCTTTCT
(−) TTCTTTGCTGGGAGCATCTT

0.20 ± 0.14
*

0.08

B46 (NM_027921.1) Solute carrier family 16 member 14 (+) CAGCCAATGTGCAGTCTCTC
(−) CGCACAGGTATTTCAGCAAC

0.42 ± 0.20

AJ000062 DNAse I (+) CCTTACCATAGCTGGGTGGA
(−) GACTCAGGATCTGCGGGTAA

0.31 ± 0.11
*

0.09

U31966 Carbonyl Reductase (+) CCACATTCAAGCAGAGGTGA
(−) CAGCTCCTCCTCTGTGATGG

0.66 ± 0.12
*

0.34

L42996 Mitochondrial Acyltransferase (+) TGTCCCATGATGAGCACACT
(−) GAGGCAGTATGGCTCCTGTC

0.70 ± 0.10
*

0.41

BC085275 Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH)

(+)TGTGTCCGTCGTGGATCTGA
(−)CCTGCTTCACCACCTTCTTGA

Control b

BC021796 γ-actin (+) ACCAACAGCAGACTTCCAGGAT
(−) AGACTGGCAAGAAGGAGTGGTAA

Control c

X03672 β-actin (+) AGCCATGTACGTAGCCATCCA
(−) TCTCCGGAGTCCATCACAATG

Control c

BC083145 Hypoxanthine guanine
phosphoribosyl transferase
(HGPRT)

(+) CCTAAGATGAGCGCAAGTTGAA
(−) CCACAGGACTAGAACACCTGCTAA

Control c

U63933 TATA box binding protein (TBP) (+) GGCCTCTCAGAAGCATCACTA
(−) GATGGGAATTCCAGGAGTCA

Control c

AF285162 Ubiquitin C (UBC) (+) AGGTCAAACAGGAAGACAGACGTA
(−) TCACACCCAAGAACAAGCACA

Control c

†
Fold change: Mean of bGH results normalized by geometric mean of HGPRT and γ-actin divided by mean of NT results normalized by geometric

mean of HGPRT and γ-actin as determined by real-time RT/PCR; n = 5–6

‡
Fold change: Mean of three independent pairwise comparisons between bGH and NT microarrays

*
P<0.05

a
(−) primer sequence based on M. spretus #M21796 which is missing three nucleotides in comparison to M. musculus sequence
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b
Primer sequences from Fujimoto et al. 51

c
Primer sequences from RTPrimerDB 26
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Table 3

Assessment of differential expression between bGH and NT kidney RNA of inflammation-related genes using
real-time RT/PCR

Accession
number Gene Primer sequences (5’- 3’)

FC: Expression
(relative to NT)†

NM_011333.3 Chemokine (C-C motif) ligand 2 (CCL2); also
known as monocyte chemotactic protein-1
(MCP-1)

(+) CCCAATGAGTAGGCTGGAGA
(−) AGACCTTAGGGCAGATGCAG

7.52 ± 2.76 *

NM_008605.3 Matrix metallopeptidase 12 (MMP-12); also
known as macrophage elastase

(+) TTTCTTCCATATGGCCAAGC
(−) GGTCAAAGACAGCTGCATCA

2.23 ± 0.58 *

NM_009853.1 Cluster of differentiation 68 (CD68); also known
as also known as macrosialin

(+) CTTCCCACAGGCAGCACAG
(−) AATGATGAGAGGCAGCAAGAGG

2.05 ± 0.37 *

NM_013653.2 Chemokine (C-C motif) ligand 5 (CCL5); also
known as Regulated upon activation, normal T
cell expressed and secreted (RANTES)

(+) GTGCCCACGTCAAGGAGTAT
(−) AGCAAGCAATGACAGGGAAG

2.29 ± 0.75

NM_011693.2 Vascular cell adhesion molecule-1 (VCAM-1) (+) ATTTTCTGGGGCAGGAAGTT
(−) ACGTCAGAACAACCGAATCC

2.10 ± 0.46

X93328.1 Antigen F4/80 (+) CTTGGCTATGGGCTTCCAGTC
(−) GCAAGGAGGACAGAGTTTATCGTG

1.52 ± 0.37

NM_009931.1 Procollagen, type IV, alpha 1 (+) CCTCCAGGTTTCCCTACTCC
(−) TCCAGGTTGACACTCCACAA

1.46 ± 0.48

NM_010217.1 Connective tissue growth factor (CTGF) (+) TGGAGCGCCTGTTCTAAGAC
(−) GCAGCCAGAAAGCTCAAACT

1.38 ± 0.27

NM_008689.2 Nuclear factor kappa-light-chain-enhancer of
activated B cells (NFκB)

(+) CGGCAACTCACAGACAGAGA
(−) ACGATTTTCAGGTTGGATGC

1.28 ± 0.21

†
Fold change: Mean of bGH results normalized by geometric mean of HGPRT and γ-actin divided by mean of NT results normalized by geometric

mean of HGPRT and γ-actin as determined by real-time RT/PCR; n = 5–6

*
P<0.05
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