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1

1. Type 1 diabetes mellitus

1. 1 Introductory remarks
Insulin dependent type 1 diabetes mellitus (IDDM) or type 1A diabetes is a heterogeneous
autoimmune disease characterized by selective destruction of insulin-producing pancreatic
beta cells and by cellular infiltration with T- and B-lymphocytes. As many as 1 in 300 children
are affected. This process results in insulin deficiency and fasting hyperglycemia. For the
development of type 1 diabetes, genetic factors are the major components; it has been
demonstrated that this complex disease is genetically inherited and does not follow a simple
Mendelian single-locus pattern. Over 25 years ago, the first report was published that certain
class I alleles of the Major Histocompatibility Complex (MHC) – termed Human Leukocyte
Antigen (HLA; class I HLA-B locus) – are associated with type 1 diabetes development. Later
on, several genome-wide linkage studies showed that in addition to the class I loci, the class II
genes of the HLA locus are even more strongly associated. The strongest association of type 1
diabetes was found for the class II alleles DR4 and DR3. The highest risks for diabetes are the
following haplotypes: DQA*0301-DQB1*0302 with HLA DRB1*0401, *0402 or *0405
alleles and HLA DRB1*0301-DQA1*0501-DQB1*0201. Compared to 20% of the general
population, 90% of type 1 diabetic patients have at least one of these two high-risk haplotypes.
Approximately 50% of the familiar aggregation of type 1 diabetes is explained by these genes,
located in the HLA region 6p21.3 termed as IDDM1. Since late 1994, with the aid of
additional association and linkage studies, more than 20 putative type 1 diabetes non-HLA
genes have been described. These non-HLA or non-MHC genes assigned to more than 20
regions of the human genome were not found in all populations studied. The heterogeneity in
humans leads to these different findings between the different populations, and simultaneously
makes type 1 diabetes a complex genetic disease. Because of this heterogeneity, large datasets
fail to replicate linkage found in another large dataset. Therefore, non-MHC diabetespredisposing genes tend to have weak effects on diabetes susceptibility, which could be
attributed to the fact that the predisposing genes occur in differing small proportions of
diabetic patients who are more or less related.
1. 2 Kinship and type 1 diabetes
New methods become necessary to overcome the problem of linkage heterogeneity. One
possible means to overcome this problem and to increase the chance of finding strong
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susceptibility genes is to cluster patients by kinship. Because at least some genetic components
of type 1 diabetes aggregate in families and follow the recessive model, it is credible that
strong predisposing genes could be found in families if parents are related to each other. To
check the degree of kinship of maternal lines of type 1 diabetic patients, the mitochondrial
DNA (mtDNA) was isolated, amplified, and sequenced in the most variable region: HV1 and
HV2. We found that the 80 parents of 64 type 1 diabetic children studied fell into only four
related groups with a high probability of a common ancestral mother. The first group
contained 7 members, the second group also 7 members, the third group 11 members, and the
fourth and largest group with a total of 46 members. Nine sequences were not readily assigned
to any other groups. This unexpected observation that the maternal lines of type 1 diabetic
patients bear a high degree of kinship offers us the chance to i) cluster patients into kinship
groups ii) find strong predisposing diabetogenic gene/s in these groups iii) and possibly
overcome the problem of heterogeneity (1). This idea is supported by findings of forensic
medicine. It was shown that among 109 unrelated German Caucasoid individuals without
diabetes, there were 100 different mtDNA lineages (1).
From inheritance studies of DR3 and DR4 haplotypes from the father or mother in affected
and non-affected siblings, it is well known that siblings with both DR4 (paternal) and DR3
(maternal) have a significantly higher risk of disease than those with DR3 (paternal) and DR4
(maternal). Therefore, what may bring us closer to solving the problem of heterogeneity and
finding strong diabetes susceptibility genes in humans is the connection of both paternal and
maternal lines.
In addition to the problem of heterogeneity in humans developing complex diseases, another
issue demands attention. From studies in identical twins, it is known that not only genetic but
also non-genetic factors – the environment – play an important role, since it was shown that
the concordance rate amounts to about 40% (1). In order to find strongly associated diabetic
genes yet avoid heterogeneity and environmental influences, the use of inbred animal models
presents a great advantage in solving both problems. In animal models, it is possible to
standardize the environment through laboratory conditions, and heterogeneity becomes
irrelevant because animals belonging to one inbred strain are genetically uniform.
1. 3 Animal models of type 1 diabetes
In type 1 diabetes, we have two well-characterized and internationally accepted animal
models: the Non Obese Diabetic Mouse (NOD) and the Bio Breeding rat (BB). Both inbred
strains spontaneously develop autoimmune insulin-dependent type 1 diabetes and share many
5

common features with human insulin-dependent type 1 diabetes (2-5). Phenotypic differences
between these strains can mainly be found in the diabetes frequency and age at onset of
diabetes as well as in the survival time without insulin treatment after diabetes onset. While
the diabetes frequency and age at onset in male and female BB rats are comparable, there are
gender-related differences in NOD mice. Female NOD mice develop diabetes significantly
more often and earlier in life than NOD males (2). In addition, the survival time without
insulin treatment varies between the two models. BB rats survive without insulin treatment 12
± 11 days (3), which is closer to the case in humans, where NOD mice survive 41 ± 15 days,
independent of gender (author’s observations). Despite phenotypic differences between NOD
mice and BB rats, the polygenic nature of diabetes development is common to both animal
models.
Diabetes development in BB rats requires two essential genes: the class II genes of the rat
MHC haplotype RT1u (Iddm1), and Iddm2 on chromosome 4, identified as immune associated
nucleotide (Ian), which causes a profound T cell lymphopenia (3, 4). In contrast, the NOD
strain needs only one essential gene, Iddm1. Therefore, only BB rats develop a profound T
cell lymphopenia.
The BB rat exhibits many similarities to human type 1 diabetes. Disease development in the
BB rat is complex, polygenic, and recessively inherited. Several crossing studies
demonstrated and confirmed additional non-MHC genes (Iddm) which are involved in
diabetes development and mapped on chromosomes 6 (Iddm4), 10 (Iddm7), 18 (Iddm3) and X
(Iddm6) (3, 4). To study the relevance of non-MHC genes, congenic BB.SHR rat strains using
the diabetes-prone BB/Ottawa Karlsburg rat subpopulation (BB/OK) and diabetes-resistant
Spontaneously Hypertensive Rat (SHR) were established. The chromosomal defined
exchange of Iddm3 on chromosome 18 (BB.18S), Iddm4 on chromosome 6 (BB.6S) or Iddm6
on chromosome X (BB.XS) by a segment of SHR markedly reduced diabetes incidence. The
incidence decreased from 86% of the parental BB/OK strain, to 50% in BB.XS, to 40% in
BB.18S, and to less than 15% in congenic BB.6S rats (4).
The significant diabetes reduction (86% vs. 14%, p<0.0001) and significantly later age at
onset of diabetes (103 ± 30 vs. 137 ± 14 days; p<0.001) in BB.6S compared to the parental
strain BB/OK indicated the presence of diabetes protective genes from SHR within the
exchanged chromosomal segment. This segment, carrying Iddm4, suppresses the action of the
two essential genes for diabetes development in the BB/OK rat, the Iddm1 and the Iddm2.
Therefore, the congenic BB.6S rat was favored for further genetic analysis.
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1. 3. 1 Congenic BB.SHR rat sublines
Iddm4 was initially mapped on chromosome 6q32 (homologue region 14q32 in humans)
around the marker D6Mgh2. In generating the congenic BB.SHR strain (BB.6S), a large
region of 25Mb was exchanged. Because a number of genes map in this region of 25 cM, it
was essential to systematically shorten the introgressed chromosomal segment to generate
recombinants and new congenic sublines with smaller segments to limit the number of
candidate genes (4, 11, 12). These BB.6S rat sublines, named BB.6Sa, b, c, d, differ from the
congenic strain genetically by smaller and overlapping segments and phenotypically by
diabetes frequency. Thus equipped with newly established sublines, it was now possible to
narrow down the diabetes-protective region to about 4 Mb, located between 133 and 137 Mb
on rat chromosome 6, and to select 7 known genes (Yy1, Dlk1/Pref-1, Wd40 repeat, Cdc42,
Rtl1, Traf3, Tnfaip2) (all other genes were novel) as candidates. Their expression was
detected in blood and spleen of non-diabetic BB/OK, BB.6S and SHR rats at an age of 30, 70,
and 90 days. The time points chosen were those at which BB/OK rats show first signs of
insulitis (30 d), as well as at 30 (70d) and 10 days (90d) before the mean age of diabetes onset
in BB/OK rats. Blood was refined in order to examine whether some of these selected genes
may be of diagnostic value; spleen – as an immunologically potent organ – may provide
information on genes involved in the beta-cell destructive process.
The relative gene expression showed that only Yy1 (Yin Yang 1) and Pref-1 (Pre-adipocyte
factor 1) in blood at an age of 90 days as well as Pref-1 in spleen at an age of 70 and 90 days
were comparably expressed in both male and female BB.6S and SHR, and differed
significantly from those of BB/OK. All other genes were differently expressed in male and/or
female BB.6S, SHR, and BB/OK, indicating a discrepant expression pattern, and were
therefore excluded as diabetes-protective genes. Despite the fact that there are a number of
unknown genes in this region which may be involved in diabetes protection, Yy1 and Pref-1
per se may be candidate genes, and other genes studied were excluded (4, 11, 12).
After studying the expression profile of these selected genes, we initially favored Yy1, and
sequenced this multifunctional transcription factor to find differences in the DNA sequence
between the strains (5, 11-13). Because of this essential function and high conservation of
Yy1, we sequenced all five exons and one intron (intron 4) which could be amplified with
genomic DNA of the Yy1 in BB/OK and SHR rats to evaluate genetic variation as a possible
explanation for the divergent diabetes frequency in BB/OK and congenic BB.6S rats. No
sequence differences were found in exons of BB/OK vs. SHR, but single nucleotide
polymorphisms (SNPs) were detected in the intron of BB/OK vs. SHR as well as in their
7

congenic derivate, BB.6S. At three positions, a genetic variation was found: 323 (T/A), 502
(G/C) and 528 (A/C) between BB/OK (T/G/A) and SHR rats as well as their congenic BB.6S
(A/C/C) in intron 4 of the Yy1 (5, 13).
To determine the “wild type” alleles, we also sequenced intron 4 of several diabetes-resistant
inbred rat strains and wild rats. The SNP analysis revealed that all diabetes-resistant inbred rat
strains DA, LEW, BN and WOKW showed the SNP pattern of SHR (A/C/C), where wild rats
showed that of BB/OK rats (T/G/A). Because BB/OK and WOKW rats were derived from the
same outbred Wistar rat stock of the BioBreeding Laboratories (Ottawa, Canada) 20 years
ago, it was surprising that despite common origin, the two strains differed in the SNPs of
intron 4. In contrast to BB/OK, WOKW rats do not become hyperglycemic, but they do
develop a polygenic and complete metabolic syndrome with obesity, dyslipidemia,
hypertension, and impaired glucose tolerance (10).
The fact that BB/OK and wild rats carry the same SNP alleles in intron 4, but different alleles
from those of other inbred SHR, DA, LEW, BN and even WOKW rats, indicates that genetic
variation in intron 4 of the multifunctional transcription factor Yy1 may be involved in the
development of type 1 diabetes in BB/OK. If we also assume that the intron 4 of Yy1 is not
simply “junk” but functional DNA, diabetes protection in BB.6S compared with BB/OK rats
may be the result of intron SNPs found in five phenotypically and genetically different inbred
rat strains (SHR, DA, LEW, BN, WOKW), and diabetes susceptibility may be the result of
SNPs found in BB/OK and wild rats. If the assumption is true, congenic BB/OK rats carrying
a wild rat segment with Yy1 should, in contrast to BB.6S rats, develop type 1 diabetes with
frequencies seen in their parental BB/OK rat strain. In order to investigate whether a
chromosomal segment other than SHR results in a different phenotype of a congenic strain,
we established a new congenic BB.Wild strain by introgressing the same segment of
chromosome 6 (D6Rat184-D6Rat3) of wild rats into BB/OK background (BB.6Wi).
Congenic BB.6Wi and BB/OK rats developed diabetes at the about same frequency (89 vs.
86%) and manifested at the same age (99 ± 23 vs. 103 ± 30 days). This finding may support
our assumption that the SNP pattern of BB/OK and wild rats favors diabetes development and
that of SHR suppresses it. However, this hypothesis requires further investigations, since a
number of other genes in the exchanged region of chromosome 6 may be of similar
importance as Yy1, and may be involved in diabetes development (5).
Nevertheless, the segment of the rat chromosome 6q32 shows strong synteny with human
chromosome 14q21-32. Considering the function and high conservation of YY1 among
species, its location between two IDDMs in humans, and our findings in congenic mapping,
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YY1 may be a strong candidate gene in those type 1 diabetics demonstrating linkage with
microsatellite marker D14S542. This idea is supported by the fact that YY1 is able to activate
the expression of IL-3, IL-4, and CD21 as well as inhibit the expression of IL-5, FAS, GMCSF and IFNγ. These genes are cytokines, and some of them play an important role during
initiation and protection of type 1 diabetes (5, 11, 12).
1. 3. 2 Congenic NOD mice
As mentioned above, not only genetic but also non-genetic factors are involved in diabetes
development. To study the influence of environment on diabetes development and also the
differences between BB/OK and NOD, the NOD mouse is a useful model. Non-genetic
factors such as pathogenic agents have been proposed for the development of autoimmune
diabetes, including type 1 diabetes. To explain the loss of tolerance in autoimmune diseases,
one mechanism – “molecular mimicry” – has become popular. In this hypothesis, an immune
response mounted against a foreign determinant cross-reacts with a host determinant, leading
to inflammation and autoimmune destruction of the host tissue/organ. Similarities in
sequence, structure, or epitope-sharing between pathogens and host antigens have all been put
forward as mechanisms which might drive this phenomenon. An association between
infection with a particular pathogen and the induction of autoimmunity has been shown for
reactive arthritis (RA), Guillain-Barre syndrome (GBS), and multiple sclerosis (MS). To
prove the involvement or impact of non-genetic factors, a NOD congenic line carrying a
targeted deletion of the CD14 gene involved in regulation of the innate immune system was
generated by classical genetic procedures (2). Because recent studies suggest that CD14 is not
only able to act as an immune receptor for “non-self” components such as LPS
(lipopolysaccharides) but is also able to interact with “self” components (apoptotic cells), we
observed diabetes frequency and the onset of diabetes of the NOD.CD14-/- deficient mice
compared with their parental strain, NOD. We found that the diabetes frequency is
significantly decreased in CD14-deficient female and male NOD mice compared to their
parental strain, and that CD14-deficient diabetic mice developed symptoms significantly later
than the NOD animals. However, the presence or absence of CD14 did not affect the diabetes
preponderance in NOD females (2).
These results demonstrate that there is an association between a central component of the
innate immune system and diabetes development at least in the NOD mouse. Whether the
involvement of CD14 requires interaction with LPS or with some host component still
remains to be elucidated (2).
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1. 3. 3 Glycemic control and gene expression
Although development of type 1 diabetes in animal models can be reduced by modification of
genotype and environment, it is still not possible to completely prevent diabetes. However,
the opportunity to improve the quality of life is presented by close glycemic control of
diabetics, which is essential. From several studies it is well known that an intensive insulin
treatment reduces the risk of late diabetic complications, and otherwise improves the quality
of life. Therefore, insulin treatment plays a crucial role in determining the quality of life of
affected individuals. The influence of insulin treatment on gene expression is still unknown.
To find out whether diabetes per se and the quality of insulin treatment also have an effect on
gene expression and whether it is tissue specific, we studied the effects of exogenous insulin
on gene expression levels of seven genes in different tissues in well- and poorly-compensated
diabetic BB/OK rats in comparison to non-diabetic BB rats (6,7). Well-compensated rats were
treated with insulin implants and poorly-compensated rats with 1 IU insulin daily. After 4
weeks, the gene expression test was performed. The phenotypic behavior of blood glucose
and body weight gain proved that the targeted compensation states in the diabetic groups had
been attained. Comparing diabetics with non-diabetics, the results of gene expression
generally showed significant changes in spleen for Il-10, in heart for Il-10 and Pparγ, in liver
for Yy1, Nfκb and Lepr, as well as in bone for all genes studied except of Tgfb. With the
exception of Lepr, no expression changes were observed in thymus. Between well- and
poorly-compensated rats, significant differences in expression level were found for Yy1
(liver), Pparγ (heart), Nfκb (bone), Pref-1 (spleen), and Lepr (thymus, liver, heart). The most
surprising finding of this study was the change of gene expression in bone (6). In contrast to
all other tissues studied, bone is most influenced by metabolic state and seems to be regulated
in a manner different from other tissues studied. Bone showed constant gene expression
changes for almost all genes except of Tgfb. An 80% reduction of gene expression was
observed in well-compensated rats and a ca. 50% reduction in poorly-compensated rats
compared to the non-diabetic controls. The Tgfb gene expression was unaffected. Earlier
studies had already shown that insulin treatment does not change the expression of Tgfb in
pancreas. They additionally found that like Tgfb, Il-10 is also unaffected in pancreas (6).
However, Il-10 changes between the groups observed in our study may be attributed to the
tissue studied, since we investigated bone and not pancreas. These findings allow the
assumption that the metabolic state and therefore the quality of insulin treatment influence
gene expression profiles in a tissue-dependent manner. However, bone seems to be otherwise
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regulated independent of metabolic control, and the thymus is the least affected tissue in both
non-diabetic and diabetic BB/OK rats (6).
These results in bone prompted further questions: firstly, is the gene expression profile in
bone the consequence of selected genes or are other genes also differently regulated in bone?
Secondly, is bone metabolism affected by the genetically inherited autoimmune process in
BB/OK rats?
To determine how other genes are regulated, we selected 7 additional genes involved in bone
repair (Bmp-1; Bmp-4, Vegf, Bglap, Il-1b, Yy1, Sp1) and studied the gene expression not only
in bone, but also in spleen and liver. Yy1 gene expression served as internal control to confirm
the previous findings. Additionally, besides the well- and poorly-compensated rats, newly
diagnosed BB/OK rats were also analyzed to obtain information on what happens in bone and
the two other tissues immediately after manifestation. To answer the second question – does
the genetically determined autoimmune process also affect bone metabolism? – genetically
modified BB/OK rats in which the autoimmune process does not lead to type 1 diabetes and
age-matched congenic BB.SHR rats lacking the diabetes-susceptible genes Iddm1 (BB.1K) or
Iddm2 (BB.LL or BB.4S) were studied (7).
As found previously, relative gene expression of newly selected genes was generally reduced
by more than 50% in all diabetics (newly diagnosed, poorly- and well-compensated) in bone,
but not in liver or spleen, compared to non-diabetic BB/OK rats. Therefore, bone metabolism
seems to be independent of metabolic control. The fact that newly diagnosed rats show the
same expression as the well- and poorly-compensated rats could lead to the hypothesis that
there is a fast osteometabolic process right after or during manifestation. Analyzing the gene
expression in two non-diabetes-prone BB.SHR rat sublines, the expression patterns were
comparable to those of diabetic BB/OK rats, treated or untreated with insulin. These findings
support our assumption that the genetically determined autoimmune process not only affects
pancreatic beta-cells but also bone formation and resorption in BB/OK rats (7).
2. New animal models as a by-product of congenic mapping
By studying congenic and/or subcongenic BB.SHR rats lacking the diabetes-predisposing
genes Iddm2 (BB.4S), Iddm4 (BB.6S) or Iddm3 (BB.18S), it was conspicuous that these lines
showed not only differences in frequency or age at onset of diabetes but also significantly
elevated serum lipids and body weight in comparison to their parental BB/OK rats. Studying
this phenotypic phenomenon more precisely by longitudinal phenotyping, it was found that
11

the BB.4S rat develop an incomplete metabolic syndrome with obesity, hyperleptinemia, and
dyslipidemia, as compared to their progenitor strain, the diabetes-prone BB/OK rat (8).
Because the metabolic syndrome – like type 1 diabetes – is multifactorial, where each single
facet is complex and polygenetically inherited, animal models are necessary to differentially
analyze the co-morbidities of this complex disease. The incomplete metabolic syndrome
found in BB.4S offered the chance to narrow down the region leading to metabolic disorders.
Therefore, congenic BB.4S sublines with smaller regions, termed BB.4Sa and BB.4Sb, were
generated to increase the chance of finding gene(s) involved in the development of metabolic
facets. By the longitudinal characterization of congenic BB.4S and their subcongenic
derivatives BB.4Sa and BB.4Sb, it was possible to cluster the traits and simultaneously assign
them to a chromosomal region flanked by microsatellite markers. Some traits were
significantly higher (serum triglycerides and leptin) or lower (serum total cholesterol, HDLcholesterol ratio, glucose tolerance shown as area under the curve: AUC) in BB.4S rats than
in their subcongenic derivatives. In addition, some traits (body weight gain, serum insulin,
adiposity index-AI) could be grouped together. In the first two groups, genes responsible for
an increase or decrease of these values must be located in the region which is different from
BB.4S, but comparable between both subcongenic lines. This common region is flanked by
microsatellite markers D4Got72 and Tacr1 (8). Gene(s) responsible for body weight gain,
which was comparable between all three rat lines, must be of SHR origin and therefore should
be located between D4Got41 and Ian4. Gene(s) in this region influencing serum insulin – the
values of which in BB.4Sb rats were significantly lower than in BB.4S and BB.4Sa –should
be located between D4Rat168 and D4Rat171, for this region in BB.4Sb differs genetically
from both BB.4Sa and BB.4S. The region is of BB origin in BB.4Sb and of SHR origin in
BB.4Sa and BB.4S. No clear-cut relationship was found for AI. The graduated decrease from
BB.4S to BB.4Sa to BB.4Sb seems to suggest an interaction of genes.
Taking together the phenotype, genotype, and the gene expression differences in BB.4S and
its subcongenic derivatives, the most important region on chromosome 4 is located between
D4Got72 and Tacr1. The eukaryotic translation initiation factor 2 alpha kinase 3 (Eif2ak3) is
mapped in this region. Eif2ak3 regulates protein synthesis and is involved in maintaining the
function of pancreatic ß-cells which has been corroborated by studies on knock-out mice
lacking functional Eif2ak3. Considering the function of Eif2ak3, it may be a candidate gene
for the development of glucose intolerance found in the two subcongenics but not in BB.4S.
Allelic variants between BB/OK and SHR could influence Eif2ak3 function, possibly leading
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not only to glucose intolerance but also to the disturbances in hepatic and renal function found
in human Wolcott-Rallison syndrome (8).
In order to determine whether the phenotype of BB.4S can only be attributed to the SHR
segment per se, an additional congenic BB.WOKW strain was established by introgressing a
similar segment of chromosome 4 (D4Got41-Fabp1) of the inbred rat strain, the Wistar
Ottawa Karlsburg RT1u rat (WOKW) into BB/OK background, termed briefly BB.4W. In
contrast to SHR, WOKW rats develop a polygenic and complete metabolic syndrome with
obesity, hyperinsulinemia, hyperleptinemia, dyslipidemia, impaired glucose tolerance,
hypertension, and proteinuria (9, 10).
The phenotypic chracterization of congenics showed that the congenic lines BB.4S and
BB.4W were significantly heavier, and adiposity index, serum triglycerides and total
cholesterol values were significantly elevated compared to BB/OK, but more pronounced in
BB.4S. Significant differences between the two congenic lines were found for the following
traits: serum triglycerides, serum total cholesterol, and serum insulin were elevated in BB.4S,
whereas HDL/cholesterol ratio and serum leptin were elevated in BB.4W. Body weight gain,
adiposity index, and glucose tolerance (AUC) were comparable between the congenics BB.4S
and BB.4W.
The significantly higher serum triglycerides and total cholesterol values are a typical pattern
only for BB.4S, which may suggest that SHR alleles map on this chromosomal region which
not only increase triglycerides but also total serum cholesterol values. Serum leptin was
doubled in BB.4S compared to both BB/OK and BB.4W. Body weight gain was comparable
between BB.4S and BB.4W. Therefore, the obviously higher serum leptin values in BB.4S
than in BB.4W can only be explained by a leptin resistance of BB.4S rats, which has mainly
been described in obese children. This assumption is also supported by the positive
correlation between leptin, serum triglycerides, total cholesterol and the negative correlation
with HDL cholesterol observed in leptin resistance of human beings, which is also present in
BB.4S (9). If this assumption is correct, the phenotypic differences found in BB.4S should be
differently genetically regulated than those found in BB.4W.
From this finding, it can be concluded that the congenics BB.4S and BB.4W most probably
define two sub-phenotypes of obesity and provide the unique opportunity to study their
genetics. However, this finding also suggests that a phenotype found in a congenic A.B strain
must not necessarily be found in another congenic A.C strain. Therefore, a series of congenic
strains should be established to exhaust the genetic and phenotypic variety of inbred strains.
13

The synteny relationships between rat and human genes involved in sub-phenotypes of
obesity make it possible to take advantage of genetic information from studies in rats to help
in the identification of human homologues of the genes discovered in rats (9).
3. A model of the metabolic syndrome: WOKW rats and their adipose tissue
From human studies it is well known that the metabolic syndrome is a multifactorial disease
with complex, polygenetic inheritance. Therefore, the study of the etiopathogenesis of human
metabolic syndrome is difficult. Similar to human type 1 diabetes, animal models with a welldefined phenotype and genotype are required to clarify the mechanism involved in the
development of facets of the metabolic syndrome. Several animal models of monogenetic
obesity have been described. However, monogenetic forms of facets of the metabolic
syndrome only explain less than 4% of the human disease. Therefore, animal models
developing a polygenetically inherited metabolic syndrome are necessary, since the metabolic
syndrome is one of the fastest growing health problems worldwide.
One animal model of the metabolic syndrome is the WOKW rat (9, 10). To define the
phenotype more precisely, adipose tissue in WOKW rats was studied regarding adipocyte
metabolism, insulin resistance, and gene expression in comparison with the “healthy” diseaseresistant strain Dark Agouti (DA). Glucose metabolism, insulin sensitivity, and gene
expression of key adipocyte genes, including adiponectin, interleukin 6 (Il6), 11 betahydroxysteroid dehydrogenase (11βHsd), peroxisome proliferator-activated receptor-gamma
(Pparγ), forkhead box O1 (Foxo1), glucose transporter 4 (Glut4), CCAAT/ enhancer binding
protein (C/ebpα), and fatty acid synthase (Fasn) were characterized in adipocytes from
visceral and subcutaneous fat depots of 28-week-old male WOKW rats and DA controls.
WOKW rats display decreased insulin-stimulated glucose uptake and decreased insulin
sensitivity during lipogenesis and lipolysis in isolated adipocytes. The severe insulin
resistance predominantly in visceral adipose tisssue of WOKW rats is associated with a 10fold decrease in adipocyte adiponectin gene expression, decreased Pparγ, but increased Foxo1
gene expression compared to DA rats.
The insulin resistance in adipose tissue is associated with altered adipocyte gene expression in
WOKW rats, additionally completing the picture of the polygenetically determined metabolic
syndrome with obesity, hyperinsulinemia, hyperleptinemia, dyslipidemia, impaired glucose
tolerance, hypertension, and proteinuria in this animal model. All findings together not only
qualify the WOKW rat for further detailed analysis of genetic determinants of metabolic
syndrome, but also highlight its suitability for pharmacological research (10).
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4. Concluding remarks
The analysis of complex human diseases is complicated both by genetic heterogeneity and by
environmental factors. One way to overcome the problem of genetic heterogeneity in humans
may be to cluster patients by kinship. It was shown by analysis of maternal lines of type 1
diabetics using mitochondrial DNA that a clustering is possible, which should be
supplemented by analyzing paternal lines using microsatellite markers on the Y chromosome.
However, an alternative to the genetic differential analysis of complex mammalian diseases is
the use of animal models. The availability of inbred animal models closely resembling the
human disease are an essential component of genetic investigations in this field, as shown in
the results of this work. These findings do not only underscore the utility of the congenic
approach in differentially analyzing complex traits, but also show that candidate genes can be
identified and that chromosomal exchange can variously influence the phenotype, leading to
sub-phenotypes which may be representative for human beings. Moreover, with the aid of
differentially analyzed phenotypes in subcongenic vs. congenic strains, it will also be possible
to locate the syntenic region in the human genome. Furthermore, these congenic and
subcongenic strains can also be used to study interactions between chromosomal regions and
various selected environmental conditions. In this way, it may be possible to learn which
region can be influenced by environmental factors and to which extent, an undertaking which
will require prospective projects.

15

5. References
1

Klöting, N., Poetsch, M., Müller-Myhsok, B., Rjasanowski, I., Kerner, W. and I. Klöting.
Is there relatedness between maternal lines of type1 diabetic patients? Diabetologia 46,
2003, 441-442. (Observation)

2

Klöting, N., Jack, R.J. and I. Klöting. CD14 triggers autoimmune diabetes in the NOD
mouse. Diabetologia 47, 2004, 151-152. (Observation)

3

Klöting, I., van den Brandt, J., Klöting, N. and B. Radovic. Alleles of diabetes-resistant
BN rats contribute to insulin-dependent type 1 diabetes mellitus. Journal of Autoimmunity
20, 2003, 119-23.

4

Klöting, N. and I. Klöting. Congenic mapping of type 1 diabetes-protective gene/s in an
interval of 4 Mb on rat chromosome 6q32. Biochem. Biophys. Res. Commun. 323, 2004,
388-394.

5

Klöting, N. and I. Klöting. Genetic variation in the multifunctional transcription factor
Yy1 and type 1 diabetes mellitus in the BB rat. Mol. Genet. Metab. 82, 2004, 255-259.

6

Klöting, N., Follak, N. and I. Klöting. Diabetes per se and metabolic state influence gene
expression in tissue dependent manner of BB/OK rats. Diabetes Metab. Res. Rev. 2004, in
press

7

Klöting, N., Follak, N. and I. Klöting. Autoimmune process and gene expression in bone
of diabetic and non-diabetic BB Rats. Eur. J. Immunol. 2004, submitted.

8

Klöting, N., Wilke, B. and I. Klöting. Phenotypic and genetic analysis of subcongenic
BB.SHR rat lines shorten the region on chromosome 4 bearing gene(s) for underlying
facets of the metabolic syndrome. Physiol. Genomics, 18, 2004, 325-330.

9

Klöting, N., Wilke, B. and I. Klöting. Alleles on rat chromosome 4 (D4Got41Fabp1/Tacr1) regulate sub-phenotypes of obesity as shown in congenic BB.SHR and
BB.WOKW rats. Obesity Res. 2004, in press

10

Klöting, N., Blüher, M. and I. Klöting. The polygenetically inherited metabolic syndrome
of WOKW rats is associated with insulin resistance and altered gene expression in adipose
tissue. Diabetes Metab. Res. Rev., 2004, submitted.

Patent
11 Verwendung des multifaktoriellen Transkriptionsfaktors Yin–Yang-1 und Varianten davon
zur Behandlung von Erkrankungen, insbesondere Typ-1 Diabetes. Deutsches Patentamt.
102 61 650.7. Dezember 2002.
12

Internationales Patentamt. PCT/EP03/14762. März 2004.

GenBank Sequences
13

Klöting, I. and N. Klöting. Yy1 gene. Accession No. AY442180, 2003.

14

Klöting, N. and I. Klöting. Repin 1 (Ap4) Accession No. AY691175, 2004.
16

6. Enclosures
6. 1 Publication/Manuscripts

17

Diabetologia 46, 2003,441-442. (Observation)

Is there relatedness between maternal lines of Type-1 diabetic patients?
N. Klöting, M. Poetsch, B. Müller-Myhsok, I. Rjasanowski, W. Kerner, I. Klöting
Department of Laboratory Animal Science, Medical Faculty, University of Greifswald,
Karlsburg, Germany
To the Editor: Type-1 diabetes is a genetically complex disease, which has been clearly
demonstrated by numerous linkage and association studies. Apart from the HLA genes nonHLA genes are also involved in diabetes development. Until now more than 20 putative
diabetes-predisposing non-HLA genes have been localised [1]. Unfortunately, the overall
effect of most diabetes-predisposing non-HLA genes is weak, which could be attributed to the
fact that the susceptible genes occur in different and small proportions of diabetic patients
who are more or less related. It is known that diabetes susceptible genetic components
aggregate in families [2], and that Type-1 diabetes at least in some of its genetic components
follows a recessive model, one could imagine that relatedness between parents of diabetics
could indeed be favouring diabetes development. To prove this hypothesis, we analysed
mitochondrial DNA (mtDNA) of unrelated parents of Type-1 diabetic children. Unlike
nuclear DNA, mtDNA is present in hundreds to thousands of copies per cell, to evolve rapidly
and mutate 5 up to 10 times faster [3]. The most variable regions of the human mtDNA are the
two non-encoding hypervariable regions HV1 and HV2 of the control region, which are
analysed for individualisation of forensic samples [4]. To get an answer as to whether or not
there is a relation between maternal lines of unrelated diabetics we compared the sequences of
those control regions to study the degree of relation between the maternal lines of mothers and
maternal lines of fathers.
DNA of 80 parents of 64 Type-1 diabetic children (27M : 37F; 2 times 3 affected sibs, 20
times 2 affected sibs, 18 times one affected child) manifested with an age of 11 ± 6 years was
isolated and the hypervariable regions HV1 (nt15998-nt16394) and HV2 (nt49-nt369) of
mtDNA were amplified and sequenced. All diabetic children descended from different parts
of eastern Germany and were diagnosed at the Central Institute of Diabetes „Gerhardt
Katsch“ (formerly GDR) and Clinic for Diabetes (>1992) and were repeatedly investigated
and treated for insulin-dependent diabetes in the diabetes clinic up to 1997 by experienced
diabetologists. The sequences of maternal lines were analysed with the neighbourhood-joining
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method as implemented in PHYLIP. This method is proposed for reconstructing trees from
evolutionary distance data.
The mtDNA sequences showed that the maternal lines most likely fell into only 4 groups with
a high probability of a common ancestral mother (Figure 1). The first group held 7, the second
7 and the third 11 members. The largest group is the fourth with a total of 46 members. Nine
sequences were not readily assigned to any other group. The differentiation between the
groups was quite clear-cut and robust to alterations in the application of the methodology.
Within each group there were maternal lines, which differed only in one or two nucleotide(s)
suggesting a high degree of relation.
Our findings suggest that maternal lines of Type-1 diabetics are related. A observation which
is supported by the analysis of 109 unrelated German Caucasoid individuals where 100
different mtDNA lineages were detected [5].
In conclusion, the sequence analysis of mitochondrial DNA of 80 unrelated parents with 64
type-1 diabetic children clearly showed that maternal lines of mothers and of fathers of type-1
diabetics are related.
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Legend to Figure 1.
Figure shows a phenogram of the mitochondrial sequences. Four groups are really discernible
alongside nine sequences not assigned to any other group
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CD14 triggers autoimmune type 1 diabetes in the NOD mouse
N. Klöting1, R.S. Jack2, I. Klöting1
1

Department of Laboratory Animal Science, Medical Faculty, University of Greifswald,

Karlsburg, Germany, 2Institute of Immunology, Medical Faculty, University of Greifswald,
Germany
To the Editor: Type 1 diabetes is an autoimmune disease caused by selective destruction of
the insulin producing beta cells. Both, genetic predisposition and non-genetic, environmental
factors, are believed to be involved in inducing type 1 diabetes [1]. Several mechanisms by
which environmental factors such as pathogenic agents might be involved in the development
of autoimmune diseases have been proposed. One mechanism -„molecular mimicry“- has
become popular to explain the loss of tolerance in autoimmune diseases. In this hypothesis an
immune response mounted against a foreign determinant cross-reacts with a host determinant,
leading to inflammation and autoimmune destruction of the host tissue/organ. Similarities in
sequence, structure or epitope-sharing between pathogens and host antigens have all been put
forward as mechanisms which might drive this phenomenon [2, 3]. An association of
infection with a particular pathogen and the induction of autoimmunity have been shown for
reactive arthritis (RA), Guillain-Barre syndrome (GBS) and multiple sclerosis (MS) [4-7].
Bacteria as potent immunogens express a many factors that can act as immune stimulants.
CD14, a multifunctional receptor, interacts with several cell-wall components of grampositive and gram-negative bacteria including lipopolysaccharide (LPS) and peptidoglycan.
Recent studies suggest that CD14 is not only able to act as an immune receptor for “non-self”
components such as LPS but it is also able to interact with “self” components (apoptotic cells)
[8]. Since CD14 plays a key role in the regulation of the inflammatory cascade and since it
also interacts with “self” components, we asked whether there is an involvement of CD14 in
the development of type 1 diabetes in the Non Obese Diabetic (NOD) mouse model. To this
end we have used classical genetic procedures to generate a NOD congenic line carrying a
targeted deletion of the CD14 gene.
CD14-deficient males (backcrossed into the C57BL/6J, a gift from Dr. D. Golenbock (Boston
Medical and Boston University School of Medicine, Boston, MA, USA)) were crossed with
NOD females (M&B A/S, Denmark) to produce F1 hybrids which were backcrossed onto
NOD background. In each backcross generation mice which were heterozygous for CD14
deficiency (CD14+/-) were selected using primers for CD14 (F: 5‘- CCAAGTTTTAGC
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GCTGCGTAAC- 3‘; R: 5’-GCCAGCCAAGGATACATAGCC-3’) and for the neo-gene of
CD14 -/- (F: 5’-GTCAAGACCGACCTGTCCGG- 3’; R: 5’-TCGCCGCCAAGCTCTTC
AGC -3’). These heterozygous animals were repeatedly backcrossed onto NOD. After 7
backcross generations heterozygous animals were intercrossed and CD14 -/- were selected to
found the congenic NOD.CD14-/- strain. The NOD background identity was checked and
confirmed by 171 microsatellite markers on 19 autosomes (kindly carried out by G.
Brockmann, Research Institute for the Biology of Farm Animals, Dummerstorf, Germany)
and by skin grafting. Sixty eight NOD.CD14-/- (N8F1, 35M/33F) and 141 NOD mice (65M:
76F) were observed for diabetes occurrence up to an age of 270 days. All animals were
screened for glucosuria twice a week using test tapes (Diabur-Test 5000, Boehringer,
Mannheim, Germany) starting at an age of 60 days. Diabetes was diagnosed on the basis of
glucosuria followed by measurement of blood glucose concentration >300mg/dl on 2
consecutive days. Both strains were kept in the same animal room under conventional holding
conditions in Macrolon cages (Size 2, Ehret GmbH, Emmendingen, Germany) and were free
of major mouse pathogens (MHV, Reo3, TMEV, PVM, Sendai, MVM, Mycoplasma
pulmonis). They had food (Ssniff M, Soest, Germany) and water ad libidem and were
maintained on a 12-h light and dark cycle (5 a.m./ 5 p.m.). Data were evaluated using the
statistical analysis system SPSS (SPSS, Chicago, IL). The age at disease onset is given as
mean ± SD. Differences between NOD and NOD.CD14-/- in diabetes frequency were
analysed by two-tailed chi²- test and mean age at onset was compared by one way ANOVA
analysis.
As shown in the Table, the diabetes frequency is significantly decreased in CD14 deficient
female and male NOD mice compared with their parental strain, NOD. In addition, CD14
deficient diabetic mice developed symptoms significantly later than the NOD animals. The
presence or absence of CD14 did not affect the diabetes preponderance in NOD females.
Whether the involvement of CD14 requires interaction with LPS or with some host
component remains to be elucidated. In the absence of CD14 the signalling pathway through
nuclear factor kappa beta may be limited and thus lead to a reduced expression of immune
response genes like cyclooxygenase-2. This notion is supported by the fact that blocking of
cyclooxygenase activity with indomethacin reduces diabetes incidence in female NOD-mice
[1]. However, these results make clear that there is an association between a central
component of the innate immune system and diabetes development in the NOD mouse.
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Table1. Frequency and age at onset of diabetes in NOD vs. NOD.CD14-/- mice
NOD

NOD.CD14-/-

NOD vs. NOD.CD14-/-

Traits

p-value
Males

Females Males

Females

Males

Females

.022

<.0001

Diabetes

19% #

67%

3% #

24%

frequency

(12/65)

(51/76)

(1/35)

(8/33)

146

204 ± 55

146

138 - 270

Age at onset 153 ± 40# 128 ± 33

<.0001

(Days)
(Min-max)

99-216

87-210

# Significant sex differences at 1 per cent level.
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Alleles of Diabetes-Resistant BN Rats Contribute to Insulin-Dependent Type 1 Diabetes
Mellitus
Ingrid Klöting, Jens van den Brandt, Nora Klöting, Branislav Radović
Department of Laboratory Animal Science, Medical Faculty, University of Greifswald,
Karlsburg, Germany
Abstract
Diabetes in the BB rat results from autoimmune destruction of pancreatic ß cells and thereby
it is sharing many features with human type 1 diabetes. Independent crossing studies have
demonstrated that diabetes in the BB rat is explained by at least three recessively acting genes
termed Iddm1 (MHC), Iddm2 (lymphopenia), Iddm3 (unknown). About 50% of Iddm1 and
Iddm2 homozygous first backcross hybrids (BC1) usually develop diabetes. However, 75% of
these homozygotes become diabetic when using diabetic BB/HRI and diabetes-resistant
BN/Mol rats. That prompted us to carry out a cross between BB/OK and BN/Crl rats in order
to localise diabetogenic gene(s) of BB and/or BN rats.
Fifty nine Iddm1 and Iddm2 homozygous (BN x BB) x BBBC1 hybrids (35M, 24F) were
observed for diabetes occurrence up to an age of 30 weeks. All hybrids were used in a
genome-wide scan carried out with 238 microsatellite markers covering about 92% of the
genome.
Significantly more Iddm1 and Iddm2 homozygous BC1 hybrids became diabetic (69% vs.
50%, p<0.003) with an age at onset of 91 ± 31 days. Significant deviations from expected
allele distribution between diabetic and non-diabetic BC1 hybrids were found at loci on
chromosomes 1, 2, 3, 10,15,16 and 19, with the strongest effect observed at locus D10Mgh2,
where more heterozygous than homozygous diabetics were found (p = 0.003). We conclude
that BN rats possess more than one gene contributing to type 1 diabetes development.
Key words: BB rat, genetics, genome scan, segregation, chromosome 10
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INTRODUCTION
Diabetes in the B(io)B(breeding) rat model results from autoimmune destruction of pancreatic
ß cells and thereby it is sharing many features with human insulin-dependent type 1 diabetes
mellitus (IDDM) including a rapid onset of diabetes, daily requirement of exogenous insulin,
autoantibodies and T cells specific for insulin-producing ß cells as well as T cell infiltrates
within the islets of Langerhans. Similarly to humans, disease development in the BB rat is
complex, polygenic and recessively inherited (1). Therefore, diabetes-prone BB rats are used
as a model of human type 1 diabetes. Moreover, similarly to type 1 diabetes in humans, type 1
diabetes in the BB rat is clearly associated with class II genes of the major histocompatibility
complex (MHC) located on chromosome 20. The MHC haplotype RT1u, designated Iddm1 is
essential for diabetes development in the BB rat. Another essential gene for diabetes
development in the BB rat and designated Iddm2, was mapped on chromosome 4 causing a
profound T cell lymphopenia (1-5). Several crossing studies using the BB rat and diabetesresistant and unrelated rat strains such as DA, SHR, F344, BN or even wild rats indicated that
Iddm1 and Iddm2 are essential, but not sufficient for diabetes development (5-10). In most of
these crossing studies about 50% of Iddm1 and Iddm2 homozygous cross hybrids developed
diabetes suggesting a presence of a third gene. However, there is one exception. Using
diabetic BB/HRI and diabetes-resistant BN/Mol as cross partners, 75% of Iddm1 and Iddm2
homozygous cross hybrids became diabetic (8) and it was concluded that BN rats might
possess minor diabetes susceptible gene(s).Therefore, we established a new cross between our
well-characterised diabetic BB/O(ttawa)K(arlsburg) and BN/Crl rats to evaluate whether BN
rats possess diabetes susceptible genes and if so, to map these loci using a genome-wide scan
approach.

MATERIAL AND METHODS
Animals. BN/Crl males (Charles River, Germany) were crossed with diabetic BB/OK females
(F58) to produce F1 hybrids. F1 males were backcrossed onto diabetic BB/OK females to
generate Iddm1 and Iddm2 homozygous first backcross hybrids (BC1). Fifty nine Iddm1 and
Iddm2 homozygous (BB/OK x BN)F1 x BB BC1 hybrids (35M, 24F) were selected by
genotyping of the Tnf, D4Mit6 and Npy PCR microsatellite markers in 241 hybrids born. Tnf
is located within the MHC and D4Mit6 as well as Npy flank the lymphopenia gene on
chromosome 4 (5, 11). All selected BC1 hybrids were homozygous for BB rat alleles at these
markers. Animals were kept in groups of 3 in Macrolon cages (Size 3, Ehret GmbH,
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Emmendingen, Germany) under strict hygienic conditions and were free of major pathogens
as described previously (12). They had free access to food (Ssniff R, Soest, Germany) and
water and were maintained on a 12-h light/dark cycle (5 am/ 5 pm).
Phenotypic characterisation. All animals were screened for glucosuria twice a week using test
tapes (Diabur-Test 5000, Boehringer, Mannheim, Germany) starting at an age of 50 days.
Diabetes was diagnosed on the basis of glucosuria followed by measurement of blood glucose
concentrations >300 mg/dl on two consecutive days as described (12). The age when
glucosuria was detected for the first time was taken as the age at onset of diabetes. Diabetic
animals were not treated so that their survival time without insulin could be evaluated. The
survival time was an interval from onset of diabetes until reaching a point indicated by
dramatic worsening of general condition of individual animals and by an increase of the loss
of body weight above an average of 10 g per day registered for 3 days. At this point the
animals were sacrificed.
Genetic characterisation. A genome-wide scan was carried out in 59 lymphopenic BC1
hybrids using 238 microsatellite markers on 20 autosomes. Using the published chromosome
lengths and distances (13,14) we estimate that these markers cover about 92% of the genome.
Amplification programs and PCR reactions were performed as described previously (15).
PCR products were resolved in 4% Metaphor agarose gels (Biozym Diagnostik, Hameln,
Germany) and stained with ethidium bromide. The primer sequences are available on web
sites (http://www.genome.wi.mit.edu, http://www.well.ox.ac.uk) and the oligonucleotide
primers were synthesised using Gene Assemblage Special (Pharmacia, LKB) at the University
Greifswald (Institute of Biochemistry, Greifswald, Germany).
Data analysis. Data were evaluated using the statistical analysis system SPSS. The age at
onset and survival time without insulin treatment are given as mean ± SD. Differences
between observed and expected genotype frequencies in BC1 hybrids were analysed by the
chi²- test and mean values were compared by ANOVA analysis.
All experiments were performed in accordance with the rules for animal care of the Ministry
of Nutrition, Agriculture and Forestry of the German Government and were approved by the
Institution's animal care and use committee.
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RESULTS
Independent crossing studies suggest that genetic predisposition to diabetes in BB/OK rats
can be explained by 3 recessively acting genes. One of these is a gene associated with the
RT1u MHC haplotype (Iddm1) and a second is the lymphopenia (Iddm2) locus. This predicts
that 50% of Iddm1 and Iddm2 homozygous BC1 would develop diabetes. But, 41 out of 59
Iddm1 and Iddm2 homozygous BC1 hybrids became diabetic (69%) indicating a significantly
higher frequency than expected (p<0.003). As shown in Table 1, there were no sex
differences either in diabetes frequency or in age at onset of diabetes or survival time. In
comparison with parental BB/OK rats, BC1 hybrids manifested significantly earlier (100 ± 30
vs. 91 ± 31 days; p=0.04) and diabetic BC1 hybrids survived significantly longer (12 ± 11 vs.
21± 31 days, p=0.0002) without insulin treatment.
As summarised in Table 2, significant differences in the allele distribution were found
between diabetic and non-diabetic BC1 hybrids at 8 loci on chromosomes 1, 2, 3, 9, 10, 15,
16, and 19. Significantly more homozygous than heterozygous diabetics were observed at loci
D1Rat60 and K19Kyo3 whereas more heterozygous than homozygous diabetics were
observed at locus D3Mgh10. In non-diabetics a significant deviation from expected ratio
between homo- and heterozygotes was found at loci D2Mit10 (14 : 4), D9Kyo3 (15 : 3),
D10Mgh2 (16 : 2) and D15Mgh4 ( 3 : 15). Because BB rat diabetes is recessively inherited
one would expect that most diabetics are homozygous for BB rat alleles. But, most diabetics
were heterozygous at loci on chromosomes 2, 3, 9, 10 and 16 whereas only at loci on
chromosomes 1, 15 and 19 more diabetics were homozygous than heterozygous. The
strongest effect was observed at locus D10Mgh2 where 91% of heterozygotes and only 44%
of homozygotes developed diabetes. The search for quantitative trait loci for age at onset of
diabetes, blood glucose at onset or survival time without insulin treatment did not reveal
linkage to any of microsatellite markers tested (data not shown).
DISCUSSION
In contrast to earlier crossing studies with diabetic BB/OK and diabetes-resistant as well as
unrelated rat strains where 50% of RT1u homozygous (Iddm1) and lymphopenic (Iddm2
homozygous) cross hybrids developed diabetes (6, 7, 9, 10), in our new cross significantly
more Iddm1 and Iddm2 homozygous cross hybrids became diabetic (69%). This is in
concordance with earlier findings in a cross of (BB/HRI x BN/Mol)F1 males x BB/HRI
females (8) in which 44 out of 57 Iddm1 and Iddm2 homozygous BC1 hybrids developed
diabetes (74% vs. 69%, n.s.). Despite BN/Mol and BN/Crl as well as BB/HRI and BB/OK
27

Journal of Autoimmunity 20, 2003, 119-23.

descended from different suppliers and laboratories, respectively and therefore, might be
different in genotype and phenotype concordant findings were obtained supporting the
assumption that BN rats, in contrast to other diabetes-resistant and BB rat unrelated rat strains
possess gene(s) favouring diabetes development. All diabetic BC1 manifested type 1 diabetes
significantly earlier and the survival time without insulin treatment was significantly longer
than in BB/OK rats. This observation might suggest that genetic variants of BN rats accelerate
the process of autoimmune destruction of Langerhans islets leading to earlier onset of
diabetes. But, the longer survival time without insulin treatment compared to BB/OK rats
suggests that not all insulin-producing cells are immediately destroyed. Therefore, the
outcome seems to be a result of interaction of diabetes-protective and diabetes-predisposing
genes. This assumption could also explain that no linkage to any microsatellite marker was
found for age at onset, survival time and blood glucose, respectively because actions of
several diabetes predisposing and protecting genes are too small to be detected.
This is consistent with our analysis of allelic distribution, which revealed
significant differences between diabetics and non-diabetics at loci on 8 chromosomes.
Heterozygosity at 5 loci and homozygosity at 3 loci have contributed to diabetes development
in this cross. This phenomenon has never been seen before in other segregation studies with
BB/OK rats. There have never been more than 3 loci with significant differences between
diabetic and non-diabetic cross hybrids and homozygosity for BB rat alleles exclusively
favoured diabetes occurrence (7, 10). In a BB/OK x SHR cross population the strongest
association was observed at locus D6Mgh2 on chromosome 6 named Iddm4. Seventy seven
per cent of diabetics were homozygous for BB rat alleles and 23% were heterozygous for BB
and SHR alleles (10). A comparable proportion was only found at loci D1Rat60 and D19Kyo3
on chromosomes 1 and 19 in the BB/OK x BN cross, where 70 and 68% of diabetics,
respectively were homozygous for BB rat alleles and 30 and 32% of diabetics, respectively
were heterozygous for BB and BN alleles. A reversed proportion was found at 5 loci on
chromosomes 2, 3, 9, 10 and 16. Only 29 (D3Mgh10), 36 (D16Wox7), 43 (D9Kyo3), 46
(D2Mit10) or 49 % (D10Mgh2) of diabetics were homozygous and 71, 64, 57, 54 or 51% of
diabetics were heterozygous, respectively. However, considering how many homozygous or
heterozygous BC1 hybrids developed diabetes, the different genetics of type 1 diabetes in
both cross populations will become clear. In the BB/OK x SHR cross, 17 out 33 homozygotes
(52%) and only 5 out of 32 heterozygotes (16%) developed diabetes. In contrast, 20 out of 36
(44%) homozygous and 21 out of 23 heterozygous (91%) BB/OK x BN hybrids developed
diabetes at locus D10Mgh2 (Table 2). This was consistent with findings on chromosomes 3,
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9, 2, and 16, although the effect of genotypes was weaker than for the locus on chromosome
10. The high percentage of diabetics in our cross per se and the fact that more heterozygous
BB/OK x BN than homozygous BB/OK x SHR hybrids (91 vs. 52%, p<0.01) developed
diabetes further support the assumption that BN rats carry gene(s) contributing to diabetes
development.
In addition, susceptibility of BN rats to drug-induced immune
dysregulations supports this hypothesis as well. It has been reported that when injected with
mercuric chloride or sodium aurothiopropanolsulfate, BN rats develop a syndrome
characterised by polyclonal B lymphocyte activation depending upon CD4(+)T(h)2 cells that
recognise self-MHC class II molecules (16,17). BN rats injected with aurothiopropanolsulfate
(Atps) manifest an autoimmune glomerulonephritis with increased serum IgE concentrations.
Quantitative trait loci for Atps were mapped on chromosomes 20 (Atps1), 10 (Atps2) and 9
(Atps3) (18,19). Atps1 is linked to the MHC and Atps2 to the cytokine gene cluster that
includes the Il-4 region, which however is about 65 cM distant from D10Mgh2 found to
favour diabetes development in our cross. Therefore, it is unlikely that Atps2 might be
involved in genetic control of diabetes development. Nevertheless, BN rats are susceptible to
Th2-mediated autoimmune disease and one could suppose, that additional genes for druginduced immune dysregulations support type 1 diabetes development in concerted action with
BB rat alleles. That could be applicable for the locus D10Mgh2 on chromosome 10q32.
Ninety one per cent of diabetic BC1 hybrids were heterozygous for BB and BN alleles. This
chromosomal

segment

is

of

highest

interest

since

multiple

loci

linked

to

autoimmune/inflammatory diseases in rats, mice and human map to this chromosomal region
homologous to rat 10q32. In rats QTLs for severity of collagen- and oil-induced arthritis
(Cia5, Oia3) were mapped in this region (20-22). The homologous region in mice is on
chromosome 11 (MMU11, 70-80cM), where a locus for antibody production and vasculitis in
systemic lupus erythematosus and a susceptibility locus for leishmaniasis (Scl1) were reported
(23,24). Furthermore, genomic segments on HSA17q21-25 (homologous to rat 10q32) are
linked to psoriasis, multiple sclerosis and ankylosing spondylitis in human (25-27). These
findings strongly suggest that one or more autoimmune or immune/inflammatory regulatory
genes cluster at the q-telomeric end of RNO10 and at the homologous segments of mouse
MMU11 and human HSA17q21-q25. This co-localisation of type 1 diabetes with other
autoimmune and/or immune/inflammatory disease regulatory loci in rats, mice and human
provides evidence for the existence of a common set of autoimmune and/or
immune/inflammatory disease regulatory genes within and among species.
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In conclusion, our findings clearly indicate that most likely more than one allele of BN rats
contribute to type 1 diabetes whereby the strongest effect was observed at locus D10Mgh2 on
RNO10q32. The generation of congenic BN.BB rats recombining diabetogenic genes of the
BB rat onto the genetic background of BN rats may provide direct evidence for diabetes
susceptibility of BN rats. Finally, our findings might be valuable for researchers considering
the BN rat a crossing partner in studies designed to investigate genetic as well as
pathophysiologic mechanisms underlying type 1 diabetes.
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TABLE 1
Diabetes Frequency, Age at Onset and Survival Time without Insulin Treatment
in BC1 Hybrids
Trait

Males

Females

Total

Diabetes frequency

71% (25/35)

67 % (16/24)

69% (41/59)

Age at onset (days)

92 ± 36

89 ± 18

91 ± 31

(min-max)

(50-182)

(63-125)

(50-182)

21 ± 33

22 ± 27

21 ± 31

(3-167)

(2-85)

(2-167)

Survival

time

(days)

(min-max)

TABLE 2
Allele Distributions in Diabetic and Nondiabetic BC1 Hybrids
Chr.

Markers

Diabetics

p-value

BB : BN#

Non-diabetics

Percentage of diabetics

BB : BN#

BB : BN#

1

D1Rat60

29 : 12**

0.022

7 : 11

81% (29/36) : 52% (12/23)

15

D15Mgh4

21 : 20

0.012

3 : 15*

88% (21/24) : 57% (20/35)

19

D19Kyo3

28 : 13*

0.034

7 : 11

80% (28/35) : 54% (13/24)

2

D2Mit10

19 : 22

0.024

14 : 4*

58% (19/33) : 85% (22/26)

3

D3Mgh10

12 : 29**

0.003

13 :5

48% (12/25) : 85% (29/34)

9

D9Kyo3

18 : 23

0.005

15 : 3**

54% (18/33) : 88% (23/26)

10

D10Mgh2

20 : 21

0.003

16 : 2**

44% (20/36) : 91% (21/23)

16

D16Wox7

15 : 26

0.032

12 : 6

56% (15/27) : 81% (26/32)

# BB- homozygous for BB rat alleles; BN- heterozygous for BB and BN alleles
* Significantly different from a 1 : 1 proportion at 5 (*) or 1 (**) per cent level.
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Congenic Mapping of Type 1 Diabetes-Protective Gene/s in an Interval of 4 Mb on Rat
Chromosome 6q32
Nora Klöting, and Ingrid Klöting
Department of Laboratory Animal Science, Medical Faculty, University of Greifswald,
Karlsburg, Germany
Abstract
Congenic BB.SHR rats introgressing a segment of SHR chromosome 6 onto BB/OK
background showed a reduction of diabetes frequency by 72% compared with BB/OK. To
identify underlying gene(s), the introgressed segment was shortened and the expression of 7
genes (Yy1, Dlk1/Pref-1, Wd40 repeat, Cdc42, Rtl1, Traf3, Tnfaip2) was studied in blood and
spleen of non-diabetic BB/OK, BB.6S and SHR males and females at an age of 30, 70 and 90
days. The phenotype of congenic sublines narrowed the diabetes-protective region to 4 Mb.
The relative expression of Yy1 and Pref-1 in blood and of Pref-1 in spleen was significantly
reduced by 50 to 90% in male and female BB.6S and SHR compared with BB/OK favouring
Yy1 and Pref-1 as candidate genes. All other genes were differently expressed according to
gender and strain.
Keywords: BB rat, gene expression, RT-PCR, subcongenic

Type 1 diabetes is an organ-specific autoimmune disease in which the insulin-producing betacells in the pancreas are selectively eliminated. T cells specific for beta-cell antigens are the
mediators for this precise cellular destruction. Type 1 diabetes has a long preclinical phase
during which T cells infiltrate the islets of the pancreas, and autoantibodies to a variety of islet
cell components are formed. This preclinical phase progresses to overt disease when the
majority of beta-cells have been destroyed. Family studies have clearly shown a genetic basis,
but the inheritance of type 1 diabetes does not follow a simple Mendelian single-locus pattern.
There are more than 20 putative type 1 diabetes genes, but the class II genes of the human
leukocyte antigen (HLA) explain about 40% of diabetes risk. These HLA region susceptibility
genes are collectively referred to as IDDM1. The other putative diabetes non-HLA genes are
termed IDDM2, IDDM3 etc. Unfortunately, the effects of most diabetes-predisposing non-
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HLA genes are weak. The weak effects of these genes have made them difficult to locate,
difficult to confirm in independent studies, and difficult to isolate by genetic procedures [1,
2]. Animal models spontaneously developing type 1 diabetes could provide opportunities to
identify and characterize diabetes-predisposing non-HLA genes.
Spontaneous diabetes in B(io)B(reeding) rats shares many common features with human
insulin-dependent type 1 diabetes, including T cells specific for insulin-producing ß cells, T
cell infiltrates within the islets of Langerhans, and islet cell specific autoantibodies. Similar to
humans, disease development in the BB rat is complex, polygenic, and recessively inherited
[3]. Several crossing studies have demonstrated that the class II genes of the major
histocompatibility complex (MHC, Iddm1) and a second locus, Iddm2, causing a profound T
cell lymphopenia, are essential for diabetes development in the BB rat but not sufficient.
Additional non-MHC genes are involved in diabetes development mapped on several
chromosomes [4-6]. One of them, Iddm4, was initially mapped on chromosome 6q32 in a
cross of diabetics of the BB rat subline, BB/O(ttawa)K(arlsburg), and spontaneously
hypertensive rats (SHR) [5]. To study the importance of Iddm4 a congenic BB.SHR rat strain
was generated recombining a segment of the SHR chromosome 6 into the BB/OK background
by serial backcrossing and marker-aided selection, briefly termed BB.6S. The characterization
of BB.6S rats demonstrated a drastic reduction of diabetes frequency from 86% to 14%
(p<0.0001) and a significantly later age at onset of diabetes (103 ± 30 vs. 137 ± 14 days;
p<0.001) in comparison to the parental strain BB/OK [7].
The transferred region comprises about 25 Mb in BB.6S. However, to increase the chance of
identification of the appropriate gene(s), the introgressed chromosomal segment must be
systematically shortened to generate recombinants and new congenic sublines carrying
smaller segments. Therefore, we generated congenic BB.6S rat sublines differing from the
congenic strain by smaller and overlapping segments. Because the diabetes frequency differed
between these congenic sublines, we were able to narrow down the diabetes-protective region
to about 4 Mb located between 133 and 137 Mb on chromosome 6 [8]. Because of progress in
sequencing of the rat genome, several genes have been mapped in this region which may be
candidate genes or may provide hints for additionally shortening the region of 4 Mb. But,
most of genes located in this region of interest are novel. Therefore, we selected 7 known
genes from this region (Yy1, Dlk1/Pref-1, Wd40 repeat, Cdc42, Rtl1, Traf3, Tnfaip2) to study
their expression in blood and spleen of non-diabetic BB/OK, BB.6S and SHR rats at an age of
30, 70 and 90 days, time points at which BB/OK rats show first signs of insulitis (30 d), as
well as 30 (70d) and 10 days (90d) before the mean age of diabetes onset in BB/OK rats.
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Blood was chosen in order to examine whether some of these selected genes may be of
diagnostic value, and spleen – as an immunologically potent organ – may provide information
on genes involved in the beta-cell destructive process.
Materials and methods
Animals. All animals used were bred in our own animal facility, were kept in Macrolon cages
(Size 3, Ehret GmbH, Emmendingen, Germany) under strict hygienic conditions, and were
free of major pathogens as described previously [9]. They had free access to food (Ssniff R,
Soest, Germany) and water and were maintained on a 12-h light/dark cycle (5 am/ 5 pm).
To generate congenic BB.6S sublines, BB.6S were mated with BB/OK rats. Resulting
progeny was intercrossed and genotyped using PCR-analyzed microsatellite markers (cf.
Table 2) as described previously [10] to select appropriate congenic BB.6S sublines, which
were termed BB.6Sa-d. At age 50 days, congenic sublines were screened for glucosuria twice
a week using test tapes (Diabur-Test 5000, Boehringer, Mannheim, Germany). Diabetes was
diagnosed on the basis of glucosuria followed by measurement of blood glucose
concentrations >16 mmol/l on two consecutive days as already described [9]. The age at first
detection of glucosuria was taken as the age at onset of diabetes.
For gene expression studies, 3 each of non-diabetic, normoglycemic (< 6 mmol/l) males and
females of BB/OK (F65), BB.6S (N8F8) and SHR/K (>F25) were killed at an age of 30, 70
and 90 days with an overdose of Isofluran (Abbott, Wiesbaden, Germany).
RNA isolation and cDNA synthesis. Total RNA was isolated from the blood and spleen using
RNeasy Mini kit and eluted in 50 µl RNase-free water (Qiagen, Hilden, Germany). Blood was
obtained by puncturing of the orbital venus plexus. Residual DNA was removed by treatment
with 1 unit DNase per 1 µg RNA (RQ1 RNase-Free DNase, Promega, Mannheim, Germany)
at 37°C for 30 minutes. RNA concentration was measured by spectrophotometry. Only RNA
samples with an OD260/OD280 ratio > 1.6 were used for experiments. Purified RNA (1.5 µg)
from organ samples was supplemented with Rnase-free water and 1 µl random primer to a
final volume of 13.5 µl. All samples were denatured for 5 min at 65°C and cooled
immediately on ice. Reverse transcription mixture (6.5 µl) was added, containing 4 µl of MMLV 5X Reaction Buffer, 0.5 µl (20 units) RNasin, 1 µl of 10mM dNTP-Mix (dATP, dCTP,
dGTP, dTTP) and 1 µl (250 units) of M-MLV (Moloney murine leukemia virus reverse
transcriptase). All reverse transcription products used were manufactured by Promega
(Mannheim, Germany). cDNA synthesis was performed for 50 min at 42°C, followed by an
enzyme inactivating step for 10 min at 72°C. cDNA was stored at -20°C until use.
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Real-time quantitative PCR and expression analysis. Real-time PCR was performed using the
ABI PRISM® sequence detection system 7000 (Perkin-Elmer Applied Biosystems, Foster
City, CA, USA) according to the manufacturer’s instructions using ABI PRISM® 7000 SDS
Software Version 1.1. Reactions were performed with 12.5 µl SYBR-Green Master Mix
(ABI), 0.4 - 2.0 µl of each primer (50ng/µl), 6 µl template (cDNA) or no template (NTC), and
RNase-free water was added to a final volume of 25 µl. The cycling conditions were as
follows: 50°C for 2 min, initial denaturation at 95°C for 10 min, followed by 45 cycles of
95°C for 15 sec, and 60°C for 1 min. Each quantitative PCR was performed in triplicate.
Target cDNA were amplified by primer sets summarized in Table 1. The rat 18srRNA gene
served as the endogenous reference gene. The melting curve was done to ensure specific
amplification.
The standard curve method was used for relative quantification. For each experimental
sample, the amounts of targets and endogenous reference (18srRNA) were determined from
the calibration curve. The target amount was then divided by the endogenous reference
amount to obtain a normalized target value. The relative gene target expression was also
normalized to the tissue sample of BB/OK rats (calibrator). Each normalized target value was
divided by the calibrator-normalized target value to generate the final relative expression.
Final results are expressed as N-fold differences in selected gene expression relative to the
18srRNA gene and the calibrator.
Statistical analysis. Data are given as mean ± SD. Differences were assessed by one-way
analysis of variance corrected by Bonferroni-Holm using the statistical analysis system SPSS
(SPSS Inc., Chicago, IL).
Results
The genetic profile of BB.6S and its congenic BB.6S sublines for chromosome 6 is
summarized in Table 2. Congenic BB.6Sc and BB.6Sd sublines are characterized by a
diabetes frequency observed in BB/OK rats. Therefore, these regions contain no diabetesprotective gene/s and can be excluded. In BB.6Sb, the diabetes frequency is reduced by about
30%, but the diabetes frequency is significantly higher in BB.6Sb than in BB.6S (p<.0001).
Only one congenic subline, BB.6Sa, shows a diabetes frequency comparable with those of
BB.6S (6 diabetics : 37 non-diabetics vs. 10 diabetics : 39 non-diabetics, p=0.58 n.s.).
Therefore, the diabetes-protective region lies between D6Mgh2 and D6Got192, spanning
about 4 Mb. In this region, Yy1, WD40, Prfe-1, Rtl1, Cdc42, Traf3, and Tnfaip2 are located
(cf. Table 1) and were studied for their expression in blood and spleen.
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Except Rtl1, which was only expressed in spleen, all other genes studied were expressed in
both blood and spleen. There were 4 out of 7 genes which showed a comparable behaviour in
gene expression in males and in females. As demonstrated in Fig. 1A-C, Yy1, Pref-1, and
Cdc42 all showed significantly reduced expression in blood of BB.6S and SHR compared
with BB/OK at an age of 90 days. In spleen, significantly decreased expression was seen for
Pref-1 at an age of 70 and 90 days and for RTl1 at an age of 90 days compared with BB/OK
rats. Interestingly, the Rtl1 expression was zero in SHR and was 80% lower in BB.6S rats
than in BB/OK at an age of 90 days, also leading to a significant difference between BB.6S
and SHR females. A similar behaviour of the gene expression in spleen was also seen for Yy1
at an age of 90 days, but without significance.
Table 3 summarizes the gene expression of WD40, Traf3 and Tnfaip2 in blood and spleen as
well as of Cdc42 in spleen showing significant differences between BB/OK and BB.6S,
BB/OK and SHR, and between BB.6S and SHR rats. At an age of 90 days, significantly lower
WD40 gene expression was seen in blood of male BB.6S and SHR, while the WD40
expression in spleen was significantly reduced only in females compared with BB/OK.
Except for Tnfaip2 expression in blood, significant differences between strains were only
found in males. Significantly increased values were observed for Cdc42 in spleen of SHR
compared with male BB/OK and BB.6S at an age of 30 and 70 days. In addition, both values
in SHR were also significantly higher than those found at an age of 90 days. Traf3 expression
was significantly higher in SHR than in BB/OK and BB.6S males at an age of 30 days in
blood by a factor > 3 and at an age of 30 and 70 days in spleen. Other behaviour was seen in
Tnfaip2 expression. At an age of 30 days, significantly higher values were found in blood of
SHR compared with BB/OK and BB.6S males, where at an age of 70 and 90 days,
significantly increased values were observed in BB.6S in comparison with BB/OK and SHR.
Significant differences were also seen for Tnfaip2 expression in blood of females. The
expression in BB.6S females at an age of 70 days was significantly higher than in BB/OK,
whereas the expression of the same gene in BB.6S was significantly increased compared with
SHR at an age of 90 days. In comparison with BB/OK, the Tnfaip2 expression in spleen was
significantly elevated in BB.6S and SHR at an age of 30 and 70 days. At an age of 90 days,
the values were comparable between BB/OK, BB.6S and SHR, but the values were
significantly lower in BB.6S and SHR at an age of 30 and 70 days compared with values at 90
days.
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Discussion
With the aid of newly established congenic BB.6S sublines, the diabetes-protective region
was narrowed down to about 4 Mb located between 133 to 137 Mb on chromosome 6. In
order to narrow down the diabetes-protective region even further, we studied the relative
expression of genes mapped in this region. Considering the fact that SHR alleles are diabetesprotective and that diabetes occurs at the same rate in males and females, the relative
expression of those genes may be of relevance for diabetes protection which are comparably
expressed in both male and female BB.6S and SHR, not those which are significantly
different between them but significantly different from those of BB/OK. That was true for Yy1
and Pref-1 in blood at an age of 90 days as well as for Pref-1 in spleen at an age of 70 and 90
days. The relative expression of these genes was significantly reduced by 50 to 90% in BB.6S
and SHR compared with BB/OK rats; there were no significant differences between BB.6S
and SHR, suggesting the same expression pattern in BB.6S and SHR. All other genes were
differently expressed in male and/or female BB.6S, SHR and BB/OK, indicating a discrepant
expression pattern. Despite the fact that there are a number of unknown genes in this region
which may be involved in diabetes protection [8], Yy1 and Pref-1 per se may be candidate
genes.
Pref-1 is a transmembrane protein expressed in many embryonic tissues. Its expression is
abolished in most tissues after birth, with exception of preadipocytes, pancreatic beta-cells,
thymocytes, and cells in the adrenal gland [11-14]. Therefore, Pref-1 has been used as a
preadipocyte marker by various laboratories. Until now, it had never before been shown that
Pref-1 is also expressed in spleen and blood long after birth. The Pref-1 gene contains
epidermal growth factor repeats homologous to the Notch/Delta/Serrate family [12]. During
hematopoiesis and immune development, Notch is critical for T/B lineage specification and
for the generation of splenic marginal zone B cells. Recent evidence has shown that it also
contributes to the regulation of the peripheral immune system through its ability to influence
cell survival and growth. In fulfilling this function, Notch signalling appears to act in
conjunction with defined immunological signals such as cytokines, T-cell antigen receptor,
and co-stimulator-mediated signalling [15]. Because Pref-1 belongs to the Notch family, it
should be expressed in blood and spleen, as we have shown for the first time in 30-, 70- and
90-day-old rats. Pref-1 is significantly more highly expressed in blood and spleen of BB/OK
rats than in BB.6S and SHR at an age of 90 and 70 and 90 days, respectively. This higher
expression may reflect the struggle of the immune system before diabetes manifestation. If so,
Pref-1 would not only play a role in adipogenesis but also in autoimmunity.
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In contrast to the transmembrane protein Pref-1, Yy1 is an essential, multifunctional
transcription factor. The Yy1 protein regulates initiation, activation, or repression of
transcription from a variety of genes required for cell growth, development, differentiation, or
tumor suppression, as well as from genes in some retroviruses and DNA viruses [16-19]. The
targeted disruption of Yy1 results in embryonic death around the time of implantation. In
addition, Yy1 heterozygotes displayed growth retardation and neurulation defects with
significantly higher Yy1 mRNA levels in somites, limb, bud and tail tip, indicating a critical
role for Yy1 at multiple stages during embryogenesis [20]. In addition, we found a
significantly higher mRNA expression in BB/OK rats compared to BB.6S and SHR, which
may indicate that the Yy1 expression in BB/OK rats is not correctly regulated and involved in
type 1 diabetes development. This assumption is supported by recently published sequence
data of Yy1. It was shown that three single nucleotide polymorphisms (SNPs) found in intron
4 of Yy1 were different between BB/OK and SHR. In addition, the SNP pattern of SHR was
also found in several inbred rat strains (DA, LEW, BN, WOKW) studied whereas two
unrelated wild rats showed the pattern of BB/OK rats. A congenic BB.6W rat strain
introgressing the same segment of chromosome 6 (D6Rat184-D6Rat3) of wild rats onto
BB/OK background developed diabetes in the same extent than BB/OK rats. It was concluded
that this finding may support the assumption that the SNP pattern of BB/OK and wild rats
favours and that of SHR suppresses diabetes development [21].
In humans, YY1 maps on chromosome 14 at position 98.7 Mb and PREF-1 at
position 99.2 Mb. The diabetes susceptibility loci on chromosome 14, IDDM11 and IDDM16,
were mapped around position 86.3 Mb (D14S67) and 102.5 Mb (D14S542) [2, 22, 23]. The
distance between the two IDDMs amounts to about 18 Mb. This distance is great, and
therefore the chance to identify diabetes-susceptible gene/s low. Our findings should narrow
down the distance to about 3 Mb as the shortest distance existing between YY1, PREF-1 and
IDDM16 on chromosome 14. We suggest, therefore, that the use of genetically and
phenotypically well-characterized animal models offers a valuable shortcut to define genetic
associations in human diseases in general and in type 1 diabetes in particular.
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TABLE 1
Forward (F) and reverse (R) oligonucleotide primer sequences used
Gene

Position a

Primer sequences (5’-3’)

Mb
Yy1
WD40
Pref-1
Rtl1
Cdc42
Traf3
Tnfaip2

133.1
133.2
134.0
134.2
135.9
136.0
136.1

Product
size (bp)

F

GGGCGACACCCTCTACATTG

R

TCTCATGCAGTTCCACGAT CTC

F

ATCCAGCCATATTTGAACAGTCAGT

R

TGGAAGCAGAGAGAAGCATGTG

F

GACGGGAAATTCTGCGAAATAG

R

GGAGCATTCGTACTGGCCTTT

F

ACAGTGATCAAAACGGCGTCTT

R

CCTGGCTTTTTCTTGCATCCT

F

TGGCACAGGAAGCGTACGA

R

GCCGACCGCAATTCTGTCT

F

TGCCCCCAGCACCTGTAG

R

GGGCCTTGATCTGCTGGTT

F

GTTCCCCGAAGAGTTCAACGT

68
145
102
86
89
71
91

CTCGAACTGCGCCAAGGT
a

Primer sequences and position of genes on chromosome 6 were used from GenBank [8].
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TABLE 2
Genetic profile and diabetes frequency (Df) of congenic BB.6S and its congenic sublines termed BB.6Sa, b, c
and d
bp

Marker position
cM a

Df %
p-value
Marker
D6Kyo4
D6Wox10
D6Rat40
D6Mit5
D6Pas1
D6Rat149
D6Rat46
D6Rat151
D6Mit9
D6Wox17
D6Rat141
D6Mit4
D6Mit2
D6Mgh5
D6Wox2
D6Mit8
D6Mit1
D6Mgh4
D6Rat66
D6Rat184
D6Rat160
D6Mgh9
D6Rat6
D6Rat90
D6Rat75
D6Rat7
D6Rat9
D6Rat10
D6Got177
D6Got178
D6Got183
D6Rat94
D6Mgh2
D6Mit16
D6Got191
D6Got187
D6Rat101
D6Wox13
D6Got192
D6Wox12
D6Uia4
D6Got189
D6Rat1
D6Rat3
D6Got167

0.0
1.301.953

7.161.391
13.286.616
14.767.136

59.949.755
84.290.649

98.843.973
112.275.538

125.259.444
126.785.518
128.826.383
129.357.751
130.713.817
131.504.462
133.087.423
134.385.788
135.550.337
135.912.096
136.458.185
137.070.062
138.207.332
140.077.817
143.569.560
144.158.540
145.285.479
146.657.257

0.4
5.0
5.5

20.8
16.8
33.0
38.9
46.9
50.1
53.3
57.9
60.8
65.7
74.6
78.6
79.0
82.4
82.9
84.1
84.4
84.8
86.2

88.4
88.4

89.3
91.6

92.5

BB.6S
14 (6/43) b

a
20 (10/49)
.58 (n.s.)c

BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
BB

BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
BB

Congenic BB.6S sublines
b
c
62 (29/47) 86 (24/28)
p<.0001 c
p<.0001 c
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
SHR
SHR
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB

BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
SHR
SHR
SHR
SHR
SHR
BB

d
93 (28/30)
p<.0001 c
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
SHR
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
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a

Position of microsatellite markers on chromosome 6 was determined in the cross (BB/OK x SHR) x BB using

the MapMaker computer program as described [5]. b Number of diabetics to total number of rats studied for
diabetes occurrence. c p-value for diabetes frequency between congenic BB.6S and its congenic sublines
BB.6Sa,b,c and d.
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1.00 ± 0.16

1.00 ± 0.15

Spleen

M

1.00 ± 0.40

1.00 ± 0.30

Blood

1.00 ± 0.30

F

M

F

1.00 ± 0.20

Spleen

M

1.00 ± 0.50

1.00 ± 0.12

1.00 ± 0.14

1.00 ± 0.50

Blood

Spleen

F

M

F

M

1.00 ± 0.22

1.40 ± 0.20

1.52 ± 0.50

2.29 ± 0.06 aaa

1.80 ± 0.28 aa

0.86 ± 0.08 bb
1.53 ± 0.50

2.16 ± 0.30 a,cc

1.14 ± 0.23

1.60 ± 0.20 aa,bb

1.06 ± 0.26

1.72 ± 0.15 a

0.95 ± 0.12

1.09 ± 0.09

0.93 ± 0.20

0.84 ± 0.17 ccc

1.30 ± 0.20

1.45 ± 0.19 aa,c

0.93 ± 0.21

1.36 ± 0.22

1.00 ± 0.11

1.46 ± 0.22

1.27 ± 0.30

1.00 ± 0.50 2.60 ± 0.06 aaa,cc 3.03 ± 0.20 aaa,cc,bb

1.00 ± 0.09

1.00 ± 0.30

3.10 ± 0.50 aa,bb
1.26 ± 0.50

1.00 ± 0.17

1.00 ± 0.14

1.85 ± 0.20 aa,bb
1.45 ± 0.50

1.00 ± 0.07

0.82 ± 0.35 c

4.40 ± 0.50 aaa,bb 1.00 ± 0.28
1.35 ± 0.50

1.34 ± 0.20

1.25 ± 0.12

0.81 ± 0.06

0.97 ± 0.09

1.00 ± 0.14

1.00 ± 0.12

1.00 ± 0.21

1.00 ± 0.18

1.00 ± 0.11

1.00 ± 0.06

1.00 ± 0.15

1.00 ± 0.07

1.00 ± 0.15

1.00 ± 0.14

1.00 ± 0.07

1.00 ± 0.19

1.00 ± 0.26

1.08 ± 0.16 cc
0.88 ± 0.33

BB/OK
1.00 ± 0.15

Age of rats (days)
70
BB.6S
SHR
1.26 ± 0.28
1.74 ± 0.27cc

1.00 ± 0.17

1.00 ± 0.09

1.77 ± 0.04 aa
1.37 ± 0.50

1.00 ± 0.20

1.00 ± 0.12

1.00 ± 0.10

BB/OK
1.00 ± 0.89

1.03 ± 0.28

1.10 ± 0.40

0.55 ± 0.11

SHR
0.94 ± 0.29

0.70 ± 0.13

1.30 ± 0.25

1.00 ± 0.20

1.08 ± 0.19

0.72 ± 0.14

1.70 ± 0.20

1.30 ± 0.30

1.32 ± 0.26

0.86 ± 0.15

0.94 ± 0.06

0.61 ± 0.11

30
BB.6S
0.74 ± 0.12

0.75 ± 0.06 a

0.68 ± 0.13 a

1.24 ± 0.24

1.34 ± 0.02 ddd,e

1.35 ± 0.17 d,e

1.49 ± 0.04 a,dd

0.78 ± 0.19

0.72 ± 0.08

0.97 ± 0.18

0.83 ± 0.03e

1.00 ± 0.24

0.91 ± 0.15

1.36 ± 0.11 ddd,eee

0.67 ± 0.10 bb,d

0.65 ± 0.20,bb,ccc,eee

0.89 ± 0.17

0.75 ± 0.23 d,ee

1.07 ± 0.18

0.60 ± 0.22eee

0.80 ± 0.10

1.05 ± 0.07ee,d

0.53 ± 0.40

0.59 ± 0.01ddd,ee

0.97 ± 0.07

0.70 ± 0.06

SHR
0.51±0.09aa,d

0.68 ± 0.07 d

90
BB.6S
0.62±0.08ddd,a

Legend to table 3 a Significantly different from BB/OK at 5 (a), 1 (aa) or 0.1 (aaa) per cent level in the same age group. b Significant differences between BB.6S and SHR at 5
(b), 1 (bb) or 0.1 (bbb) per cent level in the same age group. c Significant differences between age groups 30 and 70 days at 5 (c), 1 (cc) or 0.1 (ccc) per cent level. d Significant
differences between age groups 70 and 90 days at 5 (d), 1 (dd) or 0.1 (ddd) per cent level. e Significant differences between age groups 30 and 90 days at 5 (e), 1 (ee) or 0.1 (eee)
per cent level.
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Relative expression of WD40, Cdc42, Traf3 and Tnfaip2 in blood and spleen, respectively of BB/OK, BB.6S and SHR rats

TABLE 3
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FIG.1. Relative gene expression of Yy1 (A) and Pref-1 (B) in blood and spleen as well as of
Cdc42 in blood and Rtl1 in spleen (C) of male (-M) and female (-F) BB, BB.6S and SHR rats
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Brief Communication
Genetic variation in the multifunctional transcription factor Yy1 and type 1 diabetes
mellitus in the BB rat
Nora Klöting and Ingrid Klöting
Department of Laboratory Animal Science, Medical Faculty, University of Greifswald, 17497
Karlsburg, Germany
Abstract
Spontaneous diabetes in B(io)B(reeding) rats is complex, polygenic, and recessively inherited.
Several crossing studies have demonstrated that beside the class II genes of the major
histocompatibility complex (MHC, Iddm1) additional non-MHC genes are involved in
diabetes development. One of them, Iddm4, was initially mapped on chromosome 6q32. To
study the physiologic importance of Iddm4 a congenic BB.SHR rat strain (BB.6S) was
established. The BB.6S is characterized by a drastic reduction of diabetes frequency (86 vs.
14%) indicating existence of diabetes protective genes of SHR on the exchanged
chromosomal segment. One of the possible diabetes susceptibility candidate genes located
within this exchanged region is the multifunctional transcription factor Yin yang 1 (Yy1). Yy1
was therefore sequenced in BB/OK and SHR rats. No genetic variation in exons between
BB/OK and SHR was found. However, three single nucleotide polymorphisms (SNPs) were
detected in intron 4. To determine the “wild type” allele, intron 4 of several diabetes-resistant
inbred rat strains (DA, LEW, BN, WOKW) and wild rats was sequenced. In addition, a
congenic BB/OK strain was established by introgressing the same segment of chromosome 6
(D6Rat184-D6Rat3) of wild rats onto BB/OK background (BB.6W). The sequence analysis
showed the SNP pattern of SHR (A/C/C) in all inbred rat strains studied whereas both
unrelated wild rats showed the pattern of BB/OK rats (T/G/A). The congenic BB.6W rats
developed diabetes in the same extent than BB/OK rats. This finding may support the
assumption that the SNP pattern of BB/OK and wild rats favours and that of SHR suppresses
diabetes development. Because of strong synteny between rat chromosome 6q32 and human
14q32, Yy1 may be also of interest in human type 1 diabetics showing significant linkage to
markers on chromosome 14q32.
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Introduction
Spontaneous diabetes in B(io)B(reeding) rats shares many common features with human
insulin-dependent type 1 diabetes [1]. Similar to humans, disease development in the BB rat is
complex, polygenic, and recessively inherited. Several crossing studies have demonstrated
that the class II genes of the major histocompatibility complex (MHC, Iddm1) and a second
locus, Iddm2, identified as immune associated nucleotide (Ian) causing a profound T cell
lymphopenia [2,3], are essential for diabetes development in the BB rat but not sufficient.
Additional non-MHC genes are involved in diabetes development mapped on several
chromosomes [4-6]. One of them, Iddm4, was initially mapped on chromosome 6q32 around
the microsatellite marker D6Mgh2 in a cross of diabetics of the BB rat subline,
BB/O(ttawa)K(arlsburg), and spontaneously hypertensive rats (SHR) [5].
To study the physiologic importance of Iddm4 a congenic BB.SHR rat strain (BB.6S) was
generated using recombination of a segment of the SHR chromosome 6 into the BB/OK
background by serial backcrossing and marker-aided selection. The exchanged segment was
flanked by microsatellite markers D6Rat184 and D6Rat3. The characterization of congenic
BB.6S rats demonstrated a drastic reduction of diabetes frequency from 86% to 14%
(p<0.0001) and a significantly later age at onset of diabetes (103 ± 30 vs. 137 ± 14 days;
p<0.001) in comparison to the parental strain BB/OK [7]. This finding indicated a presence of
diabetes protective genes of SHR within the exchanged chromosomal segment, which might
be suppressing the action of the essential genes for diabetes development in the BB/OK rat,
the Iddm1 and the Iddm2.
Several genes mapped in this region are likely to be strong candidate genes for susceptibility
to diabetes. One of them is the multifunctional transcription factor Yin yang 1 (Yy1) which is
nearest located to Iddm4. The distance between D6Mgh2 and Yy1 amounts to 78 kb. Yy1
belongs to the class of zinc finger proteins and binds with its four Cis2Hys2 zinc fingers to a
specific DNA sequence located in many different promoters. The Yy1 protein regulates
initiation, activation, or repression of transcription from a variety of genes required for cell
growth, development, differentiation, or tumor suppression, as well as from genes in some
retroviruses and DNA viruses [8-10]. Recent studies also showed that Yy1 participates in cellcycle control over a variety of nuclear events required for cell division and proliferation [11].
Yy1 is highly conserved among human, mouse, and Xenopus laevis cells; a Drosophila
melanogaster homologue of Yy1 also exists. Because of this essential function and high
conservation of Yy1 we sequenced all five exons and one intron (intron 4) which could be
amplified with genomic DNA (intron 4) of the Yy1 in BB/OK and SHR rats to evaluate
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genetic variation as a possible explanation for the divergent diabetes frequency in BB/OK and
congenic BB.6S rats. No sequence differences were found in exons between BB/OK and
SHR. However, single nucleotide polymorphisms (SNPs) were detected in the intron between
BB/OK and SHR as well as congenic BB.6S. In order to determine the “wild type” alleles we
sequenced the intron 4 of several diabetes-resistant inbred rat strains and wild rats [12, 13]. In
order to investigate whether chromosomal segment other than SHR results in a different
phenotype of a congenic strain, we established a new congenic BB.Wild strain by
introgressing the same segment of chromosome 6 (D6Rat184-D6Rat3) of wild rats onto
BB/OK background (BB.6W).
Materials and methods
Samples of genomic DNA were extracted from liver tissue of one male and one female
BB/OK (F63), SHR/MolK (F21), BB.6S (N8F10), DA/K (>F80), LEW/K (F>F80), BN/CrlK
(>F15), WOKW (F68) and wild rats captured in the northern part of Germany [12,13] using a
commercially available DNA isolation kit (Wizard®, Genomic DNA Purification Kit,
Promega, Mannheim, Germany). To define SNPs of intron 4, genomic DNA of males and
females of each strain were sequenced according to the standard protocol of the ABI
PRISM® BigDye Terminators v3.0 (Applied Biosystems, Foster City, CA, USA) and using
the automatic sequencer (ABI PRISM® 377, Applied Biosystems, Foster City, CA, USA).
The sequences were analysed and read using the sequence analysis software (Sequencing
Analysis version 3.4.1, Applied Biosystems). Polymorphisms were confirmed by sequencing
with reverse primers. Primers were designed to perform PCR experiments based on published
Yy1 sequence (GenBank accession no. AY442180; forward 3’ GAG AGC TCA AAG CTA
AAA CGA CAC C 5’ and reverse 3’ CCTTCAAAATTGCACACATACTGTTT 5’).
To generate congenic BB.6W rats, diabetic BB/OK females were crossed with one wild rat
male as described [14]. The resulting cross hybrids were repeatedly backcrossed onto diabetic
BB/OK rats. Hybrids of each backcross generation were genetically analysed using
microsatellite markers D6Rat184-D6Rat3 flanking the segment of interest on chromosomes 6
described previously [7]. After 7 backcross generations the animals were intercrossed.
Animals homozygous for SHR alleles at loci on chromosome 6 - D6Rat184-D6Rat6D6Rat10-D6Mgh2-D6Rat101-D6Wox13-D6Rat3- were selected. These rats homozygous for
SHR alleles at the chromosomal segment of interest were then genetically analysed at 139 loci
located on the remaining 19 autosomes and the X chromosome covering the rat genome by
about 96 %. Animals, which were homozygous for alleles of the BB rat at all loci studied
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founded the appropriate congenic BB.6W rat strain. The size of the introgressed chromosomal
segments was comparable with that of BB.6S and spans about 25 Mb.
Progeny of BB.6W founders (19M: 17F) and BB/OK (42M : 59F) were observed for diabetes
occurrence up to an age of 30 weeks as described previously [15]. The age at first detection of
glucosuria was taken as the age at onset of diabetes. Male and female offspring of BB.6W
(12M : 11F) and of the parental BB/OK rats (22M:24F) which were non-diabetic at an age of
12 weeks were monitored for body weight, blood glucose, serum insulin, plasma cholesterol
and triglycerides. Blood samples were obtained by puncturing the ophthalmic venous plexus
after anaesthesia following inhalation exposure with isoflurane (Abbott, Wiesbaden,
Germany). Blood glucose was determined using a glucose analyser (ESAT 6660-2,
Medingen, Germany). Serum triglycerides and total cholesterol were analysed using an
automatic analyser (Roche Cobas Mira Plus, Roche, Switzerland). Serum insulin was
determined using ELISA (Rat Insulin ELISA, Mercodia, Uppsala, Sweden).
All animals used were bred in our own animal facility, were kept in Macrolon cages (Size 3,
Ehret GmbH, Emmendingen, Germany) under strict hygienic conditions, and were free of
major pathogens as described previously [15]. They had free access to food (Ssniff R, Soest,
Germany) and water and were maintained on a 12-h light/dark cycle (5 am/ 5 pm). All
experiments were performed in accordance with the rules for animal care of the Ministry of
Nutrition, Agriculture and Forestry of the German Government.
Data were evaluated by using the statistical analysis system SPSS (Chicago, IL, USA). The
values are given as mean ± SD. Significant differences of mean values were checked by
ANOVA analysis and of frequencies by Fisher’s exact test.
Results and discussion
Single nucleotide polymorphisms (SNPs) were detected at position 323 (T/A), 502 (G/C) and
528 (A/C) between BB/OK (T/G/A) and SHR rats as well as their congenic BB.6S (A/C/C) in
intron 4 of the Yy1 as summarised in Fig. 1. The SNP analysis of additional rats revealed
(Tab.1), that all diabetes-resistant inbred rat strains DA, LEW, BN and WOKW showed the
SNP pattern of SHR (A/C/C) whereas both wild rats showed that of BB/OK rats (T/G/A).
Because BB/OK and WOKW rats have been derived from the same outbred Wistar rat stock
of the BioBreeding Laboratories, Ottawa, Canada, 20 years ago [16,17], it was surprising that
despite common origin both strains differed in the SNPs of intron 4. In contrast to BB/OK,
WOKW rats do not become hyperglycaemic, but they develop a polygenic and complete
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metabolic syndrome with obesity, dyslipidemia, hypertension, and impaired glucose tolerance
[18-20].
The fact, that BB/OK and wild rats carry the same alleles at SNPs in intron 4, but different
from those of inbred SHR, DA, LEW, BN and even WOKW rats, indicates that genetic
variation in intron 4 of the multifunctional transcription factor Yy1 may be involved in the
development of type 1 diabetes in BB/OK. This assumption is supported by the fact that Yy1
is closest located to Iddm4, which was initially mapped on chromosome 6q32 around the
microsatellite marker D6Mgh2 in a cross of diabetic BB/OK and SHR [5].
Putative sequence changes in non-coding regions of genes were reported influencing gene
expression, gene transcription or were associated with disease development as shown for
SNPs in introns 1, 2 and 3 of the interferon-γ gene (IFN-γ), intron 1 of the lymphotoxon-alpha
(LTA), intron 5 of interleukin-1a (IL1A), intron 7 of the tissue factor pathway inhibitor
(TFPI), intron 2 of the lipoprotein lipase gene (LPL), intron F of vitamin K-dependent protein
Z (PROZ) or for the intronic enhancer of the programmed cell death-1 gene (PD-1).
Associations between intronic SNPs and disease development were described, e.g., for heart
diseases (LTA, LPL), venous thromboembolism (TFPI), end-stage renal disease (IL1A) or type
1 diabetes (PD-1) [21-28]. If the intron 4 of Yy1 is not simply a “junk DNA” but functional
DNA, diabetes protection in BB.6S compared with BB/OK rats may be the result of intron
SNPs found in five phenotypically and genetically different inbred rat strains (SHR, DA,
LEW, BN, WOKW) and diabetes susceptibility may be the result of SNPs found in BB/OK
and wild rats. If the assumption is true, congenic BB/OK rats carrying a wild rat segment with
Yy1 should, in contrast to BB.6S rats, develop type 1 diabetes with frequencies seen in their
parental BB/OK rat strain. That prompted us to transfer a region of wild rat chromosome 6
onto the BB/OK background. As shown in Table 1, congenic BB.6W and BB/OK rats
developed diabetes with the same frequency (89 vs. 86%) and manifested at the same age (99
± 23 vs. 103 ± 30 days). This finding may support our assumption that the SNP pattern of
BB/OK and wild rats favours and that of SHR suppresses diabetes development. However,
this hypothesis requires further investigations, since a number of other genes in the exchanged
region of chromosome 6 may be of similar importance as Yy1 and may be involved in
diabetes development. This assumption is partially supported by the other phenotypic traits
summarised in Table 1. Body weight, blood glucose and serum insulin were comparable
between BB/OK and BB.6W, but serum total cholesterol and serum triglycerides were
significantly different between males of BB/OK and BB.6W. This difference in lipids was
mainly attributed to sex differences in both traits, which showed a reversed relationship in
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BB/OK and BB.6W. Higher values were found in male BB/OK compared with females
whereas in BB.6W higher values were observed in females and not in males. These divergent
findings could be a hint that there are additional genetic factors influencing the phenotype of
congenic BB.6W.
Nevertheless, the segment of the rat chromosome 6q32 shows strong synteny with human
chromosome 14q21-32. This region carries diabetes susceptibility loci IDDM11 and IDDM16
identified by demonstration of significant linkage to microsatellites D14S67 and D14S542,
respectively [29]. The diabetes susceptibility loci were mapped around position 86.3 Mb
(D14S67), 102.5 Mb (D14S542) and YY1 maps at position 98.7 Mb. Therefore, YY1 is located
between IDDM11 and IDDM16, within 4 Mb from the IDDM16. Considering the function
and high conservation of YY1 among species, its location between two IDDMs in human, and
our findings in congenic mapping, Yin Yang-1 may be a strong candidate gene in those type 1
diabetics demonstrating linkage with microsatellite marker D14S542. This idea is supported
by the fact that YY1 is able to activate the expression of IL-3, IL-4 and CD21 as well as to
inhibit the expression of IL-5, FAS, GM-CSF and IFNγ [30-35]. These genes are cytokines
and some of them play an important role in initiation and protection of type 1 diabetes [36].
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Fig. 1. BB rat sequence of intron 4 of Yy1 (GenBank Acc. no. AY442180). Position of SNPs
in bold and underlined
1

GTAGAGCCAG TTCCTGTTCC CCAAACTGCA AGCTAGGGTG CTGGTCAGGG

51

TGGTTGATAT CAAGCACTAT GGGGCACCGG TTGGGGTATT TTATTCCCAT

101

CCCTCCTGTC TGCTTGGGTT CCTGGTTACT GCTCGGGACT GCAGGTGTTA

151

CAGATGGGGG TGGAGGGATT ATGCGAAGCA CCCCCACACT AAATTTCTAG

201

CAGGTTTACA AAAACTCAAC AGTTTTGTTT TGTAGTGAGT AGTGTGTTGA

251

ATTACTGATA GAGTGCTTAT AAGTGCTGTT GGCTACAGCT CCAGGTGACA

301

CTTGGTGCTG CTTATAGAAG ACTCGTGAGT TGACAGTTGG CATCACTAAA

351

TATCTTAATC ATCTGTAGTC TACTTCCTAG AGTGTCTCTG AAAACACTCA

401

AGCTGTAAAT TTGCACTCAG CACAGCCCTT CTGTTTCTCA AGAACTAGCC

451

ATGGGTTGTT AGTATCAGAG ATCCCAGTGT GTCAGTTCTA AAATACCCTC

501

AGAAGGGTTC CAGACGAGGA AGGAGGCATG CTCAGCAGAA TAGTAGGTGG

551

TTTCCATCTA AGCAGTGAGC CATCGATCCC CAGGTTCTGG TCTCATTTGC

601

CAAGAGGGTT GATATCTGGT TTTTCCTTGA CAG

Rats

No. of rats

SNPs position (bp)
323

502

528

BB/OK/Wild rats

2 in each strain

T

G

A

SHR/BB.6S/DA/LEW/BN/WOKW

2 in each strain

A

C

C
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Table 1 Diabetes frequency, age at onset of diabetes and phenotypic traits of non-diabetics in
BB/OK and their congenic derivative BB.6W
Sex

BB/OK

Sign.

BB.6W

Diabetics/Total

M

42/49 (86)

n. s.

17/19 (89)

(%)

F

59/69 (86)

n. s.

15/17 (88)

101/118 (86)

n. s.

32/36 (89)

M/F
Age at onset

M

103 ± 36

n. s.

95 ± 23

(days)

F

104 ± 26

n. s.

104 ± 22

M/F

103 ± 30

n. s.

99 ± 23

Phenotype of non-diabetics at an age of 12 weeks
Sex ratio (M:F)

22 : 24

12 : 11

M

302 ± 23††

n. s.

304 ± 15††

F

200 ± 15

n. s.

196 ± 11

Blood glucose (mg/dl)

M/F

106 ± 16

n. s.

102 ± 11

Serum insulin (ng/ml)

M/F

0.58 ± 0.35

n. s.

0.79 ± 0.55

Serum cholesterol

M

2.3 ± 0.23 ††

<.0001

2.9 ± 0.22†

(mmol/l)

F

2.7 ± 0.17

n. s.

2.6 ± 0.33

Serum triglycerides

M

1.6 ± 0.71†

.03

1.1 ± 0.41

(mmol/l)

F

1.2 ± 0.53

n. s.

1.4 ± 0.46

Body weight (g)

Sex differences: †p<.05; †† p<.0001
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Diabetes per se and metabolic state influence gene expression in tissue dependent
manner of BB/OK rats
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Abstract
Background Several epidemiologic studies have clearly established that long term near
normoglycaemia strongly protects against onset and progression of late complication of
diabetes. Therefore, insulin treatment plays a crucial role in determining the life quality of
affected individuals. Here we studied the effects of exogenous insulin on gene expression
levels in well- and poorly-compensated diabetic BB/OK rats in comparison to non-diabetic
rats to find out whether diabetes per se and the quality of insulin treatment have an effect on
gene expression and whether it is tissue specific.
Methods Six non-diabetic and 12 diabetic BB/OK rats were studied. Diabetics were either
treated with insulin-implants (well-compensated) or treated with 1U insulin daily (poorlycompensated) to guarantee survival. Four weeks after onset of diabetes the animals were
killed and expression of Yy1, Pparγ, Nfκb, Pref-1, Tgfb, Il-10, and Lepr was measured in
thymus, spleen, liver, heart and bone.
Results In general, between diabetics and non-diabetics significant expression changes were
detected in spleen for Il-10, in heart for Il-10 and Pparγ, in liver for Yy1, Nfκb and Lepr as
well as in bone for all genes studied except of Tgfb. Excepts Lepr, no expression changes
were observed in thymus. Between well- and poorly-compensated rats significant differences
on expression level were found for Yy1 (liver), Pparγ (heart), Nfκb (bone), Pref-1 (spleen),
and Lepr (thymus, liver, heart).
Conclusion The insulin treatment compensates not only metabolic disturbances but also
changes gene expression profile in BB/OK rats in tissue dependent manner.
Keywords: type 1 diabetes, gene expression, transcription factors, growth factors, Il-10, Lepr
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Introduction
Type 1 diabetes is caused by a selective destruction of the insulin producing pancreatic beta
cells. With the loss and undergo of beta cells exogenous insulin replacement is required to
survive and to compensate the resulting metabolic disorders of type 1 diabetic patients [1,2].
Long term studies carried out in type 1 and type 2 diabetic populations have clearly
demonstrated that a tight glycaemic control as well as an intensive insulin treatment reduces
the risk of late diabetic complication, and otherwise improves the quality of life [3,4].
Animal studies have shown that prophylactic insulin treatment reduces diabetes
incidence as well as delays age at onset of diabetes in Bio-Breeding Ottawa Karlsburg
(BB/OK) rats and that insulin administration maintains reproductive behaviour in diabetic rats
[5-7]. Studies of fracture healing in BB/OK rats have also demonstrated that the healing
process depends on the metabolic state [8,9].
However, the influence of exogenous insulin and the metabolic state on molecular
level like gene expression profile is still unknown. Therefore, we studied the effects of
exogenous insulin between well- and poorly compensated diabetic rats in comparison to nondiabetic BB/OK rats on gene expression levels to get answer whether: insulin treatment has an
effect in general, exogenous insulin is tissue specific functional and there are associations
between metabolic state (well- and poorly compensated) and gene expression changes. To get
a hint of expression changes, genes belonging to different gene classes were selected. We
studied three transcription factors (Yin Yang 1, Yy1; nuclear factor kappa b, Nfκb; peroxisome
proliferator activated receptor gamma, Pparγ), two growth factors (transforming growth
factor b, Tgfb; Drosophila homolog like 1, Dlk1/Pref-1) as well as one cytokine (interleukin
10, Il-10) and one receptor (leptin receptor, Lepr) because of the fact that all genes either
involved into autoimmune destruction processes, influences the metabolism or were described
to be associated with diabetes mellitus per se.
In the present study we investigated the impact of diabetes and insulin treatment on
expression of several genes known to be associated with diabetes mellitus, involved in
autoimmune destruction processes or influencing metabolism by comparing diabetic rats with
non-diabetics BB/OK. We selected 7 genes belonging to different gene classes. We studied
three transcription factors (Yin Yang 1, Yy1; nuclear factor kappa b, Nfκb; peroxisome
proliferator activated receptor gamma, Pparγ), two growth factors (transforming growth
factor b, Tgfb; Drosophila homolog like 1, Dlk1/Pref-1) as well as one cytokine (interleukin
10, Il-10) and one receptor (leptin receptor, Lepr).
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Material and methods
Animals
Six age-matched non-diabetic BB/OK (110 ± 5 days) and 12 diabetic male BB/OK rats (F65)
were used. All animals were kept in Macrolon cages (Size 3, Ehret GmbH, Emmendingen,
Germany) under strict hygienic conditions and were free of major pathogens as described [6].
They had free access to food (Ssniff R, Soest, Germany) and water and were maintained at
12-h light and dark cycle (5 a.m./5 p.m.).
All experiments were performed in accordance with the rules for animal care of the Ministry
of Nutrition, Agriculture and Forestry of the Government of Mecklenburg-Vorpommern.
Insulin treatment
Diabetics were treated either with once-daily application of 1U insulin (Ultra lente, Novo
Nordisk, Denmark) to guaranty survival of rats and to generate a poorly- compensated group
or with an insulin implant (osmotic pumps, Charles River Laboratories, Germany) which
continuously released insulin for 4 weeks to obtain a well-compensated group. Body weight
and blood glucose were measured at diabetes onset (day 0) and thereafter daily up to 4 weeks
diabetes of duration (day 28). After 4 weeks insulin treatment, animals were killed with a
overdose of Sevofluran (Abbot, Wiesbaden, Germany). The last application of insulin in the
poorly-compensated group was administered 24 h before killing.
RNA analysis
At time of euthanasia, liver, spleen, heart, thymus at whole and the tibial bone were taken.
Tibia, harvest from proximal methaphysis to the tibiofibular junction excluding all
cartilaginous and soft tissue, were snap frozen in liquid nitrogen and pulverised. Total RNA
was extracted with Trizol (Qiagen, Hilden Germany). The total RNA of thymus, spleen, liver
and heart were isolated with RNeasy Mini Kit (Qiagen, Hilden Germany) following
manufacturer’s instructions. Residual DNA was removed by DNase treatment (RNase-Free
DNase Set, Qiagen, Hilden, Germany) also according to the manufacturer’s instructions. RNA
concentrations were measured by spectrophotometry. Only RNA samples with an
OD260/OD280 ratio > 1.6 were used for experiments.
Purified RNA (1.5 µg) from tissue samples was supplemented with RNase-free water and 1 µl
random primer to a final volume of 13.5 µl. All samples were denatured for 5 min at 65°C
and cooled immediately on ice. Reverse transcription mixture (6.5 µl) was added, containing
4 µl of M-MLV 5X Reaction Buffer, 0.5 µl (20 units) RNasin, 1 µl of 10mM dNTP-Mix
(dATP, dCTP, dGTP, dTTP) and 1 µl (250 units) of M-MLV (Moloney murine leukemia
virus reverse transcriptase). All reverse transcription products used were manufactured by
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Promega (Mannheim, Germany). cDNA synthesis was performed for 50 min at 42°C,
followed by an enzyme inactivating step for 10 min at 72°C. cDNA was diluted 1:5 and
stored at -20°C until use.
Real-time quantitative PCR
Real-time PCR was performed using the ABI PRISM® sequence detection system 7000
(Perkin-Elmer Applied Biosystems, Foster City, CA, USA) according to the manufacturer’s
instructions. Reactions were performed with 12.5 µl SYBR-Green Master Mix (ABI), 0.4 2.0 µl of each primer (50ng/µl), 6µl template (cDNA) or no template (NTC), and RNase-free
water was added to a final volume of 25 µl. The cycling conditions were as follows: 50°C for
2 min, initial denaturation at 95 °C for 10 min, followed by 45 cycles of 95°C for 15 sec,
60°C for 1 min. Each quantitative PCR was performed in triplicate. Target cDNA were
amplified by primer sets of Yy1 (GenBank Acc. no. AY442180, F: 5’ GGGCGACAC
CCTCTACATTG 3’ R: 5’ TCTCATGCAGTTCCACGATCTC 3’), Pparγ (Acc. no.
NP_037256, F: 5’ GCTGGCCTCCCTGATGAATA 3’ R: 5’GCTTCCGCAGGCTTT
TGA3’), Pref-1 (Acc. no. AJ320506, F: 5’ GACGGGAAATTCTGCGAAATAG 3’ R:
5‘ GGAGCATTCGTACTGGCCTTT 3’), Nfkb (Acc. no. XM_342346, F: 5’ AGCACA
TAGATGAGCTCCGAGATAAT 3’ R: 5’ AATTGTGAGGCATTTTGTTCAGAGA 3’),
Tgfb (Acc. no. NM_021578, F: 5’ TGGGCACCATCCATGACAT 3’ R: 5’ GCAGTTCT
TCTCTGTGGAGCTG 3’),

Il-10 (Acc. no. NM_012854, F: 5’ CAGAGAACCATGGCCC

AGAA 3’ R: 5’ AGCGTCGCAGCTGTATCCA 3’), and Lepr (Acc. no. NM_012596, F:
5’ GCAGCCTGTACTGTCCCGATA 3’ R: 5’ TAGAAAGATTGGCTGGAAAACACA 3’).
As endogenous reference gene served the rat 18sRNA gene. The melting curve was done to
ensure specific amplification.
Expression analysis
For each experimental sample, the amounts of targets and endogenous reference, 18sRNA,
were determined from the calibration curve. The target amount was then divided by the
endogenous reference amount to obtain a normalized target value. The relative gene target
expression was also normalized to the non-diabetic BB/OK tissue sample (calibrator). Each of
normalized target values was divided by the calibrator-normalized target value to generate the
final relative expression. Final results are expressed as N-fold differences in selected gene
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expression relative to the 18sRNA gene and the calibrator.
Statistical analysis

Data are given as mean ± SD. For real-time PCR analysis, statistical analyses were conducted
according to the instruction from Applied Biosystems. Differences were assessed by one-way
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analysis of variance corrected by Bonferroni-Holm using the statistical analysis system SPSS
(SPSS Inc., Chicago, IL).
Results
The age at onset of diabetes was 83 ± 12 days in well- and 85 ± 14 days in poorlycompensated diabetic rats; this difference was not statistically significant. In addition, there
were no significant differences between well- and poorly-compensated rats regarding blood
glucose values and body weight at diabetes onset (Fig. 1). However, significant differences
were found between well- and poorly-compensated diabetic animals in body weight gain 8
days and in blood glucose 2 days after diabetes onset and beginning appropriate insulin
treatment. The body weight of well-compensated rats increased during insulin treatment and
was comparable to those of non-diabetics, while poorly-compensated rats neither lost nor
gained weight. The behaviour of the two traits proved that the targeted compensation states in
the diabetic groups had been attained.
As demonstrated in Fig. 2, in thymus, non-diabetic and diabetic rats did not differ in
genes studied except Lepr. Compared with the control group, poorly-compensated rats
showed significantly increased Lepr levels whereas well-compensated rats showed amounts
comparable with those observed in non-diabetics.
In spleen, there were only significant differences in expression of Pref-1 and Il-10.
Pref-1 expression was significantly decreased in poorly-compensated rats compared with
well-compensated and non-diabetic rats. In contrast, Il-10 was significantly higher expressed
in poorly-compensated rats than in the non-diabetic control group.
Analysing relative gene expression in liver, the gene expression showed a tendency of
increase in diabetic rats compared with non-diabetics. But, significant differences were only
found in expression of Yy1, Nfkb and Lepr. Well-compensated rats showed no differences
when compared with the control group whereas poorly-compensated rats showed significantly
higher expression of Yy1, Nfkb and Lepr. Differences between the two diabetic groups were
found for the relative expression of Lepr and Yy1. Both genes were significantly higher
expressed in poorly-compensated than in well-compensated rats.
In the heart, diabetic rats showed in all genes analysed increased gene expression
levels. Significant differences were observed in Pparγ, Nfkb, Il-10, Tgfb and Lepr. An
increased expression was detectable by 50% for Pparγ and by 25% for Il-10 in diabetic rats.
Well-compensated rats differed significantly from non-diabetics in Nfkb and Tgfb gene
expression. The expression of these genes was increased in well-compensated rats whereas
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poorly-compensated rats had a significant increase in Pparγ, Il-10 and Lepr compared with
non-diabetics. Only one gene showed significant difference between both diabetic groups.
Pparγ was significantly reduced in well-compensated rats.
Analysing the relative gene expression of bone, it was obvious that diabetic rats
showed generally reduced expression by 50% and more in comparison with non-diabetics.
Significant differences were found in relative gene expression of Yy1, Pparγ, Nfkb, Il-10 and
Lepr between well- and poorly-compensated rats compared with non-diabetic rats. Between
the both diabetic groups, only Nfkb was significantly reduced in well-compensated rats. Tgfb
expression was reduced in diabetics, but not significantly different.
Discussion
It is well known, that the risk of late diabetic complications can be reduced through intensive
insulin treatment [3,4]. But, it is unknown which effect has the quality of insulin treatment
and therefore the metabolic state on the gene expression profile. Therefore, our study aimed to
find out whether diabetes per se and the metabolic state influence gene expression of certain
genes in different tissues.
The most unaffected tissue was the thymus. All studied genes, except Lepr, were comparable
between the groups and not influenced by metabolic state in BB/OK rats. A possible
explanation may be that the expression of genes in the thymus is not influenced by the
metabolic state, but by the autoimmune process, which begins in early age of life in BB/OK
rats. Long time before diagnosis of diabetes, complement-dependent antibody mediated
cytotoxicity to islet cells has been ascertained in serum of BB/OK rats. At an age of 10 days
sera of 14% of BB/OK rats show cytolytic activity against Langerhans islet but not against
lymphocytes increasing to 100% at an age of 30 days [10]. That means, the autoimmune
process starts before 10 days. In addition, infiltrating mononuclear cells like activated
macrophages and T-cells can be detected in islets of Langerhans at an age of 30 days [11,12].
Alone the obviously elevated Lepr gene expression in poorly-compensated rats seems to be
the result of the disturbed metabolism. This assumption is supported by findings of Cassy et
al. [13] who have shown that insulin downregulates leptin receptor gene expression in
chicken-derived hepatoma cells. Therefore, the 3 times higher Lepr expression in poorlycompensated rats should be the evidence for an actually insufficient insulin treatment in this
diabetics compared to the well-compensated group.
The findings in spleen show that the metabolic state and exogenous insulin influence
the Pref-1 expression because of the significant differences between diabetic groups as well as
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poorly-compensated rats and non-diabetics. An association between insulin treatment and
diminishing Pref-1 expression is supported by the fact that Pref-1 is colocalized with insulin
to the insulin secretory granules of the beta cells within the Langerhans islets shown by
Jensen et al. [14]. In addition, the comparable results of Il-10 expression between well- and
poorly-compensated rats as well as the general increase of Il-10 in diabetics compared with
control rats indicate that the metabolic state also influences the Il-10 expression for the Il-10
expression was elevated in well-compensated and significantly increased in poorlycompensated diabetics.
Since the liver is able to store and to produce glucose the regulation of the hepatic
metabolism has a key position in whole-body energy. Recent advances have been made in the
understanding of the regulation of hepatic processes by pancreatic hormones, insulin,
glucagon and glucose [15]. Insulin is known to modulate the expression of over 100 genes
whereby most genes encoding metabolic enzymes [16, 17]. Our findings indicate that all
genes analysed were generally higher expressed in diabetic than in non-diabetic rats.
Significant differences between well- and poorly-compensated rats were observed in the
expression of Yy1 and Lepr. The hyperglycaemia and insufficient insulin treatment upregulate the expression of leptin receptor. This is in agreement with findings of Cassy et al.
[13] who had shown that insulin downregulates Lepr mRNA suggesting a direct role of leptin
in hepatic metabolism. That prompted us to measure serum leptin in non-diabetics and freshly
diagnosed diabetics and in the well- and poorly-controlled rats using radioimmunoassay kit
(Rat Leptin RIA Kit; Linco Research, St. Charles, MO). Serum leptin was significantly higher
in non-diabetics than in freshly diagnosed diabetics (4.9 ± 2.8 vs. 0.4 ± 0.2 ng/ml; p<0.003).
Four weeks after insulin treatment, serum leptin was significantly increased in wellcompensated compared with freshly diagnosed diabetics (2.1 ± 0.7 vs. 0.4 ± 0.2 ng/ml;
p<0.0002). In addition, leptin was also significantly higher in well- than in poorlycompensated diabetics (2.1 ± 0.7 vs. 0.8 ± 0.9 ng/ml; p<0.01). These findings clearly
demonstrate a direct role of leptin in hepatic metabolism and its interplay with insulin.
Type-1-diabetic patients have an increased risk for developing cardiovascular disease.
Several epidemiologic studies have suggested that high blood glucose levels are associated
with a significant risk for the development of heart diseases as leading cause of death [18].
Pparγ, a member of the nuclear hormone receptor subfamily of transcription factors, regulates
adipocyte differentiation, glucose homeostasis, and inflammatory response. Wang et al. [19]
indicated that Pparγ plays a significant role in atherogenesis and possibly direct local vascular
wall effect. Mehrabi et al. [20] found increased Pparγ mRNA level in patients with ischaemic
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and dilated cardiomypathy suggesting an important function in the pathogenesis of heart
diseases. Our finding that the heart gene expression levels of all genes analysed were
generally increased in diabetics suggest metabolic dependency. Especially Pparγ seems to be
dependent on metabolic state for this gene differed significantly between the diabetic groups.
This finding may be a hint that Pparγ is involved in the development of heart disease
pronounced by poorly metabolic control.
Bone, in contrast to all other tissues studied, is most influenced by metabolic state and
seems to be regulated in a manner different from other organs studied. Bone shows constant
gene expression changes for almost all genes except of Tgfb. Eighty percent reduction of gene
expression was observed in well-compensated rats and about fifty percent reduction in poorlycompensated rats compared to the controls. The Tgfb gene expression was unaffected. Kolb et
al. [21] have already shown that insulin treatment does not change the expression of Tgfb in
pancreas. But they additionally found that like Tgfb also Il-10 is unaffected in pancreas [21].
But, Il-10 changes between the groups observed in our study may be attributed to the tissue
studied, since we investigated the bone and not the pancreas.
In conclusion, the metabolic state and therefore, the quality of insulin treatment influence
gene expression profiles. In dependency of tissue, genes are differently influenced and
regulated by the metabolic state whereby the bone seems to be exceptionally regulated, and
the thymus is the most unaffected tissue in non-diabetic as well as diabetic BB/OK rats.
However, it was also shown that tight and intensive insulin treatment is able to compensate
not only metabolic disorders but also to influence the gene expression profile.
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Figure1. Body weight gain and blood glucose in non-diabetic (▬), well- (----) and poorlycompensated (− − −) BB/OK rats during the observation period of 28 days
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Figure 2 A-E. Means ± SD of relative gene expression in thymus (A), spleen (B), liver (C),
heart (D), and bone (E)
* p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001
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Abstract
To get a hint about molecular basis of deficient fracture healing in poorly-compensated
diabetic BB/OK rats, we studied the expression of selected genes in non-diabetic BB/OK rats
compared with newly diagnosed diabetic, well- and poorly-compensated diabetic BB/OK rats.
The relative gene expression was generally reduced by more than 50% in all diabetics – newly
diagnosed, poorly- and well-compensated diabetics - in bone, but not in liver or spleen
compared with non-diabetic BB/OK rats. Because of this unexpected finding we supposed
that genetically determined autoimmune process does not only take place in pancreas leading
to beta-cell destruction, but also in bone influencing bone formation and resorption,
respectively. Therefore, diabetes-resistant congenic BB.SHR rats lacking the diabetessusceptible genes Iddm1 (BB.1K) or Iddm2 (BB.LL) were studied for gene expression as
described. The gene expression in both diabetes-resistant BB.SHR rats was comparable with
those of diabetic BB/OK rats, treated or untreated with insulin. For the first time, this shows
that i) the expression of genes is regulated differently in bone than in the liver and spleen of
diabetic BB rats, ii) it was independent of metabolic control, and iii) the genetically
determined autoimmune process not only affects pancreatic beta-cells but also bone formation
and resorption, respectively in BB/OK rats.
Key words: type 1 diabetes; metabolic state; RT-PCR; bone healing; bone genes; liver; spleen
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It is well known that type 1 diabetes is associated with a decrease in bone mass and delayed
healing of fractures in human and in animal models of type 1 diabetes [1-11]. Insight into the
mechanisms of diabetes-associated delays in fracture healing comes largely from studies
using animal models. Several models of type 1 diabetes have shown reduced bone turnover,
impaired fracture repair, deficits in mineralization or diminished production of matrix proteins
[2-4, 6-8, 11-16]. Because fracture healing is a unique biological process regulated by a
complex array of local regulatory interactions among cells and tissues as well as of signalling
molecules near the site of injury, a number of mechanisms have been proposed for bone
abnormalities in diabetes. Diminished expression of insulin growth factor-1 (Igf-1), basic
fibroblast growth factor (Fgf-1), platelet derived growth factor (Pdgf) or affected gene
expression may contribute to reduced production of bone matrix; increased brittleness of
diabetes bone may be due to abnormalities in microarchitecture [6, 8, 17-24]. Using well and
poorly-compensated diabetic BB/O(ttawa)K(arlsburg) rats spontaneously developing insulindependent type 1 diabetes, it was shown that the metabolic state of rats obviously influenced
the extent of delayed bone healing in the early period [14-16]. These findings demonstrate a
specific cause and effect relationship between inadequate insulin treatment which results in
poorly-compensated metabolic state and bone repair. To get a hints about molecular basis of
deficient fracture healing in poorly-compensated BB/OK rats, we studied the expression of
genes involved in bone repair in non-diabetic BB/OK rats compared with newly diagnosed
diabetic, well- and poorly-compensated diabetic BB/OK rats to obtain information on the
extent to which the diabetic state per se and the metabolic control influence the expression of
certain genes. We studied the expression of bone morphogenetic proteins (Bmp-1; Bmp-4),
vascular endothelial growth factor (Vegf), osteocalcin (bone gamma-carboxyglutamic acid
protein; Bglap), interleukine-1 beta (Il-1b), and the transcription factors Yy1 and Sp1. Bmp-1
is the prototype of a family of metalloproteases that is capable of inducing formation of
cartilage in vivo. In contrast, Bmp-4 belongs to the transforming growth factor beta
superfamily which influences a broad range of cellular activities, including cartilage
development and postnatal bone formation [25]). Vegf plays an important role in bone growth
via the endochondral ossification pathway and stimulates bone repair by promoting
angiogenesis and bone turnover [20]. Furthermore, it was shown that there is a synergistic
effect on bone healing between angiogenic factor Vegf and osteogenic factor Bmp4 [26].
Bglap is associated with the mineralized matrix of bone and plays an important role in bone
healing. Il-1b is a potent stimulator of bone resorption and has been implicated in the
pathogenesis of high bone turnover and osteoporosis. Genetic polymorphisms in the Il-1b
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gene have been reported to be important for bone homeostasis and susceptibility to bone
disease [27, 28]. We also studied the multifunctional transcription factor Yy1 because it
inhibits Tgfb1- and BMP- induced cell growth and differentiation [29], and the transcription
factor Sp1, which interacts with a variety of gene promoters containing GC-box elements and
initiating the genetic transcription of such genes. In addition, we studied the gene expression
in liver and spleen to obtain information on whether organ specificity exists
Materials and methods
Animals. Six age-matched non-diabetic (110 ± 5 days), 6 newly diagnosed diabetic BB/OK
males manifested at an age of 85 ± 15 days and 18 diabetic male BB/OK rats treated with
insulin were used [30]. All animals were kept in Macrolon cages (Size 3, Ehret GmbH,
Emmendingen, Germany) under strict hygienic conditions and were free of major pathogens
as described [30]. They had free access to food (Ssniff R, Soest, Germany) and water, and
were maintained in a 12-h cycle of light and dark cycle (5 a.m./ 5 p.m.). All experiments were
performed in accordance with the regulations for animal care of the Ministry of Nutrition,
Agriculture and Forestry of the Government of Mecklenburg-Vorpommern (Germany).
Insulin treatment. Twelve diabetic animals were treated either with one daily application of
1U insulin (Ultra lente, Novo Nordisk, Denmark) to guarantee survival and to generate a
poorly-compensated group, or with an insulin implant (osmotic pumps, Charles River
Laboratories, Germany) which continuously released insulin for 4 weeks to obtain a wellcompensated group. Body weight and blood glucose were measured at diabetes onset (day 0)
and thereafter daily up to 4 weeks of diabetes duration (day 28). Blood glucose levels were
measured after tail vein incision using a glucose analyzer (ESAT 6660-2, Medingen,
Germany). After 4 weeks of insulin treatment, the animals were euthanized with an overdose
of Sevofluran (Abbot, Germany). The last application of insulin in the poorly-compensated
group was administered 24 h before killing.
RNA analysis. At the time of euthanasia, liver, spleen, and tibial bone were removed. The
tibial bone was harvested from the proximal metaphysis to the tibiofibular junction, excluding
all cartilaginous and soft tissue. The tibias were snap frozen in liquid nitrogen and pulverized.
Total RNA was extracted with Trizol (Qiagen, Hilden Germany). The total RNA of liver and
spleen was isolated with RNeasy Mini Kit (Qiagen, Hilden Germany) following
manufacturer’s instructions. Residual DNA was removed by DNase treatment (RNase-Free
DNase Set, Qiagen, Hilden, Germany) according to the manufacturer’s instructions. RNA
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concentrations were measured by spectrophotometry. Only RNA samples with an
OD260/OD280 ratio > 1.6 were used for the subsequent experiments.
Purified RNA (1.5 µg) from tissue samples was supplemented with RNase-free water and 1 µl
random primer to a final volume of 13.5 µl. All samples were denatured for 5 min at 65°C
and cooled immediately on ice. Reverse transcription mixture (6.5 µl) was added, containing
4 µl of M-MLV 5X Reaction Buffer, 0.5 µl (20 units) RNasin, 1 µl of 10mM dNTP-Mix
(dATP, dCTP, dGTP, dTTP), and 1 µl (250 units) of M-MLV (Moloney murine leukemia
virus reverse transcriptase). All reverse transcription products used were manufactured by
Promega (Mannheim, Germany). cDNA synthesis was performed for 50 min at 42°C,
followed by an enzyme inactivating step for 10 min at 72°C. cDNA was diluted 1:5 and
stored at -20°C until use.
Real-time quantitative PCR and expression analysis
Real-time PCR was performed using the ABI PRISM® sequence detection system 7000
(Perkin-Elmer Applied Biosystems, Foster City, CA, USA) according to the manufacturer’s
instructions using ABI PRISM® 7000 SDS Software Version 1.1. Reactions were performed
with 12.5 µl SYBR-Green Master Mix (ABI), 0.4 - 2.0 µl of each primer (50ng/µl), 6 µl
template (cDNA) or no template (NTC), and RNase-free water added to a final volume of 25
µl. The cycling conditions were as follows: 50°C for 2 min, initial denaturation at 95 °C for
10 min, followed by 45 cycles of 95°C for 15 sec, 60°C for 1 min. Each quantitative PCR was
performed in triplicate. Target cDNA were amplified by primer sets of Bmp-1 (GenBank Acc.
no.

AB073100,

F:

5’

CACGACAGTTGTGCCTACGACTA

3’

R:

5’

CACGACAGTTGTGCCTACGACTA 3’), Bmp-4 (GenBank Acc. no. NM_012827, F: 5’
GAGCGCCATTTCCATGTTGTAT 3’ R: 5’ CTCCACCACCATCTCCTGATAATT 3’),
Bglap (GenBank Acc. no. M25490, F 5’ ATCAGAAAAGGCCTGGTCACAGT 3’ R: 5’
CTGCCACGTGTCAGCAACTC 3’), Vegf (GenBank Acc. no. AF062644, F: 5’
GGTTTCGGGAACTAGACCTCTCA 3’ R: 5’ TGTCGACGGTGACGATGGT 3’), Il-1b
(GenBank Acc. no. NM_031512, F: 5’ CACCTCTCAAGCAGAGAGCACAGA 3’ R: 5’
GGGTTCCATGGTGAAGTCAACT 3’),

Yy1 (GenBank Acc. no. AY442180, F: 5’

GGGCGACAC CCTCTACATTG 3’ R: 5’ TCTCATGCAGTTCCACGATCTC 3’), and Sp1
(GenBank Acc. no. NM_012655, F: 5’ GCCCTAAGCGTTTCATGAGGA 3’ R: 5’
CTTCTGAACCTGCCCCACTGT 3’). The rat 18srRNA gene served as the endogenous
reference gene. The melting curve was done to ensure specific amplification.
The standard curve method was used for relative quantification. For each experimental
sample, the amounts of targets and endogenous reference, 18srRNA, were determined from
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the calibration curve. The target amount was then divided by the endogenous reference
amount to obtain a normalized target value. The relative gene target expression was also
normalized to the non-diabetic tissue samples (calibrator). Each of the normalized target
values was divided by the calibrator-normalized target value to generate the final relative
expression. Final results are expressed as N-fold differences in selected gene expression
relative to the 18srRNA gene and the calibrator.
Statistical analysis. Data are given as mean ± SEM. Differences were assessed by one-way
analysis of variance corrected by Bonferroni-Holm using the statistical analysis system SPSS
(SPSS Inc., Chicago, IL).
Results
The age at onset of diabetes was 85 ± 15 days in newly diagnosed, 83 ± 12 in well- and 85 ±
14 in poorly- compensated diabetic rats; this difference was not statistically significant. In
addition, there were no significant differences between well- and poorly-compensated rats
regarding blood glucose values (19 ± 5 vs. 21 ± 4 vs. 20 ± 3 mmol/l) and body weight at
diabetes onset (325 ± 41 vs. 321 ± 51g vs. 327 ± 38 g). However, significant differences were
found between well- and poorly-compensated diabetic animals in body weight gain 8 days
and in blood glucose 2 days after diabetes onset and beginning appropriate insulin treatment
(Fig. 1). The body weight of well-compensated rats increased during insulin treatment and
was comparable to those of non-diabetics (383 ± 41 vs. 387 ± 31g), while poorlycompensated rats neither lost nor gained weight (310 ± 40g). The behaviour of the two traits
proved that the targeted compensation states in the insulin-treated diabetics had been attained.
Analyzing the relative gene expression in newly diagnosed diabetic BB/OK males and in
diabetics 4 weeks after insulin treatment, all diabetic rats compared to non-diabetic rats
showed expression that was generally reduced by more than 50% in bone, but not in liver or
spleen (Fig. 2). In bone, significant differences were found between non-diabetic and newly
diagnosed diabetics, as well as both well- and poorly-compensated diabetic animals in terms
of the relative gene expression of Bmp-1 (1.0 vs. 0.14 vs. 0.14 vs. 0.44; p<0.0001), Bmp-4
(1.0 vs. 0.09 vs. 0.13 vs. 0.30; p<0.0001), Bglap (1.0 vs. 0.09 vs. 0.13 vs. 0.33; p<0.0001),
Vegf (1.0 vs.0.13 vs.

0.14 vs. 0.34; p<0.0001), Il-1b (1.0 vs. 0.13 vs. 0.14 vs. 0.34;

p<0.0001), Yy1 (1.0 vs. 0.06 vs. 0.13 vs. 0.30; p<0.0001) and Sp1 (1.0 vs. 0.07 vs. 0.13 vs.
0.31; p<0.0001). The gene expression in spleen was comparable between non-diabetic and all
diabetic groups. In liver, the expression of most genes was highly variable in newly diagnosed
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diabetics compared with non-diabetics, well- and poorly-compensated diabetics, but the there
were no significant differences.
Discussion
The comparable body weight gain in non-diabetic and well-compensated BB/OK rats and the
more or less steady state of body weight in poorly-compensated diabetic animals impressively
showed the different quality of metabolic control of diabetics in our study. Despite obvious
differences in the metabolic control of diabetics, it was clearly demonstrated that the diabetic
state per se decreases the relative expression of all genes studied in bone by more than 50%,
which was not observed in spleen (an immunologically potent organ) or liver (a metabolically
potent organ). For the first time, this shows that the expression of genes involved in bone
repair is regulated differently in bone than in the liver and spleen of diabetic BB rats, and that
it was independent of metabolic control. It has never been previously described that insulin
treatment of diabetic animals does not increase the gene expression on level of non-diabetics.
Studies in streptozotocin diabetic mice reporting gene expression of osteocalcin, collagen type
I and transcription factors clearly showed that the gene expression was substantially reduced
in diabetic mice compared with non-diabetic controls, but insulin treatment of these diabetic
mice significantly increased the expression of genes studied (osteocalcin, collagen type I,
transcription factors Dlx5 and Cbfa1/Runx-2) compared with untreated diabetics [23].
Regarding the metabolic state, the untreated diabetic mice may be comparable to our poorlycompensated rats. Because newly diagnosed, well- and poorly-compensated diabetic rats were
characterized by obviously lower expression in all genes compared with non-diabetic BB/OK,
the inconsistent findings in diabetic mice and BB/OK rats may be explained by the fact that
the bones of streptozotocin and not of spontaneously diabetic animals were studied.
Streptozotocin is a drug which selectively destroys insulin-producing beta-cells of the
pancreas leading to insulin-dependent type 1 diabetes. In contrast, type 1 diabetes in
spontaneously diabetic BB rats is caused by a genetically determined autoimmune process by
which beta-cells are selectively destroyed. T cells specific for beta-cell antigens are the
mediators for this precise cellular destruction.
Spontaneous diabetes in BB rats shares many common features with human insulin-dependent
type 1 diabetes. Similar to humans, disease development in the BB rat is complex, polygenic,
and recessively inherited [31]. Several crossing studies using diabetic BB/OK and rats of
several diabetes-resistant strains have demonstrated that the class II genes of the major
histocompatibility complex (MHC, Iddm1) and a second locus, Iddm2, causing a profound T
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cell lymphopenia, are essential for diabetes development in the BB rat [32-34]. Similar to
humans, the process of pancreatic beta-cell destruction in pre-diabetic animals has a
preclinical phase of 50 to 200 days. BB/OK rats show first signs of autoimmunity at an age of
10 days, manifesting as cytolytic activity of sera against pancreatic islets [35]. But, earliest
diagnosis of diabetes is not before an age of 60 days and only 2% of BB/OK rats manifest
later than 200 days [30].
Because of our surprising finding that the gene expression was obviously reduced in all
diabetics – newly diagnosed, well- and poorly-compensated - compared to non-diabetic
BB/OK, the idea was born that the genetically determined autoimmune process does not only
take place in pancreas leading to beta-cell destruction, but also in bone influencing bone
formation and resorption, respectively. If so, genetically modified BB/OK rats in which the
autoimmune process does not lead to type 1 diabetes should give an answer.
There are two congenic BB.SHR rat lines, known as BB.1K and BB.LL. In congenic BB.1K
rats the diabetes-susceptible MHC haplotype RT1u (Iddm1) was replaced by the diabetesresistant RT1k haplotype of spontaneously hypertensive rats (SHR) using cross and backcross
procedure. Congenic BB.LL rats are not lymphopenic because the chromosomal region with
the lymphopenia gene (Iddm2) was exchanged by that of non-lymphopenic SHR rats. Rats of
both congenic rat strains do not spontaneously develop type 1 diabetes because each of them
is lacking one of the essential diabetogenic genes [36-39]. Therefore, bone of 6 BB.1K and 6
BB.LL males at an age of 110 days was harvest and studied for gene expression as described
for non-diabetic and diabetic BB/OK rats in this study. As demonstrated in Fig. 3, the gene
expression of all genes studied was significantly reduced in both congenic BB.SHR and in
diabetic BB/OK rats compared with non-diabetic BB/OK rats. Therefore, the gene expression
in non-diabetes-prone BB.SHR rats is comparable with those of diabetic BB/OK rats, treated
or untreated with insulin. This finding may be indirect evidence that the autoimmune process
in pre-diabetic, normoglycemic BB/OK rats not only affects beta-cells but also bone indicated
as increased gene expression. The autoimmune process is more or less finished when most
beta-cells are destroyed and hyperglycemia is manifested which may be followed by
“normalisation” of gene expression in bone of diabetic BB/OK rats and therefore, the gene
expression is comparable with those of non-diabetes-prone BB.SHR rats, BB.1K and BB.LL,
respectively.
If this assumption is correct our results should support findings in human. Decreased bone
mineral density (BMD) has been described to be already present at onset of type 1 diabetes
suggesting the existence of pathogenic mechanisms that operating before the overt
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manifestation of type 1 diabetes [40]. It is well established that beta-cell destruction and
insulinopenia begin several years before the onset of clinical recognition of disease.
Therefore, our assumption that some of autoimmune and auto inflammatory response,
ongoing before diabetes onset, may also affect bone and playing a role in bone loss could be
true [41]. This idea is also supported by recently published findings measuring bone mineral
density (BMD), diabetes and bone relevant traits in teenage (13-19 y) and post-teenage
females (20-37 y) with type 1 diabetes in comparison with appropriate age-matched control
subjects. Results of this study showed that women with type 1 diabetes exhibit BMD
differences early in life with significant differences already present in post-teenage years. In
addition, there was no association between BMD measures and metabolic control or diabetes
duration [42].
In conclusion, the present study clearly demonstrates the influence of spontaneous diabetes on
bone gene expression in BB/OK rats, which may be attributed to the genetically determined
autoimmune process which not only affects pancreatic beta-cells but also bone formation and
resorption, respectively.
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FIG. 1. Body weight gain and blood glucose (mean ± SD) in non-diabetic (▬), well (----) and
poorly-compensated (− − −) BB/OK rats during the observation period of 28 days
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FIG. 2. Relative gene expression (mean ± SEM) in bone, kidney, spleen and liver of non
diabetic (nd), newly diagnosed diabetic (d), and well- (wc-d) as well as poorly-compensated
(pc-d) diabetic BB/OK rats
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FIG.3. Relative gene expression (mean ± SEM) in bone of non-diabetic (nd) and diabetic
BB/OK (d), diabetes-resistant BB.1K and BB.LL rats
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Phenotypic and Genetic Analyses of Subcongenic BB.SHR Rat Lines Shorten the Region
on Chromosome 4 Bearing Gene(s) for Underlying Facets of Metabolic Syndrome
Nora Klöting, Barbara Wilke, and Ingrid Klöting
Department of Laboratory Animal Science, Medical Faculty, University of Greifswald,
Karlsburg, Germany
ABSTRACT
Congenic BB.SHR (D4Got41-Npy-Tacr1; BB.4S) rats develop an incomplete metabolic
syndrome with obesity, hyperleptinemia, and dyslipidemia as compared to their progenitor
strain, the diabetes-prone BB/OK rat. To narrow down the underlying gene(s), two
subcongenic BB.SHR rat lines – briefly termed BB.4Sa and BB.4Sb –were generated. Male
BB.4S (20), BB.4Sa (24) and BB.4Sb (26) were longitudinally characterized for facets of the
metabolic syndrome and analyzed for expression of genes located in the region of interest in
liver and blood.
Body weight gain was comparable, serum triglycerides and leptin were significantly
increased, and total cholesterol and HDL-cholesterol ratio were decreased in BB.4S compared
to both subcongenics. Serum insulin was significantly higher in BB.4S and BB.4Sa than in
BB.4Sb. The adiposity index showed a graduated decrease from BB.6S to BB.4Sb. Obvious
differences in relative expression were found in 6 out of 10 genes in liver and in 2 out of 9
genes in blood. Only one gene, the eukaryotic translation initiation factor 2 alpha kinase 3
(Eif2ak3 also called Perk or Pek), was significantly less expressed in liver and in blood of
both subcongenic BB.4Sa and BB.4Sb compared to their ”parental” BB.4S rats.
Based on the phenotype and genotype in BB.4S and its subcongenic derivatives, the most
important region on chromosome 4 can be said to lie between D4Got72 and Tacr1. Eif2ak3 is
mapped in this region. Considering the function of Eif2ak3, it may be a candidate gene for the
development of glucose intolerance found in both subcongenics but not in BB.4S. Allelic
variants between BB/OK and SHR could influence Eif2ak3 function, possibly leading not
only to glucose intolerance but also to the disturbances in hepatic and renal function found in
human Wolcott-Rallison syndrome.
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INTRODUCTION
Linkage studies in rats have revealed a number of quantitative trait loci (QTLs) for facets of
the metabolic syndrome (6,7,10,12,15-18,20,21). However, these localizations are only
preliminary steps for the identification of the underlying gene(s), and further investigations
are required to confirm the existence of QTLs; to this end, the construction of congenic strains
is essential. Strains that are genetically identical except for a single chromosome segment are
said to be congenic. Congenic strains are usually derived by backcross breeding and genomic
selection techniques, by which a specific chromosome segment is transferred from the strain
A onto the genetic background of a recipient strain B and designated B.A. If such a congenic
B.A strain differs from the progenitor strain B, one can conclude that there is a locus within
the transferred segment affecting the respective trait. To date, several congenic rat strains
have been generated to dissect complex diseases; one of them is the congenic BB.SHR
(D4Got41-Npy-Tacr1) rat, also known as BB.LL, in which a genetically defined region on
chromosome 4 of diabetes-prone BB/OK rats was replaced by that of spontaneously
hypertensive rats (SHR). These rats, briefly termed BB.4S, are normotensive, but develop an
incomplete metabolic syndrome including obesity, hyperleptinemia, and dyslipidemia when
compared with their progenitor strain, the BB/OK rat (13,14,19). However, to identify the
gene(s), the introgressed chromosomal segment must be systematically narrowed down to
generate recombinants and new subcongenic lines carrying smaller segments, in order to
increase the chance of identifying the relevant gene(s). Therefore, we generated two
subcongenic BB.SHR rat lines – termed BB.4Sa and BB.4Sb – differing from the congenic
strain by smaller and overlapping segments. The phenotypic characterization of these newly
established lines showed obvious differences to BB.4S. To get an indication of whether genes
located in the genetically defined region on chromosome 4 are differently expressed between
BB.4S and its subcongenics, we analyzed the relative mRNA expression of selected genes
which may contribute to some of the phenotypic differences between the rat lines studied.
Both subcongenic lines differ from BB.4S in a region flanked by markers D4Got72 at
position 91.0 Mb and Tacr1 at position 116.9 Mb on chromosome 4. Most genes located in
this region are unknown or novel. Therefore, we selected 10 known genes for gene expression
studies in liver and blood: 1) the prostaglandin F2 alpha receptor (Ptgs2) at position 94.8 Mb;
2) the interleukine 12 receptor (Il12r) at position 97.2 Mb; 3) the eukaryotic translation
initiation factor 2 alpha kinase 3 (Eif2ak3), also known as pancreatic eukaryotic translation
initiation factor 2 alpha kinase 3 (Pek or Perk) at position 104.4 Mb; 4) zinc finger protein
103 (Zfp103) at position 105.0 Mb; 5) the sialyltransferase 9 (Siat9) at position 105.6 Mb; 6,
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7) the vesicle-associated membrane proteins 5 and 8 (Vamp5; Vamp8) at position 105.9; 8)
the methionine adenosyltransferase II, alpha (Mat2a) at position 106.0 Mb; 9) the gelsolinlike capping protein (Capg) at position 106.1 Mb; and 10) trans-golgi network protein 1
(Ttgn1) at position 106.3 on chromosome 4 (8).
MATERIALS AND METHODS
Animals. Congenic BB.4S rats (N5, F8) were crossed with BB/OK rats (F65), resulting in F1
hybrids which were intercrossed to select animals with appropriate recombinant events. By
this procedure, 2 subcongenic lines were established. The detailed region of chromosome 4
characteristic of BB.4S and their subcongenic derivatives BB.4Sa and BB.4Sb is given in
Table 1. For the longitudinal observations, 20 BB.4S, 24 BB.4Sa, and 26 BB.4Sb males were
kept in pairs in Macrolon type III cages (Ehret GmbH, Emmendingen, Germany) under strict
hygienic conditions and maintained at a 12-h light and dark cycle (5 AM/ 5 PM). All rats
were free of major pathogens as described (11) and had free access to food (Ssniff ®; Soest,
Germany) and acidulated water. In addition, 5 males of BB.4S, BB.4Sa and BB.4Sb were
used for gene expression studies.
Phenotypic characterization. Rats were examined 7 times from the 12th to 32nd weeks of life
(at weeks 12, 14, 18, 22, 26, 30, and 32) for serum triglycerides and total and HDL
cholesterol. Serum insulin and leptin were determined at an age of 32 weeks. Non-fasting
blood samples were obtained from the rats by orbital puncture under light anesthesia
(Sevofluran, Abbott, Wiesbaden Germany). Body weight was recorded at an age of 3 and 6
weeks, and thereafter at 2-week intervals. The intraperitoneal glucose tolerance test was
performed 7 times (at 12, 16, 20, 24, 28, and 32 weeks) by injecting the non-fasting rats with
a glucose solution, dosage 2 g/kg body weight. Blood glucose levels were measured after tail
vein incision at 0 (baseline), 10, 30 and 60 min after injection. To compare the glucose
tolerance in dependence on age and strain (BB.4S, BB.4Sa, BB.4Sb), the area under the
glucose curve (AUC) was analysed and calculated from the blood glucose measurements
(mmol x min). All experiments were carried out between 7 and 9 am. All rats were killed at
an age of 32 weeks by an overdose of anesthetic (Sevofluran, Abbott, Germany) and liver,
heart, and left and right inquinal adipose pads were removed and weighed. The weight of
organs and the sum of adipose pads to body weight, multiplied by 100, yielded the relative
weight of organs and adiposity index, respectively.
Blood glucose was determined using a glucose analyzer (ESAT 6660-2, Medingen,
Germany). Serum triglycerides and total and HDL cholesterol were analyzed using an
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automatic analyzer (Roche Cobas Mira Plus, Roche, Switzerland). Serum leptin and insulin
were determined using a radioimmunoassay kit (Rat Leptin RIA Kit; Linco Research, St.
Charles, MO, USA) or ELISA (Rat Insulin ELISA, Mercodia, Uppsala, Sweden).
All experiments were performed in accordance with the rules for animal care of the Ministry
of Nutrition, Agriculture and Forestry of the German government.
RNA isolation and cDNA synthesis. Total RNA was isolated from liver and blood using the
RNeasy Mini kit, which was eluted in 50 µl of RNase-free water (Qiagen, Hilden, Germany).
Residual DNA was removed by treatment with 1 unit of DNase per 1 µg RNA (RQ1 RNaseFree DNase, Promega, Mannheim, Germany) at 37°C for 30 minutes. RNA concentration was
measured by spectrophotometry. Only RNA samples with an OD260/OD280 ratio > 1.6 were
used for experiments. Purified RNA (1.5 µg) from organ samples was supplemented with
Rnase-free water and 1 µl of random primer to a final volume of 13.5 µl. All samples were
denatured for 5 min at 65°C and cooled immediately on ice. Reverse transcription mixture
(6.5 µl) was added, containing 4 µl of M-MLV 5X Reaction Buffer, 0.5 µl (20 units) of
RNasin, 1 µl of 10 mM dNTP-Mix (dATP, dCTP, dGTP, dTTP), and 1 µl (250 units) of MMLV (Moloney murine leukemia virus reverse transcriptase). All reverse transcription
products were manufactured by Promega (Mannheim, Germany). cDNA synthesis was
performed for 50 min at 42°C, followed by an enzyme inactivating step for 10 min at 72°C.
cDNA was stored at -20°C until use.
Real-time quantitative PCR. Real-time PCR was performed using the ABI PRISM® sequence
detection system 7000 (Perkin-Elmer Applied Biosystems, Foster City, CA, USA) according
to the manufacturer’s instructions. Reactions were performed with 12.5 µl of SYBR-Green
Master Mix (ABI), 0.4 - 2.0 µl of each primer (50 ng/µl), 6 µl of template (cDNA), or no
template (NTC). RNase-free water was added to a final volume of 25 µl. The cycling
conditions were as follows: 50°C for 2 min, initial denaturation at 95°C for 10 min, followed
by 45 cycles of 95°C for 15 sec, 60°C for 1 min. Each quantitative PCR was performed in
triplicate. Target cDNA were amplified by primer sets for Ptgs2 (F: 3’ TGGGATCTCCATG
GTGTTCTCT 5’; R: 3’ CCCGA
TGCACCTCTCAATG 5’), Il12r (F: 3’ CAAGCATTTGCATCGCTATCA 5’; R: 3’
GAGTAAATGCCTTTTGCCTGAAG 5’), Eif2ak3 (F: 3’ AACGGAAGGAGTC TG
AAACTCAGT 5’; R: 3’ TTGGCTCAAAATCTGTTAGGTATCG 5’), Zfp103
(F: 3’ CTGGGTACGTTCCACTCTCATCA 5’; R: 3’ CCCACTGTACTCTTTAAGCA
TGACTT 5’), Siat9 (F: 3’ TGCCTGAGCACGACTTTCCT 5’; R: 3’ GCCCAGCT
CTAGTCCGTGAAG 5’), Vamp5 (F: 3’ GACGGAAATCATGCTCAACAATT 5’;
92

Physiol.Genomics 18, 2004, 325-330.

R: 3’ GCGCTGCTGCAACTCTGA 5’), Vamp8 (F: 3’ GAACCTGGACCATCTCCGAAA
5’; R: 3’ AACTTCCGGGCCACCTTCT 5’), Mata2 (F: 3’ TGTCCTTGATGCACACC
TTCAG 5’; R: 3’ CTAGATGTAATTTCCCCAGCAAGAA 5’), Capg (F: 3’ TCGGC
GTTCCACAAGACAA 5’; R: 3’ TCTCGGTCGCACGGATGT 5’), and Ttgn1 (F: 3’
TTAGGCAGGCCACACTATGGA 5’; R: 3’ CCCATCAGCATCCCACAGA 5’). All primer
sequences were obtained from the GenBank (8). The rat 18sRNA gene served as the
endogenous reference gene.
Expression analysis. For each experimental sample, the amounts of targets and endogenous
reference (18sRNA) were determined from the calibration curve. The target amount was then
divided by the endogenous reference amount to obtain a normalized target value. The relative
gene target expression was also normalized to the tissue sample of BB.4S rats (calibrator).
Each normalized target value was divided by the calibrator-normalized target value to
generate the final relative expression. Final results are expressed as N-fold differences in
selected gene expression relative to the 18sRNA gene and the calibrator.
Statistical analysis. Data are given as mean ± SD. For real-time PCR analysis, statistical
analyses were conducted according to the instructions from Applied Biosystems. Differences
were assessed by one-way analysis of variance corrected with Bonferroni-Holm using the
statistical analysis system SPSS (SPSS Inc., Chicago, IL).
RESULTS
In comparison with congenic BB.4S rats, subcongenic BB.4Sa differs genetically in the
region flanked by microsatellite markers D4Got72 and Tacr1, while BB.4Sb differs in the
region flanked by markers D4Rat168 and Tacr1. Therefore, the BB.4Sb line has the shortest
region of SHR (Table 1).
Body weight gain in BB.4S, BB.4Sa and BB.4Sb males was comparable up to an age of 32
weeks as shown in Fig. 1. In serum triglycerides BB.4S rats were characterized by
significantly elevated values compared to both subcongenics from 18 to 32 weeks of age. In
contrast, serum total cholesterol was significantly higher in male BB.4Sa and BB.4Sb
compared with BB.4S, except at 12, 14 and 26 weeks (Fig. 1). The HDL-cholesterol ratio was
comparable up to an age of 18 weeks. Thereafter, the ratio significantly dropped in BB.4S
males, but that of the subcongenics remained at the level observed at 18 weeks. The most
surprising results were observed in glucose tolerance, demonstrated as glucose area under the
curve (AUC). The AUC of both subcongenics, BB.4Sa and BB.4Sb, was significantly
elevated after 28 weeks, which suggests an impaired glucose tolerance with increasing age.
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Table 2 summarizes those traits which were determined once at an age of 32 weeks. Serum
leptin and adiposity index (AI) were significantly lower in subcongenic BB.4Sa and BB.4Sb
than in BB.4S. Significant differences in AI were also found between BB.4Sa and BB.4Sb.
The values were lower in BB.4Sb than in BB.4Sa. Comparable values of serum insulin were
observed in BB.4S and BB.4Sa; the lowest values in BB.4Sb significantly differed from those
of BB.4S and BB.4Sa. No significant differences were observed for relative weight of liver
and heart.
Obvious findings in the relative gene expression in liver (Fig. 2) were found in six genes,
Eif2ak3, Zfp103, Vamp5, Vamp8, Capg and Ttgn1. The expression of Eif2ak3, Zfp103,
Vamp8 and Ttgn1 was significantly reduced in both subcongenics, whereas the expression of
Vamp5 and Capg was significantly elevated in BB.4Sa compared with BB.4S and BB.4Sb. In
contrast, there were only 2 out of 9 genes showing significant differences in relative gene
expression in blood. The expression of Eif2ak3 and Siat9 was significantly reduced in both
subcongenics compared with BB.4S. One gene, Ptgs2, was not expressed in blood.
DISCUSSION
Congenic BB.4S rats are characterized by significantly increased serum triglycerides and total
cholesterol compared with rats of the parental strain, BB/OK. In addition, BB.4S rats develop
obesity and hyperleptinemia (13,14,19). Comparing the traits between congenic BB.4S and
their subcongenic derivatives, BB.4Sa and BB.4Sb, it is possible to group the traits into those
which were significantly higher (serum triglycerides and leptin) and those which were
significantly lower (serum total cholesterol, HDL-cholesterol ratio and AUC) in BB.4S than
in their subcongenic derivatives. This means that the genes responsible for an increase or
decrease of these values must be located in the region which is different from BB.4S, but
comparable between both subcongenic lines. This common region is flanked by microsatellite
markers D4Got72 and Tacr1 (cf. Table 1). A third group comprises exceptions. They were
found in body weight gain, which was comparable between all three rat lines, in serum
insulin, which was significantly reduced in BB.4Sb compared with BB.4Sa and BB.4S, and in
adiposity index (AI), which decreased from BB.4S to BB.4Sa to BB.4Sb. Because of the
comparable body weight gain, the responsible gene(s) must be of SHR origin and therefore
should be located between D4Got41 and Ian4. In contrast, if there is a gene(s) in this region
influencing serum insulin – the values of which in BB.4Sb rats were significantly lower than
in BB.4S and BB.4Sa – it should be located between D4Rat168 and D4Rat171, for this region
in BB.4Sb differs genetically from both BB.4Sa and BB.4S. The region is of BB origin in
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BB.4Sb and of SHR origin in BB.4Sa and BB.4S. No clear-cut relationship was found in AI.
The graduated decrease from BB.4S to BB.4Sa to BB.4Sb seems to suggest an interaction of
genes.
The incontestably most important region on chromosome 4 lies between D4Got72 and Tacr1,
significantly decreasing values of serum lipids and leptin as well as leading to an impaired
glucose tolerance in both subcongenic BB.4Sa and BB.4Sb compared with their ”parental”
BB.4S rats. The common region between D4Got72 and Tacr1 in BB.4Sa and BB.4Sb is of
BB/OK origin. The relative expression of genes located in this region revealed significant
differences in 6 out of 10 genes of liver and in 2 out of 9 genes of blood, because Ptgs2 was
not expressed in blood. In liver, the expression of Vamp5 and Capg is significantly increased
in BB.4Sa compared to BB.4S and BB.4Sb. However, there was no trait in which BB.4Sa
differed significantly from both BB.4S and BB.4Sb. That may suggest that Vamp5 and Capg
are not involved in the regulation of the traits studied. In contrast, 4 genes – Eif2ak3, Zfp103,
Vamp8 and Ttgn1 – were found to be significantly less expressed in both subcongenics
compared with BB.4S. However, considering the relative expression not only in liver but also
in blood, there was only one gene of common interest. Eif2ak3 was significantly reduced in
liver and blood of both subcongenics compared with their ”parental” BB.4S rats, which may
reflect a general genetic difference between the subcongenics BB.4Sa and BB.4Sb and their
”parental” BB.4S strain.
Eif2ak3 regulates protein synthesis and is expressed in most tissues, with the highest
expression in pancreatic islets and placenta. The role of Eif2ak3 in maintaining the function of
pancreatic ß-cells has been corroborated by studies on knock-out mice lacking functional
Eif2ak3. These knock-out mice are born with an apparently normal phenotype, suggesting that
Eif2ak3 is not required for development. Between 2 and 4 weeks of age, however, these mice
gradually develop hyperglycemia which coincides with decreased levels of insulin mRNA and
protein. The diabetic phenotype of Eif2ak3 knock-out mice is primarily caused by progressive
loss of islet ß-cells, as evidenced by the high number of ß-cells that scored positive for an
apoptosis marker. The targeted disruption of the mouse Eif2ak3 gene also resulted in
abnormally elevated protein synthesis and higher levels of endoplasmatic reticulum (ER)
stress, indicating that it plays a major role in the ability of cells to adapt to ER stress (9,26).
The important role of Eif2ak3 in maintaining normal islet function is further illustrated by
mice deficient in Eif2ak3 in islet ß-cells only. These ß-cell-specific knock-out mice develop
diabetes without other defects, such as growth retardation or skeletal abnormalities (25). In
addition, Eif2ak3 is involved in permanent neonatal or early infancy insulin-dependent
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diabetes, known as Wolcott-Rallison syndrome (WRS) in humans. WRS is a rare autosomal
recessive disorder (1 in 500,000 neonates) characterized by diabetes mellitus, multiple
epiphyseal dysplasia, osteoporosis, and growth retardation. The disease causes islet ß-cell
dystrophy without major detectable defects in the glucagon-secreting α-cells. Other frequent
manifestations are hepatic and renal dysfunction, mental retardation, and cardiovascular
abnormalities (2-5,22-24). Considering the function of Eif2ak3, it may be a candidate gene for
the development of glucose intolerance found in both subcongenics but not in BB.4S.
Because subcongenic BB.4Sa and BB.4Sb are homozygous for BB and BB.4S for SHR
alleles, the increase of AUC in subcongenics could be attributed to different Eif2ak3 alleles in
BB and SHR rats.
This idea is supported by human studies where allelic variants were found in Eif2ak3
connected with WRS (2,3,5). If allelic variants are detectable between BB and SHR, the
question arises whether the significantly different values of serum lipids and leptin in both
subcongenics compared to congenic BB.4S could also be explained by allelic variants of the
Eif2ak3 gene. Considering the current knowledge on the biological function of Eif2ak3, no
connection seems to exist; it cannot, however, be excluded, especially given the findings of
Brickwood et al. (3) in unrelated patients with WRS. They identified two novel mutations in
the Eif2ak3 gene and found additional phenotypic features, including a predilection to severe
hypoglycemic episodes, indicating hepatic impairment and renal failure. This observation
suggests that depending on the mutation in the gene, different phenotypes can manifest which
was not observed in knock-out mouse models. If so, the significantly different values of
serum lipids and leptin in both subcongenics compared to congenic BB.4S may also be
explained by a specific allelic variant of the Eif2ak3 gene in the BB rat on the one hand and in
SHR on the other, not only leading to glucose intolerance but also to a disturbed hepatic and
renal metabolism. The only way to answer the question is to sequence the Eif2ak3 gene in BB
and SHR rats. If there are no allelic variants between BB and SHR, other genes should be
located in the chromosome 4 region flanked by markers D4Rat72 and Tacr1 which influence
the regulation of serum lipids and leptin. This task could be solved in the future with further
expression analysis of genes located in the region of interest and by generating subsubcongenic BB.4S rat lines to more specifically identify the concerned chromosomal region
on chromosome 4.
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Table 1. Chromosome 4 characteristics of congenic BB.4S and its subcongenic derivatives
BB.4Sa and BB.4Sb
Microsatellites
D4Rat4
D4Mgh1
D4Rat9
D4Rat126
D4Rat89
D4Mit9
Lep
D4Rat23
D4Rat20
D4Got41
D4Mgh16
D4Got48
D4Rat25
D4Rat102
D4Got45
D4Got51
D4Rat19
D4Rat27
D4Rat164
D4Rat32
D4Rat214
Ian4
D4Rat168
Npy
D4Got65
D4Rat266
D4Got67
D4Got69
D4Got76
D4Rat171
D4Got72
D4Rat173
D4Rat174
D4Rat175
D4Rat42
Tacr1
D4Rat43
D4Rat50
D4Mit16
D4Rat57
D4Mit17
D4Rat195
D4Rat59
D4Mgh9
Eno2
D4Rat66
D4Mgh11

Position on
chromosome
(Mb)
3.2
17.6
23.5
26.2
33.6
55.1
56.2
58.8
59.9
60.5
61.9
65.9
66.1
66.5
66.8
70.4
70.9
71.7
73.3
75.6
77.0
77.1
77.4
78.3
83.3
84.6
85.8
87.2
87.5
88.2
91.0
93.0
94.7
106.7
116.5
116.8
117.8
120.3
127.0
134.8
135.1
144.1
150.3
152.8
161.1
161.3
171.4

BB.4S

BB.4Sa

BB.4Sb

BB
BB
BB
BB
BB
BB
BB
BB
BB
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB

BB
BB
BB
BB
BB
BB
BB
BB
BB
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB

BB
BB
BB
BB
BB
BB
BB
BB
BB
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
SHR
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
BB
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Table 2. Serum leptin, insulin, adiposity index (AI) and relative weight of liver and heart in
congenic BB.4S rats and their subcongenic derivatives at an age of 32 weeks (mean ± SD)
p-values
BB.4S

BB.4Sa

BB.4Sb

BB.4S vs.

BB.4Sa

Traits

(n=20)

(n=24)

(n=26)

BB.4Sa BB.4Sb

BB.4Sb

Leptin ng/ml

15.3 ± 3.5

9.7 ± 2.4

10.5 ± 2.8

<0.0001

<0.0001

n.s.

Insulin ng/ml

0.7 ± 0.3

0.8 ± 0.4

0.4 ± 0.2

n.s

0.01

0.006

AI

1.5 ± 0.3

1.1 ± 0.2

0.9 ± 0.2

0.0002

<0.0001

0.002

vs.

Relative weight of (%)
Liver

3.6 ± 0.3

3.7 ± 0.3

3.6 ± 0.4

n.s

n.s.

n.s.

Heart

0.24 ± 0.02

0.24 ± 0.02

0.25 ± 0.02

n.s.

n.s.

n.s.
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Fig.1. Body weight gain, serum triglycerides, serum total cholesterol, HDL-cholesterol ratio
and glucose tolerance (AUC) in BB.4S (▬), BB.4Sa (----) and BB.4Sb (─ ─ ─) rats
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Fig.2. Relative gene expression in liver and blood of 32-week-old BB.4S rats and their subcongenic derivatives

relative gene expression

relative gene expression

.

.
Obesity Res. 2004, in press

Alleles on rat chromosome 4 (D4Got41-Fabp1/Tacr1) regulate
sub-phenotypes of obesity as shown in congenic BB.SHR and BB.WOKW rats
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Karlsburg, Germany
Abstract
Objective. The use of inbred animal models is an essential component of the genetic
dissection of complex diseases. Because quantitative trait loci (QTLs) for serum triglycerides,
total cholesterol and body weight were mapped on chromosome 4 in a cross of BB/OK and
SHR rats, we established a congenic BB.SHR rat strain by introgressing a SHR segment of
chromosome 4 (D4Got41-Tacr1) into a BB/OK background. The phenotype of these BB.SHR
rats (BB.4S) confirmed the QTLs. In order to discover whether the phenotype of BB.4S can
only be attributed to the SHR segment per se, we established an additional congenic
BB.WOKW strain by introgressing a similar segment of chromosome 4 (D4Got41-Fabp1) of
the WOKW rat into a BB/OK background, termed briefly BB.4W.
Research Methods and Procedures. Male normoglycemic BB/OK (20), BB.4S (20) and
BB.4W (16) rats were longitudinally studied for body weight, serum triglycerides, total and
HDL cholesterol, as well as glucose tolerance. At the end of observation period (32 weeks),
serum insulin, leptin, and adiposity index were determined.
Results and Discussion. Congenic BB.4S and BB.4W were significantly heavier, and
adiposity index, serum triglycerides and total cholesterol values were significantly elevated in
BB.4S and BB.4W compared with BB/OK, but more pronounced in BB.4S. The
HDL/cholesterol ratio was lowest in BB.4S. Glucose tolerance was in the normal range in
congenics, but impaired in BB/OK. The highest serum insulin was found in BB.4W and
highest leptin in BB.4S. Because the body weight gain and adiposity index were comparable
between BB.4S and BB.4W, the obviously higher insulin levels in BB.4W compared to
BB.4S as well as higher leptin values in BB.4S compared to BB.4W suggest that the two
congenics most probably define two sub-phenotypes of obesity and provide the unique
opportunity to study their genetics.
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Introduction
It has been substantiated that most major diseases including cardiovascular disease, obesity,
diabetes, and cancer result from interaction between genetic susceptibility and environmental
factors, including diet. In the field of lipoprotein metabolism, several gene polymorphisms for
key proteins, such as apoproteins, microsomal transfer protein, fatty acid-binding protein,
lipoprotein lipase etc., have been identified and linked to variable responses to diets.
However, the results of these human studies were highly discrepant: while some researchers
reported a significant association between specific genetic markers and plasma lipids, others
failed to do so (1,2). Therefore, inbred animal models developing metabolic abnormalities are
an essential component of genetic investigations in this field. As inbred lines are genetically
homogeneous, it is possible to direct mating for optimal genetic crosses and control
environmental factors.
In male cross hybrids of diabetes-prone BioBreeding/OttawaKarlsburg (BB/OK) and
spontaneously hypertensive (SHR) rats, quantitative trait loci (QTLs) for serum triglycerides,
total cholesterol, and body weight were mapped on chromosome 4 some years ago (3-5).
Male cross hybrids which were homozygous for alleles of BB/OK rats showed significantly
lower triglycerides, cholesterol values and body weight than those which were heterozygous
for the alleles of BB and SHR (3, 4). Therefore, SHR alleles increase body weight and serum
lipids. To study the relevance of lipid- and body-weight-increasing SHR gene/s on
chromosome 4, we established a congenic BB.SHR rat strain by introgressing a SHR segment
of chromosome 4 (D4Got41-Tacr1) into BB/OK background. The phenotype of these
BB.SHR rats (BB.4S), also known as BB.LL, confirmed the phenotype of significantly
increased serum lipids and body weight compared with rats of the parental strain, BB/OK (68). In addition, despite the fact that no QTL for serum leptin and insulin was mapped in the
male BB/OK x SHR cross population on chromosome 4, congenic BB.4S rats additionally
develop hyperleptinemia and a slight hyperinsulinemia (8). In order to discover whether the
phenotype of BB.4S can only be attributed to the SHR segment per se, we established an
additional congenic BB.WOKW strain by introgressing a similar segment of chromosome 4
(D4Got41-Fabp1) of the Wistar Ottawa Karlsburg RT1u (WOKW) rat onto BB/OK
background, termed briefly BB.4W. In contrast to SHR, WOKW rats develop a polygenic and
complete metabolic syndrome with obesity, hyperinsulinemia, dyslipidemia, impaired glucose
tolerance, hypertension, and proteinuria (9-11). Like BB/OK, WOKW was derived from the
same outbred Wistar rat stock of the BioBreeding laboratories, Ottawa, Canada, more than 20
years ago (12).
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Research Methods and Procedures
All rats used were bred and kept in our own animal facility. BB.4W rats were generated as
described for BB.4S (6). Briefly, BB.4W were generated by a cross of BB/OK (F58) and
WOKW rats (F60). The resulting cross hybrids were repeatedly backcrossed with BB/OK
rats. To accelerate the generation of congenics, we selected animals which were heterozygous
at loci within the region on chromosome 4 (D4Got41-Fabp; Tacr1 marker is not polymorphic
between BB/OK and WOKW) and homozygous for BB alleles at 120 background loci to
generate speed congenics. After 5 backcross generations, the animals were intercrossed.
Animals homozygous for WOKW alleles at the loci on chromosome 4 were selected and
founded the congenic BB.4W rat strain. The rats were kept in pairs in Macrolon type III cages
(Ehret GmbH, Emmendingen, Germany) under strict hygienic conditions and were
maintained at a light/dark cycle of 12 hours (5 AM/ 5 PM). All rats were free of major
pathogens as described previously (13) and had free access to food (Ssniff ®; Soest,
Germany) and acidulated water.
All experiments were performed in accordance with the regulations for animal care of the
Ministry of Nutrition, Agriculture and Forestry of the German Government.
Male normoglycemic BB/OK (20), BB.4S (20) and BB.4W (16) were examined 7 times from
the 8th to 32nd weeks of life (at weeks 10, 12, 16, 20, 28, 28, 32) for serum triglycerides, total
and HDL cholesterol. Serum insulin and leptin were determined at an age of 32 weeks. Nonfasting blood samples were obtained from the rats by orbital puncture under light anesthesia
(Sevofluran, Abbott, Wiesbaden Germany). Body weight was measured at weaning at age 3
weeks, thereafter at 2-week intervals. The intraperitoneal glucose tolerance test was
performed 8 times (8, 12, 16, 20, 24, 28, 32 weeks) by injecting the rats with 2g/kg body
weight a 20% glucose solution. Blood glucose levels were measured after tail vein incision at
0 (baseline), 10, 30 and 60 min. after injection. The area under the glucose curve (AUC;
mmol x min) was calculated from the blood glucose measurements at baseline (0; a; G0), 10
(G10), 30 (G30) and 60 min (b; G60) as follows: 60 (b-a)/2 x 3 x (G0 + 2 x (G10 + G30) + G30).
All experiments were carried out between 7 and 9 AM. Rats were killed at 32 weeks by an
overdose of Sevofluran (Abbott, Wiesbaden Germany) and left and right inquinal adipose
pads were removed and weighed. The sum of adipose pads to body weight multiplied by 100
gave the adiposity index.
Blood glucose was determined using a glucose analyzer (ESAT 6660-2, Medingen,
Germany). Serum triglycerides, total and HDL cholesterol were analyzed using an automatic
analyzer (Roche Cobas Mira Plus, Roche, Switzerland). Serum leptin and insulin were
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determined using a radioimmunoassay kit (Rat Leptin RIA Kit; Linco Research, St. Charles,
MO, USA) or ELISA (Rat Insulin ELISA, Mercodia, Uppsala, Sweden).
Results are presented as means ± SEM. Differences for each phenotypic trait between
BB/OK, BB.4S and BB.4W rats were assessed by ANOVA using the SPSS computer
program (SPSS, Chicago, IL).
Results and Discussion
As shown in Table 1, the transferred region on chromosome 4 differs between BB.4S and
BB.4W by about 10 Mb and amounts to about 56 Mb in BB.4S and 46 Mb in BB.4W. Despite
this genetic difference, the body weight gain is nearly identical between BB.4S and BB.4W
(cf. Fig.1). They are significantly heavier than their parental BB/OK males. Considering the
adiposity index (cf. Table 2), both congenics are ”fat”, that is, the index is significantly
greater in both congenics compared with BB/OK. Because BB.4S and BB.4W are genetically
different from BB/OK at the genetically defined region on chromosome 4, their obviously
higher body weight and adiposity index compared with BB/OK indicates that in the
exchanged chromosomal region which is identical in both congenics (D4Got41-D4Mit12),
maps gene(s) increasing body weight gain or better, accumulating fat; in contrast, the BB/OK
rat alleles prevent fat accumulation. This gene(s) should be of common meaning.
Similarly, in serum triglycerides (Fig.1), male BB.4S and BB.4W are
characterized by significantly elevated values compared with BB/OK. Interestingly, the
triglyceride values in BB.4W decreased and those of BB.4S slightly increased at an age of 32
weeks. That may suggest the triglyceride values in male BB.4S could additionally increase
with age. Significantly higher values were generally observed for serum total cholesterol in
BB.4S compared with BB.4W and BB/OK rats, and significant differences between BB.4S
and BB.4W are also found, but are restricted to ages 10, 12, 28 and 32 weeks (Fig.1).
Comparing BB.4W with its parental strain (BB/OK) at an age of 32 weeks, there were no
significant differences between them. Although the triglyceride values of BB.4S and BB.4W
are significantly higher, it seems that the values of BB.4W will approximate those of BB/OK
later in life, a fact which can also be observed for serum total cholesterol. If so, it would mean
that the significantly higher serum triglycerides and total cholesterol values are a typical
pattern only for BB.4S, which may suggest that on this chromosomal region flanked by
markers D4Mit12 and Tacr1, there are SHR alleles which not only increase triglycerides but
also total serum cholesterol values. This is also supported by the HDL/cholesterol ratio, which
is lowest in BB.4S and significantly higher in both BB.4W and BB/OK. From age 20 weeks
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onwards, the HDL/cholesterol ratio was obviously higher in BB/OK and BB.4W compared
with BB.4S (Fig.1). Therefore, it is concluded that SHR and not WOKW alleles influence the
regulation of serum lipids.
Comparing the glucose tolerance shown as glucose area under the curve (AUC; Fig.1E),
significantly higher AUC was observed in BB/OK compared with BB.4S and BB.4W, except
for the values at an age of 24 weeks. However, comparing the AUC at an age of 32 weeks, the
AUC also increased in BB.4W and is significantly greater than in BB.4S. The significantly
higher AUC in BB/OK may be an indication that on this exchanged region of chromosome 4,
there are alleles of BB/OK which negatively influence the glucose tolerance. This finding
could be explained by the fact that all BB/OK rats remaining normoglycemic up to an age of
30 weeks are characterized by a decreased pancreatic insulin content and decreased islet- as
well as insulin-producing ß-cell volume compared with 30- and 50-day-old BB/OK rats (14,
15). The significantly higher AUC of BB/OK rats compared with BB.4S and BB.4W is
explainable by the reduction in number of ß-cells, which does not result in hyperglycemia but
in glucose intolerance. The underlying gene in BB/OK rats could be the lymphopenia gene,
recently identified as immuno-associated nucleotide 4 (Ian4) which maps within the region on
chromosome 4 (16, 17).
As summarized in Table 2, significantly higher serum insulin values were found in BB.4W
compared with BB.4S and BB/OK, indicating an obviously influence of WOKW alleles, since
WOKW rats are insulin resistant and hyperinsulinemic (9-11). Despite serum insulin values
are substantially higher in WOKW (> 3ng/ml) than in BB.4W (1.7 ng/ml) or even BB/OK rats
(0.8 ng/ml) at an age of 32 weeks (9), WOKW alleles on chromosome 4 increase serum
insulin by about 50% compared to BB/OK corresponding to 50% of values found in WOKW
rats at the same age. Considering insulin-associated QTLs mapped on chromosome 4 in
different cross populations (Iddm11, Iddm14, Irg1, Nidd/gk3), the importance of WOKW
gene(s) is supported. Either the QTLs are involved in type 1 diabetes development (Iddm11,
Iddm14) and located within the transferred region or they were mapped proximally (Irg1) or
distally (Nidd/gk3) to the exchanged region in BB.4W (18). Moreover, the described QTLs
influencing insulin levels on chromosome 4 explain a maximum of 15% of genetic variance.
Therefore, WOKW gene(s) on chromosome 4 doubling serum insulin in BB.4W compared to
the parental BB/OK strain are not minor or modifier genes, but should be major gene(s)
influencing circulating insulin.
In contrast to insulin, serum leptin was doubled in BB.4S compared to both BB/OK and
BB.4W. Because the body weight gain is comparable between BB.4S and BB.4W, and
110

Obesity Res. 2004, in press

considering that WOKW rats also develop hyperleptinemia with values of > 20 ng/ml (11),
the obviously higher values in BB.4S than in BB.4W can only be explained by a leptin
resistance of BB.4S rats, which has mainly been described in obese children (19-22). This
assumption is also supported by the positive correlation between leptin and serum
triglycerides, total cholesterol and the negative correlation with HDL cholesterol observed in
leptin resistance of human beings, which is also present in BB.4S (19-25). If this assumption
is correct, the phenotypic differences found in BB.4S should be differently genetically
regulated than those found in BB.4W. Therefore, the two congenics most probably define two
sub-phenotypes of obesity and provide the unique opportunity to study their genetics, which is
favoured by the genetic isolation of a defined chromosomal region. The generation of
subcongenic BB.4S and BB.4W lines will be useful for the identification and evaluation of
the relative importance of each genetic component participating in the inheritance of the
strain-dependent facet of the metabolic syndrome and for analysis of the possible interaction
between different loci. The synteny relationships between rat and human genes involved in
obesity makes it possible to take advantage of genetic information from studies in these rats to
help in the identification of human homologoues of the genes discovered in rats.
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Table1. Genetic profile of chromosome 4 of BB/OK (B) and their congenic BB.4S (S) and
BB.4W (W)
Marker/Gene
Il6
D4Rat4
D4Mgh1
D4Rat9
D4Rat126
D4Rat89
D4Mit9
Lep
D4Rat134
D4Rat23
D4Rat20
D4Got41
D4Rat118
D4Mgh16
D4Got48
D4Rat25
D4Rat102
D4Got45
D4Got51
D4Rat19
D4Rat27
D4Rat164
D4Rat28
D4Rat32
D4Rat214
D4Mit6
Ian4
D4Rat168
Npy
D4Got65
D4Rat266
D4Got67
D4Got69
D4Rat171
D4Got76
D4Got72
D4Rat173
D4Rat174
D4Mit12/Fabp1
D4Rat175
D4Rat42
D4Rat177
Tacr1
D4Rat43
D4Rat50
D4Mit16

GenBank
Acc. No.
NW_047683
NW_047685
NW_047687
NW_047688
NW_047688
NW_047689
NW_047689
NW_047689
NW_047689
NW_047689
NW_047689
NW_047689
NW_047689
NW_047689
NW_047689
NW_047689
NW_047690
NW_047690
NW_047690
NW_047690
NW_047690
NW_047691
NW_047691
NW_047691
NW_047691
NW_047693
NW_047693
NW_047693
NW_047693
NW_047693
NW_047693
NW_047693
NW_047693
NW_047693
NW_047693
NW_047694
NW_047694
NW_047694
NW_047694
NW_047694
NW_047695

Position
bp
cM+ BB/OK
456.799
B
3.237.119
0.0
B
17.617.657
B
23.537.366 10.0
B
26.194.205 11.4
B
33.565.698
B
55.062.978
B
56.197.123
B
30.6
B
58.826.354 32.8
B
59.865.554
B
60.539.096
B
34.0
B
61.922.805 34.0
B
65.905.126
B
66.098.299 34.0
B
66.497.078 34.2
B
66.854.494
B
70.399.318
B
70.920.577
B
71.716.133
B
73.281.307 36.3
B
36.3
B
75.574.720
B
76.994.542
B
B
77.109.461
B
77.431.417 37.4
B
78.318.812 37.4
B
83.301.385
B
84.598.680
B
85.849.988
B
87.249.860
B
88.240.179 43.1
B
87.563.435
B
90.992.562
B
92.961.193 46.4
B
94.668.411 46.5
B
104.664.255 48.8
B
106.727.926 48.8
B
116.499.500 49.8
B
49.8
B
116.855.513 50.0
B
117.815.213 51.0
B
120.280.586 54.3
B
127.028.622
B

Congenics
BB.4S BB.4W
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
S
W
S
W
S
W
S
W
S
W
S
W
S
W
S
W
S
W
S
W
S
W
S
W
S
W
S
W
S
W
S
W
S
W
S
W
S
W
S
W
S
W
S
W
S
W
S
W
S
W
S
W
S
W
S
W
S
B
S
B
S
B
S
B
B
B
B
B
B
B
114

D4Rat57
D4Mit17
D4Rat195
D4Rat59
D4Mgh9
Eno2
D4Rat66
D4Mgh11

NW_047695
NW_047695
NW_047695
NW_047695
NW_047696
NW_047696
NW_047696
NW_047696

134.784.099
135.103.403
144.119.957
150.292.814
152.815.086
161.136.408
161.268.379
171.449.314

57.7
71.4
82.7
87.2

B
B
B
B
B
B
B
B

B
B
B
B
B
B
B
B

B
B
B
B
B
B
B
B

+ Position of microsatellite markers on chromosome 4 was determined in the cross (WOW x DA)F2 using the
MapMaker computer program as described (10)

Table2. Adiposity index (AI), serum insulin and leptin in BB/OK, BB.4S and BB.4W
at an age of 32 weeks (mean ±SD)
P-values
Traits

BB/OK

BB.4S

BB.4W

BB/OK vs.

BB.4S vs.

(n=20)

(n=20)

(n=16)

BB.4S

BB.4W

BB.4W

AI

1.2 ± 0.15

1.5 ± 0.22

1.7 ± 0.33

< 0.0001

< 0.0001

n.s.

Insulin

0.83 ± 0.48 0.71 ± 0.32

1.74 ± 1.0

n.s.

0.001

0.0001

7.7 ± 2.1

< 0.0001

n.s.

< 0.0001

(ng/ml)
Leptin

7.7 ± 1.7

15.3 ± 3.5

(ng/ml)
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Figure 1: Body weight gain, serum triglycerides, serum total cholesterol, HDL/cholesterol
ratio and glucose tolerance in BB/OK (▬), BB.4S (─ ─) and BB.4W (−−) rats
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Abstract
Background Wistar Ottawa Karlsburg W (RT1u) rats (WOKW) develop a complete
metabolic syndrome closely resembling human disease. To define the phenotype more
precisely, the aim of this study was to characterize the phenotype of adipose tissue in WOKW
rats regarding adipocyte metabolism, insulin resistance, and gene expression.
Methods Glucose metabolism, insulin sensitivity, and gene expression of key adipocyte
genes, including adiponectin, interleukin 6 (Il6), 11 beta-hydroxysteroid dehydrogenase
(11βHsd), peroxisome proliferator-activated receptor- gamma (Pparγ), forkhead box O1
(Foxo1), glucose transporter 4 (Glut4), CCAAT/ enhancer binding protein (C/ebpα), and fatty
acid synthase (Fasn) were characterized in adipocytes from visceral and subcutaneous fat
depots of 28-week-old male WOKW rats and DA controls.
Results WOKW rats display decreased insulin-stimulated glucose uptake and decreased
insulin sensitivity during lipogenesis and lipolysis in isolated adipocytes. The severe insulin
resistance predominantly in visceral adipose tisssue of WOKW rats is associated with a 10fold decrease in adipocyte adiponectin gene expression, decreased Pparγ, but increased Foxo1
gene expression compared to DA rats.
Conclusions Insulin resistance in adipose tissue is associated with altered adipocyte gene
expression in WOKW rats, additionally completing the picture of the metabolic syndrome in
this animal model. This fact not only qualifies the WOKW rat for further detailed analysis of
genetic determinants of metabolic syndrome, but also highlights its suitability for
pharmacological research.
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Introduction
Obesity, hypertension, dyslipidaemia, insulin resistance, impaired glucose tolerance (IGT) or
type 2 diabetes are the key elements of the metabolic syndrome [1]. The study of the
etiopathogenesis of human metabolic syndrome is difficult, because it is a multifactorial
disease with complex, polygenetic inheritance [2, 3]. Therefore, animal models are necessary
to dissect the different co-morbidities of this complex disease. In contrast to humans, inbred
strains are genetically homogenous and their environment is controlled and standardized.
However, to study multifactorial diseases such as the metabolic syndrome, both a welldefined phenotype and a genotype of animal models is required to clarify the mechanism
involved in the programming of human disease. Several animal models of monogenetic
obesity have been described [4]. However, monogenetic forms of obesity or the metabolic
syndrome only explain less than 4 percent of the human disease [2]. Therefore, animal models
developing a polygenetically inherited metabolic syndrome are necessary, since the metabolic
syndrome is one of the fastest growing health problems worldwide.
One animal model of the metabolic syndrome, which is under polygenic control, is the
Wistar Ottawa Karlsburg rat with the MHC RT1u haplotype (WOKW). This rat strain
develops an almost complete metabolic syndrome with obesity, hypertension, dyslipidaemia,
hyperinsulinaemia, and impaired glucose tolerance [5-7]. Crossing studies confirmed that the
metabolic syndrome of the WOKW rat is under polygenic control and occurs in a genderdependent manner [8, 9]. To define the phenotype more precisely, the aim of this study was to
characterize the phenotype of adipose tissue in WOKW rats regarding adipocyte metabolism,
insulin resistance, and gene expression. There is strong evidence for a causal relationship
between obesity, insulin resistance, type 2 diabetes, and increased mortality of cardiovascular
disease [10]. Therefore, insulin sensitivity, glucose metabolism, and gene expression of key
adipocyte genes were analyzed in adipocytes isolated from subcutaneous and visceral adipose
tissue of WOKW rats and compared to the disease-resistant control strain Dark Agouti (DA).
Materials and Methods
Animals
All experiments were performed in accordance with the rules for animal care of the Ministry
of Nutrition, Agriculture, Forestry and Fishing of the German government.
Four 28-week-old WOKW (F65) and DA/K male rats (>F75) were used. Animals were kept
in groups of 2 in Macrolon cages (Size 4, Ehret GmbH, Emmendingen, Germany) under strict
hygienic conditions and were free of major pathogens as described previously [11]. They had
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free access to food (Ssniff R, Soest, Germany) and water, and were maintained on a 12-h
light/dark cycle (5 am/ 5 pm).
Phenotypic characterization
Two weeks before killing, all phenotypic characterizations were carried out. Briefly, blood
samples were obtained from animals by puncturing the ophthalmic venous plexus after 12
hours of fasting for determination of blood glucose, serum triglycerides, total cholesterol,
HDL, LDL, VLDL cholesterol, and serum insulin. Blood glucose was determined using a
glucose analyzer (ESAT 6660-2, Medingen, Germany). Serum triglycerides and total
cholesterol were analyzed using an automatic analyzer (Roche Cobas Mira Plus, Roche,
Switzerland). HDL, LDL, and VLDL were determined according to the manufacturer’s
instructions (SAS-3 Cholesterol Profile Kit; Helena BioSciences Europe, Sunderland, UK).
Serum insulin was determined using enzyme immunoassay kit (Rat Insulin ELISA,
Mercodida AB, Uppsala, Sweden). For calculating the body mass index (BMI), the body
length of animals was measured.
Adipocyte isolation and size distribution
Animals were sacrificed and subcutaneous and epididymal fat pads were removed.
Adipocytes were isolated by collagenase (1mg/ml) digestion. To determine cell size
distribution and adipocyte number, aliquots of adipocytes were fixed with osmic acid and
counted in a Coulter counter as previously described [12].
Histology
Aliquots of subcutaneous and visceral adipose tissue were fixed in 10% buffered formalin and
imbedded in paraffin. Multiple sections (separated by 70-80 µm) were obtained from gonadal
fat pads and analyzed systematically with respect to adipocyte size and number. The sections
were stained with hematoxylin/eosin.
Glucose transport
For the determination of glucose transport, isolated adipocytes from the different fat depots
were stimulated with 100 nM insulin for 30 min, then incubated for 30 min with 3 µM U-14Cglucose [13]. Immediately after incubation, adipocytes were fixed with osmic acid, incubated
for 48 hours at 37º [12], and the radioactivity was quantified after the cells had been
decolorized.
Lipogenesis
For the assessment of lipogenesis, glucose metabolism into three different pathways was
determined at 5 mM glucose (containing 3 µM U-[14C] glucose) using a 10% isolated fat cell
suspension. Glucose incorporated into triglycerides and CO2 was measured after 1 h
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incubation in the absence or presence of 80 nM insulin as described elsewhere [12, 13].
Glucose incorporated into lactate was measured after 1 h incubation and after separation of
lactate from glucose using anion exchange columns (Ag 1x8 Resin, Biorad) [12].
Lipolysis
For analysis of lipolysis, isolated adipocytes (100 µl of a 10% isolated fat cell suspension)
were incubated in the presence of adenosine deaminase and 10 µM PIA (N6-[R-(-)-1-methyl2-phenyl]adenosine) (basal), with 100 µM isoproterenol to produce a maximal increase of
lipolysis for 20 min, and with 100 nM insulin 15 min prior to the addition of 100 µM
isoproterenol. Glycerol content of the incubation medium was determined after 20 min using
a radiometric assay as previously described [12].
RNA isolation and cDNA synthesis
Total RNA of subcutaneous and visceral adipocytes was isolated with RNeasy Mini Kit
(Qiagen, Hilden Germany). Residual DNA was removed by DNase treatment (RNase-Free
DNase Set, Qiagen, Hilden, Germany) according to the manufacturer’s instructions. RNA
concentrations were measured by spectrophotometry. Only RNA samples with an
OD260/OD280 ratio > 1.6 were used for experiments.
Purified RNA (1.5 µg) from adipocytes samples was supplemented with RNase-free water
and 1 µl of random primer to a final volume of 13.5 µl. All samples were denatured for 5 min
at 65°C and cooled immediately on ice. Reverse transcription mixture (6.5 µl) was added,
containing 4 µl of M-MLV 5X Reaction Buffer, 0.5 µl (20 units) RNasin, 1 µl of 10mM
dNTP-Mix (dATP, dCTP, dGTP, dTTP) and 1 µl (250 units) of M-MLV (Moloney murine
leukemia virus reverse transcriptase). All reverse transcription products used were
manufactured by Promega (Mannheim, Germany). cDNA synthesis was performed for 50 min
at 42°C, followed by an enzyme inactivating step for 10 min at 72°C. cDNA was diluted 1:5
and stored at -20°C until use.
Real-time quantitative PCR and expression analysis
Real-time PCR was performed using the ABI PRISM® sequence detection system 7000
(Perkin-Elmer Applied Biosystems, Foster City, CA, USA) according to the manufacturer’s
instructions. Reactions were performed with 12.5 µl SYBR-Green Master Mix (ABI), 0.4 2.0 µl of each primer (50ng/µl), 6 µl of template (cDNA) or no template (NTC), and RNasefree water added to a final volume of 25 µl. The cycling conditions were as follows: 50°C for
2 min, initial denaturation at 95°C for 10 min, followed by 45 cycles of 95°C for 15 sec, 60°C
for 1 min. Each quantitative PCR was performed in triplicate. Target cDNA were amplified
by primer sets of adiponectin, interleukin 6 (Il6), 11 beta-hydroxysteroid dehydrogenase
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(11βHsd), peroxisome proliferator-activated receptor-gamma (Pparγ), forkhead box O1
(Foxo1), glucose transporter 4 (Glut4), CCAAT/ enhancer binding protein (C/ebpα), and fatty
acid synthase (Fasn). GenBank Accession number and primer sequence of genes are
summarized in Table 1. The rat 18sRNA gene served as the endogenous reference gene. To
ensure specific amplification the melting curve analysis was performed.
For real-time analysis was performed using the ABI PRISM® 7000 sequence
detection system software Version 1.1 (Perkin-Elmer Applied Biosystems, Foster City, CA,
USA). The standard curve method was used. For each experimental sample, the amounts of
targets and endogenous reference (18sRNA) were determined from the calibration curve. The
target amount was then divided by the endogenous reference amount to obtain a normalized
target value. The relative gene target expression was also normalized to the DA adipocyte
sample (calibrator). Each of the normalized target values was divided by the calibratornormalized target value to generate the final relative expression. Final results are expressed as
N-fold differences in selected gene expression relative to the 18sRNA gene and the calibrator.
Statistical analysis
Data are given as mean ± SD. For real-time PCR analysis, statistical analyses were conducted
according to the instructions from Applied Biosystems. Differences were assessed with the
Student’s t-test analysis using the statistical analysis system SPSS (SPSS Inc., Chicago, IL,
USA).
Results
Phenotype of WOKW rats
The phenotypic characterization of the age-matched WOKW and DA rats studied is
summarized in Table 2. WOKW rats have a significantly higher body weight, BMI, fasting
serum insulin as well as higher serum triglycerides compared to the disease-resistant DA rats.
In contrast, serum total cholesterol did not differ between the strains, but HDL were
significantly lower in WOKW than in DA rats, whereas LDL/VDL concentrations were
significantly elevated in WOKW compared to DA. Adipose tissue mass as measured by the
epididymal and subcutaneous fat pad weights is significantly increased in WOKW compared
with DA rats (data not shown).
Histology and adipocyte size distribution of white adipose tissue (WAT) in WOKW rats
As shown in Figure 1a, visceral adipose tissue of WOKW rats displays an increase in mean
adipocyte diameter compared to that of DA rats. Moreover, quantitation of adipocyte size
distribution revealed a selective loss of smaller adipocytes (diameter 30-40µm) in WAT of
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WOKW rats (Figure 1b). However, increased adipose tissue mass in WOKW rats was not
related to an increase of the total number of adipocytes in WAT (data not shown).
Glucose transport
To determine the consequence of the altered morphology of WAT in WOKW rats, basal and
insulin-stimulated glucose transport in isolated adipocytes from WOKW and DA rats was
studied (Figure 2a). In isolated adipocytes from WOKW rats, basal glucose uptake is
unchanged compared to the DA rats, but insulin-stimulated glucose uptake is reduced by ca.
80%. The reduced insulin sensitivity in isolated adipocytes of WOKW rats was detected both
in visceral and subcutaneous WAT.
Lipogenesis
To determine adipocyte-specific lipogenesis and glucose metabolism, glucose metabolism as
the three major metabolic pathways – triglycerides, CO2, and lactate – was measured at 5 mM
glucose in the absence and presence of 80 nM insulin (Figure 2 b-d). In the basal state,
glucose incorporation into triglycerides, CO2, and lactate was not different between WAT of
WOKW and DA rats, independent of the fat depot. However, insulin-stimulated (100 nM)
glucose metabolism in all three pathways was significantly reduced in WOKW adipocytes
both from visceral and subcutaneous WAT as compared to the controls.
Lipolysis
The ability of insulin to inhibit ex vivo isoproterenol-stimulated lipolysis is shown in Fig. 2 e.
Under basal conditions as well as after stimulation with isoproterenol, the glycerol release
was similar between strains in both adipocytes. However, glycerol release after insulin
inhibition (100 nM) was only detectable in adipocytes from DA rats. The lipolysis inhibition
by insulin was significantly increased in visceral adipocytes from DA rats compared with
visceral adipocytes from WOKW rats.
Relative gene expression
The relative gene expression of several key regulatory genes of adipocyte metabolism and
differentiation was determined to further characterize the morphological and physiological
differences in WAT between WOKW and DA rats (Fig. 3 a-h). Adiponectin expression level
was reduced tenfold in adipocytes of both fat depots from WOKW rats. Gene expression level
of Il6 was increased by 50% in visceral adipocytes and threefold in subcutaneous adipocytes
from WOKW rats compared to DA rats. In contrast, relative gene expression of Foxo1 was
increased by a factor of 2 in WOKW rats, whereas Pparγ gene expression was decreased by
about 50% in visceral adipocytes of WOKW rats as compared to DA rats. The relative gene
expression of 11βHsd, Glut4, Fasn and C/ebpα was indistinguishable between the two strains.
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There was a tendency toward reduced C/ebpα gene expression in WAT of WOKW rats;
however, these differences were not statistically significant.
The comparison of gene expression levels between visceral and subcutaneous WAT
within each strain revealed a tendency toward higher Il6, adiponectin and Foxo1 expression in
visceral fat, whereas Fasn and Glut4 gene expression was higher in subcutaneous adipocytes,
independent of the rat genotype. Equal amounts were found for Pparγ and C/ebpα. 11βHsd
gene expression was reduced by almost 50% in subcutaneous adipocytes of WOKW rats
compared to visceral adipocytes. In contrast to WOKW rats, DA rats showed no 11βHsd
expression differences as a function of the fat depot.
Discussion
Adipose tissue in humans may metabolize up to 20% of an orally-administered glucose load
[14]; in contrast, euglycemic hyperinsulinemic clamp studies in rats indicate that adipose
tissue is responsible for only 3-5% of glucose uptake [15]. Although adipose tissue seems to
be only a minor site of glucose uptake, adipose tissue plays an important role in overall
glucose homeostasis, as indicated by the insulin resistance associated with both obesity [4],
various syndromes of lipodystrophy [16], and the insulin resistance observed in mice with a
fat-specific knockout of GLUT4 [17]. Insulin resistance in adipose tissue and obesity are
major facets of the metabolic syndrome, which also includes glucose intolerance,
dyslipidemia, and hypertension. Since the causes of the metabolic syndrome are multifactorial
and the inheritance is polygenic, it is difficult to dissect the contribution of different factors or
candidate genes in the pathogenesis of the disease in humans. Therefore, animal models are
necessary to dissociate the effects of different factors on the development of the metabolic
syndrome.
However, rat animal models with polygenetic inheritance of the metabolic syndrome
are rare, especially since it was discovered that the Otsuka Long-Evans Tokushima Fatty
(OLETF) rat strain – which was originally believed to be a polygenic model of the metabolic
syndrome – develops a monogenetic inheritance form of the syndrome [18]. One suitable
model to investigate the role of adipose tissue in the metabolic syndrome under conditions
which closely resemble the human disease is the WOKW rat model. This model develops an
almost

complete

metabolic

syndrome

with

obesity,

hypertension,

dyslipidaemia,

hyperinsulinaemia, as well as impaired glucose tolerance [5-7].
We therefore used the WOKW rat model to investigate potential metabolic alterations
in adipose tissue in the metabolic syndrome with respect to insulin sensitivity, glucose
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metabolism, and gene expression at the adipocyte level and as a function of the fat depot. We
demonstrated that metabolic syndrome in WOKW rats is associated with impaired glucose
metabolism, decreased insulin sensitivity, and altered gene expression in adipose tissue.
It was previously shown that obesity and insulin resistance are associated with
elevated IL6 [19] and decreased adiponectin [20, 21] plasma concentrations. In accordance
with the results from these studies in human obesity, we found decreased adiponectin and
increased Il6 gene expression in adipose tissue of WOKW rats, suggesting parallel alterations
in the endocrine function of adipose tissue both in human and in WOKW metabolic
syndrome. This finding further implicates that the WOKW rat is a useful model for the human
endocrine status in obesity and the metabolic syndrome.
Studies focussing on a potential association of 11βHsd activity and gene expression
with obesity have obtained discrepant results. Some studies reported correlations between
11βHSD gene expression and obesity, but others did not [22, 23, 24]. In WOKW rats, we only
observed a tendency toward elevated mRNA expression of 11βHsd in visceral adipocytes, and
inversely, 11βHsd gene expression was decreased in subcutaneous fat from WOKW rats.
Whether these differences between 11βHsd gene expression in visceral and subcutaneous fat
reflect intrinsic differences between the two depots needs to be determined in further studies.
The gene expression of another key regulator of adipocyte differentiation and
metabolism, the peroxisome proliferation activated receptor gamma (PPARγ), was
determined. Comparing gene expression levels of PPARγ in human subcutaneous and
omental adipose tissue, Lefebvre et al. found significantly lower levels in visceral tissue in
subjects with a BMI < 30 kg/m2 , but not in obese subjects [25]. However, after analyzing the
absolute PPARγ gene expression value, the initially described correlation could not be
confirmed. In contrast to these findings, Vidal-Puig et al. demonstrated a decreased mRNA
level of PPARγ in adipocytes of morbidly obese subjects [26]. Our data are in accordance
with these results [26], because relative gene expression of Pparγ demonstrates a significant
reduction in visceral adipocytes of WOKW rats compared to controls, and the gene
expression in subcutaneous adipocytes was virtually equal between WOWK and control
strain.
Foxo1, a member of the Foxo subfamily, is a key effector of insulin action in liver,
pancreatic beta-cells, and adipocytes [27, 28, 29]. In adipocytes, Foxo1 regulates the insulindependent adipocyte differentiation. We found increased Foxo1 gene expression in both fat
depots of WOKW rats, suggesting an induction of adipogenesis during the development of
obesity and the metabolic syndrome. Therefore, Foxo1 represents a potential marker for
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increased adiposity in the metabolic syndrome or the activity of de-novo adipogenesis in
obesity.
Glut4 gene expression was shown to be reduced in rodent models of insulin deficiency
and in adipose tissue of human obese or type 2 diabetic subjects, directly linking adipose
expression of GLUT4 to insulin resistance [30, 31]. Moreover, mice with a fat-specific
knockout of the Glut4 gene are whole-body insulin resistant [17]. We observed a decrease of
Glut4 by about 40% in visceral adipocytes and by 15% in subcutaneous adipocytes in
WOKW rats compared to the lean DA controls. As a result of decreased insulin sensitivity in
adipose tissue of WOKW rats, decreased Glut4 gene expression may therefore be a major
contributor to the obese and insulin resistant phenotype of WOKW rats. Furthermore, a
similar GLUT4 reduction was found in obese humans, which provides another indication that
WOKW rats closely reflect the human metabolic syndrome. GLUT4 mRNA in adipocytes
was reduced by 36% in obese subjects and by 86% in subjects with type 2 diabetes.
In conclusion, the metabolic syndrome in WOKW rats is associated with significantly
reduced insulin sensitivity in adipose tissue, with gene expression changes identical to that of
humans at least for adiponectin, Il6 and Glut4. Therefore, the WOKW rat is qualified for
further detailed analysis of genetic determinants of metabolic alterations associated with the
metabolic syndrome.
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Table1. Forward (F) and reverse (R) oligonucleotide primer sequences used
Gene

GenBank

Primer sequences (5’-3’)

Acc. no.
Adiponectin
Il6
11βHsd
Pparγ
Foxo1
Glut4
C/ebpα

AY033885

size (bp)
F

TCCCTCCACCCAAGGAAACT

R

GGCCCGGTATCCCATTG

NM_012589 F

CTGCCCTTCAGGAACAGCTATG

R

GGCAGTGGCTGTCAACAACAT

NM_017080 F
NP_037256
M87634
D28561

TCCTCCATGGCTGGGAAAA

R

AAGAACCCATCCAGAGCAAACTT

F

GCTGGCCTCCCTGATGAATA

R

GCTTCCGCAGGCTTTTGA

F

TCCCTTACTACCGCGAGAACA

R

GTAGTGGCGCGGTACCTTCA

F

CATTCTCGGACGGTTCCTCAT

R

CCAAGGCACCCCGAAGAT

NM_012524 F
R

Fasn

Product

NM_017332 F
R

CAGCAGAAGGTGTTGGAGTTGAC

78
91
77
89
95
104
106

GCAGCTGGCGGAAGATACC
GGACATGGTCACAGACGATGAC

100

GGAGGCGTCGAACTTGGA
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Table2. Phenotype of DA and WOKW rats at an age of 28 weeks (mean ±SD)
Traits

DA (n = 4)

p-value

WOKW (n=4)

284 ± 21

< 0.0001

483 ± 25

0.72 ± 0.02

0.0008

0.86 ± 0.04

Blood glucose (mmol/l)

5.0 ± 0.5

n.s.

5.8 ± 0.8

Serum insulin (ng/ml)

1.2 ± 0.4

0.0038

10.4 ± 4.0

Serum triglyceride (mmol/l)

0.77 ± 0.1

0.0002

1.99 ± 0.2

Serum Cholesterol (mmol/l)

3.04 ± 0.25

n.s.

2.87 ± 0.43

HDL (mmol/l)

2.65 ± 0.22

0.04

2.27 ± 0.34

LDL/VLDL (mmol/l)

0.38 ± 0.06

0.007

0.60 ± 0.09

Body weight (g)
BMI (g/cm²)
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Figure 1. Visceral white adipose tissue of WOKW rats displays heterogeneity in cell size.
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Diameter

Diameter

Legend to Figure 1
(a) Hematoxylin and eosin staining of epididymal white adipose tissue sections from WOKW
and DA rats. Initial magnification, 40X. (b) Differences in the diameter distribution curve
between epididymal white adipose tissue of WOKW and DA rats.
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Figure 2. Glucose uptake (a), glucose metabolism in different pathways (b-d), and lipolysis
(e) in isolated adipocytes from epididymal and subcutaneous fat depots of WOKW and DA
rats.
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Legend to Figure 2.
(a) Insulin stimulated U-14C -glucose uptake
(b-d) Lipogenesis assays. Glucose metabolism divided into triglycerides (b), CO2 (c), and
lactate (d) was measured at 5 mM glucose in isolated adipocytes from WOKW and DA rats
after 2 h incubation in the absence (basal) or presence of 80 nM insulin.
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(e) Lipolysis in isolated adipocytes. Adipocytes were isolated from epididymal and
subcutaneous fat pads of male WOKW and DA rats and then assayed for glycerol release over
20 min as an indicator of lipolysis. Lipolysis assays were performed in the presence of
adenosine deaminase and 10 µM PIA (N6-[R-(-)-1-methyl-2-phenyl]adenosine). 100 µM
isoproterenol was used to produce maximal increase of lipolysis. Inhibition of isoproterenolstimulated glycerol release by 100 nM insulin was measured. Results are expressed as pmol
of glycerol released per cell in a 20-min period.
Significant differences between the groups are indicated: * p<0.05, ** p<0.01, *** p<0.001
Values are means + SD of 3 separate experiments.
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Figure 3. Relative gene expression in isolated adipocytes from male WOKW and DA rats.
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Legend to Figure 3
Adipocytes from epididymal and subcutaneous fat pads of WOKW and DA rats were isolated
by collagenase digestion. Relative gene expression of adiponectin, Il6, 11β-Hsd, Pparγ,
Foxo1, Glut4, C/ebpα , and Fasn genes in adipocytes derived from visceral or subcutaneous
adipose tissue of WOKW and DA rats. Significant differences between the groups are
indicated: * p<0.05, ** p<0.01, *** p<0.01
Visceral adipose tissue
Subcutaneous adipose tissue
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6.2 German and International Patent Registration, Inventor Registration
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6.3 NCBI GenBank Submissions
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AY442180

LOCUS

AY442180

DEFINITION

Rattus norvegicus strain BB/OK transcription factor YY1 (Yy1) gene,
complete cds.
AY442180
AY442180.1 GI:38231567

ACCESSION
VERSION
KEYWORDS.
SOURCE
ORGANISM

2256 bp DNA

linear ROD 12-JUL-2004

Rattus norvegicus (Norway rat)
Rattus norvegicus
Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostomi;
Mammalia; Eutheria; Rodentia; Sciurognathi; Muridae; Murinae; Rattus.
REFERENCE1 (bases 1 to 2256)
AUTHORS
Kloting,N. and Kloting,I.
TITLE
Genetic variation in the multifunctional transcription factor Yy1and type 1
diabetes mellitus in the BB rat
JOURNAL
Mol. Genet. Metab. 82 (3), 255-259 (2004)
PUBMED
15234341
REFERENCE2 (bases 1 to 2256)
AUTHORS
Kloting,I. and Kloting,N.
TITLE
Direct Submission
JOURNAL
Submitted (17-OCT-2003) Laboratory Animal Science, University of
Greifswald, Greifswalder Str. 11, Karlsburg D-17495, Germany
FEATURES
Location/Qualifiers
source 1..2256
/organism="Rattus norvegicus"
/mol_type="genomic DNA"
/strain="BB/OK"
/db_xref="taxon:10116"
gene
<73..>1941
/gene="Yy1"
mRNA join(<73..1125,1759..>1941)
/gene="Yy1"
/product="transcription factor YY1"
CDS
join(73..1125,1759..1941)
/gene="Yy1"
/codon_start=1
/product="transcription factor YY1"
/protein_id="AAR14688.1"
/db_xref="GI:38231568"
/translation=
"MASGDTLYIATDGSEMPAEIVELHEIEVETIPVETIETTVVGEEEDDDEDDEDGGGGD
HGGGGGHGHAGHHHHHHHHHHPPMIALQPLVTDDPTQVHHHQEVILVQTREEVVG
GDDSDGLRAEDGFEDQILIPVPAPAGGDDDYIEQTLVTVAAAGKSGGGSSSGGGRVK
KGGGKKSGKKSYLGSGAGAAGGGGADPGNKKWEQKQVQIKTLEGEFSVTMWSSDE
KKDIDHETVVEEQIIGENSPPDYSEYMTGKKLPPGGIPGIDLSDPKQLAEFARMKPRKI
KEDDAPRTIACPHKGCTKMFRDNSAMRKHLHTHGPRVHVCAECGKAFVESSKLKRH
QLVHTGEKPFQCTFEGCGKRFSLDFNLRTHVRIHTGDRPYVCPFDGCNKKFAQSTNK
SHILTHAKAKNNQ"
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AY442180

ORIGIN
1
61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961
1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981
2041
2101
2161
2221

ccgcctcctc
gagccctcag
ccagccgaga
gagaccacgg
ggagaccacg
caccaccacc
caccaccacc
tcggacgggc
ccggccggcg
aagagcggtg
agtggcaaga
ccgggtaata
tcggtcacca
gagcagatca
ctccctcctg
gccagaatga
cataaaggct
cacggtccca
ctaaaacgac
gttccccaaa
accggttggg
ggactgcagg
tctagcaggt
tgatagagtg
agaagactcg
cctagagtgt
tctcaagaac
ccctcagaag
atctaagcag
ctggtttttc
aatttgcgca
ggttgtaata
aaagccaaaa
tcaggagtgt
ttaaaaatga
aaatacttta
aaaacaaggt
caaaagacaa

gcccgccctc
ccatggcctc
tcgtggaact
tggtgggcga
gtggcggggg
cgcccatgat
aagaggtgat
tgcgcgccga
gagacgacga
gcgggtcttc
agagttacct
agaagtggga
tgtggtcttc
ttggggagaa
gagggatacc
agccaagaaa
gcacaaagat
gagtccacgt
accagctggt
ctgcaagcta
gtattttatt
tgttacagat
ttacaaaaac
cttataagtg
tgagttgaca
ctctgaaaac
tagccatggg
ggttccagac
tgagccatcg
cttgacagtg
cgcatgtgcg
agaagtttgc
acaaccagtg
gattgggaat
atcctacaca
ataagatgac
gtttttgtaa
ttctttatac

ccgcagccca
gggcgacacc
gcatgagatt
ggaggaggac
cggccacggg
cgcgctgcag
tctggtgcag
ggacgggttc
ctacatcgag
gtcgggcggc
gggcagcggg
acagaagcag
agatgaaaaa
ctcacctcct
tggcattgac
aattaaagaa
gttcagggat
ctgtgcagaa
tcatactgga
gggtgctggt
cccatccctc
gggggtggag
tcaacagttt
ctgttggcta
gttggcatca
actcaagctg
ttgttagtat
gaggaaggag
atccccaggt
cacattcgaa
aatccatacc
tcagtcaact
aaaagaagag
aaatatgcct
cttaagggac
attgctaaga
agtgtggccc
aacagtgcta

ggagccgagg
ctctacattg
gaggtggaga
gacgacgaag
cacgctggcc
ccgctggtca
acgcgcgagg
gaggaccaga
cagacgctgg
ggccgcgtta
gccggcgcgg
gtgcagatca
aaagatattg
gattattctg
ctctcagacc
gatgatgctc
aactctgcta
tgtggcaaag
gaaaagccct
cagggtggtt
ctgtctgctt
ggattatgcg
tgttttgtag
cagctccagg
ctaaatatct
taaatttgca
cagagatccc
gcatgctcag
tctggtctca
ggctgcggga
ggagacaggc
aacctgaaat
agaagacctt
ctcctttgta
atgttttgat
tgctctatct
caacaggagg
aaaatg

ctgccgcggc
ccacggacgg
ccatcccggt
acgacgagga
accaccatca
ccgacgaccc
aggtagtggg
tcctcattcc
tcaccgtggc
agaagggcgg
cgggcggtgg
agaccctgga
accatgaaac
aatatatgac
ccaagcaact
caagaacaat
tgagaaagca
cgttcgttga
ttcaggtaga
gatatcaagc
gggttcctgg
aagcaccccc
tgagtagtgt
tgacacttgg
taatcatctg
ctcagcacag
agtgtgtcag
cagaatagta
tttgccaaga
agcgcttttc
cctatgtgtg
ctcacatctt
ctcgaccccg
tattatttct
aaagtagtaa
tgctctgtaa
acaattcatg

cgtggcggcg
ctcggagatg
ggagactatc
tggtggcggc
ccaccaccac
gacccaagtg
tggcgacgac
ggtacccgcg
ggcggccggc
cggcaagaag
cggcgccgac
gggcgagttc
agtggttgaa
aggcaagaaa
ggcagaattt
agcttgccct
tctgcacacc
gagctcaaag
gccagttcct
actatggggc
ttactgctcg
acactaaatt
gttgaattac
tgctgcttat
tagtctactt
cccttctgtt
ttctaaaata
ggtggtttcc
gggttgatat
actggacttc
ccccttcgac
aacacacgct
ggaagcctct
aggaagaatt
aaatttaaaa
tctcgtttca
aacttcgcat
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AY691175

LOCUS

AY691175

1716 bp

mRNA

linear ROD 21-AUG-2004

DEFINITION Rattus norvegicus replication initiator 1 (Repin1) mRNA, complete cds.
ACCESSION
AY691175
VERSION
AY691175.1 GI:51243772
KEYWORDS.
SOURCE
Rattus norvegicus (Norway rat)
ORGANISM
Rattus norvegicus
Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostomi;
Mammalia; Eutheria; Rodentia; Sciurognathi; Muridae; Murinae; Rattus.
REFERENCE1 (bases 1 to 1716)
AUTHORS
Kloting,N. and Kloting,I.
TITLE
Direct Submission
JOURNAL
Submitted (20-JUL-2004) Laboratory Animal Science, University of
Greifswald, Medical Faculty, Greifswalder Str. 11, Karlsburg, D-17495,
Germany
COMMENT
Located on rat chromosome 4 between D4Rat214 and D4Rat168.
FEATURES
Location/Qualifiers
source 1..1716
/organism="Rattus norvegicus"
/mol_type="mRNA"
/strain="BB/OK"
/db_xref="taxon:10116"
/chromosome="4"
/map="between D4Rat214 and D4Rat168"
gene
1..1716
/gene="Repin1"
CDS
21..1667
/gene="Repin1"
/note="Znf464; AP4"
/codon_start=1
/product="replication initiator 1"
/protein_id="AAT99579.1"
/db_xref="GI:51243773"
/translation=
"MLERRCRGPTAMGPAHPWLFSGPSQESSQPNRGLRYQGKSVAQPGGPAPVKVHRC
AHCRKRFPGWVALWLHTRRCQARLPLPCHECNQRFRHAPFLALHLQVHASAVPDLG
FICHLCGHSFRGWVALVLHLRAHSASKRPITCPECNKRFWRQKQLRAHLRRCQPPAP
EARPFICGNCGRSFAQWDQLVVHKRVHVAEALEEAAAKALGPRPRGRPSVTAPRPG
GDAVDRPFQCACCGKRFRHKPNLIAHRRVHTGERPHQCPECGKRFTNKPYLTSHRRI
HTGEKPYPCTECGRRFRHKPNLLSHSKIHKRSEVSAQAASHTGSHLIAAEPMAQPALG
VPLGSLRTPAEAPASLHSCTDCGRSFRLERFLRLHQRQHTGERPFTCTECGKNFGKKT
HLVAHSRVHSGERPFACEECGRRFSQGSHLAAHRRDHAPERPFVCPDCGKAFRHKPY
LAAHRRIHTGEKPYVCPDCGKAFSQKSNLVSHRRIHTGERPYACPDCDRSFSQKSNLI
THRKSHIRDGAFCCAICGQTFDDEDRLLMHQKKHDA"
variation
449
/gene="Repin1"
/note="c in strains SHR, WOKW, DA, BN; t in strains LEW,
BB/OK"
/replace="c"
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AY691175

ORIGIN
1
61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961
1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681

ggagagcaga
cagcccatcc
tgaggtatca
gttgtgccca
ggtgccaggc
ccttcttagc
gccacctatg
actcggcttc
aacagcttcg
tatgtggcaa
tgcacgtggc
gacgtccttc
gtgcctgctg
acactggcga
acctgacctc
gccgccgctt
aggtctcagc
cacaacctgc
ccctgcatag
accagcggca
gcaagaaaac
gcgaggagtg
atgcaccaga
acctggccgc
gcaaagcttt
ggccctacgc
accggaagag
acgatgagga
agacaggcct

ggaagaaccg
ctggcttttt
aggcaaatca
ctgtcggaag
ccggctgcct
gctgcatctt
tgggcatagc
aaagaggccc
agctcacctg
ctgtggccgg
tgaggccttg
agtgactgct
cggcaagcgc
gcgaccacac
gcaccgccgt
ccgccacaaa
gcaggctgcc
gcttggggtg
ctgcactgac
gcacacaggc
gcacctggtg
tggtcgccgt
gagacccttt
gcaccgacgc
cagccagaag
ctgccccgac
ccacatccgg
ccgtctcttg
agatgtcctg

atgctggaac
tctgggccct
gtagcacagc
cgtttcccag
ctgccctgcc
caggttcatg
ttccgaggct
atcacttgtc
cggaggtgcc
agcttcgccc
gaggaggcag
cccaggcctg
ttccgccaca
cagtgcccag
atacatacgg
cccaacctgt
tcccacaccg
cccctggggt
tgcggccgca
gagaggccct
gcgcactcac
ttctcacagg
gtgtgcccag
atccacacag
tccaacctgg
tgtgatcgca
gatggcgcct
atgcaccaga
gcaacagggt

ggcgctgcag
cccaggagtc
caggaggccc
gctgggtggc
atgagtgcaa
cttctgcagt
gggtagccct
ctgaatgcaa
agccccctgc
aatgggacca
cagccaaggc
gtggagatgc
agcccaacct
agtgcgggaa
gcgagaagcc
tgtcgcacag
ggagtcactt
ccctgaggac
gcttccggct
tcacctgcac
gcgtgcactc
gcagccacct
actgcggcaa
gcgagaagcc
tgtcccaccg
gcttcagtca
tctgctgtgc
agaagcacga
gtcagt

gggccccacg
ctcccagccc
agccccagtc
cctgtggctt
ccagcgcttt
ccctgacctg
ggttctgcat
caaacgcttc
ccctgaggcc
gctcgttgtt
cctgggtcct
tgtggaccgc
gattgcccac
gcgtttcacc
ctacccatgc
taaaatccac
gattgcagcg
cccggccgag
ggagcgtttc
agagtgtggc
gggcgagcgg
ggcagcccac
ggctttccgc
ctatgtgtgt
gcgcatccac
gaagtccaac
catctgcggc
tgcctgagag

gccatgggcc
aacagagggt
aaggtccatc
cacactcggc
cgccacgccc
ggtttcatct
ctgcgggctc
tggcgacaaa
cggcccttca
cacaagaggg
cgcccgcgag
cccttccagt
cgccgcgtgc
aacaagccct
accgagtgtg
aagcgctcag
gagcctatgg
gcacctgcgt
ctgcggctac
aagaacttcg
ccctttgcct
cggcgcgacc
cacaagccct
cccgactgtg
acaggtgagc
cttatcacac
cagacctttg
ggacccagga
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