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Abstract
Isogenic and congenic offspring from matings of inbred black a/a dams by sibling (or non-sibling from another inbred strain) yellow agouti
Avy /a sires provide an animal model of obese yellow agouti Avy /a and isogenic lean pseudoagouti Avy /a mice exhibiting two different in vivo
concentrations (high, very low) of ectopic agouti protein (ASP) with congenic lean black a/a mice as null controls. This makes it possible to
differentiate between the high and very low dose levels of ectopic ASP with respect to interactions with diverse physiological and molecular
pathways. Assay of differential responses to 12 or 24 months of carbonyl iron overload assessed the possible suitability of this animal model
for the study of hemochromatosis. Agouti A/a B6C3F1 mice were used as non-congenic null controls. The age-related waxing and waning of
body weight, food consumption, and caloric efficiency, as well as associated changes in pancreatic islets and islet cells, and formation of liver
tumors were assayed. While the hypothesis that these mice might serve as a tool for investigating hemochromatosis was not confirmed, the data
did provide evidence that even the very low levels of ASP in pseudoagouti Avy /a mice affect the network of molecular/metabolic/physiological
response pathways that comprises the yellow agouti obese phenome. We suggest that the combination of yellow agouti Avy /a, pseudoagouti
Avy /a, and black a/a congenic mice provides a practical tool for applying a dose–response systems biology approach to understanding the
dysregulatory influence of ectopic ASP on the molecular-physiological matrix of the organism.
Published by Elsevier Inc.
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1. Introduction
Iron overload is a condition associated with hereditary
or secondary disturbance of iron metabolism. Hereditary
hemochromatosis is a disorder with an autosomal recessive
pattern of inheritance and is the most common genetic disease among Northern European populations, affecting 1 in
400 individuals and has an estimated carrier frequency of
1 in 10 [7]. Hemochromatosis is characterized by enhanced
gastrointestinal absorption of iron that leads to a progressive
increase of iron stores throughout life [38]. The increased
intestinal absorption of iron in hemochromatosis results in
∗
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deposition of iron in parenchymal organs, eventually leading
to cirrhosis, hepatocellular carcinoma, diabetes mellitus, and
congestive heart failure.
A possible mechanism for damage from chronic iron overload may be the effect of free radical formation and lipid
peroxidation. Whittaker et al. [39] previously reported that
liver lipid peroxides were significantly increased in ironoverloaded rats. Lipid peroxidation is a chain reaction that
is increased by iron and may have pathophysiologic consequences in diseases.
The age-associated involvement of the pancreas and
occurrence of diabetes mellitus in yellow agouti Avy /a mice
plus their increased susceptibility to formation of hepatocellular adenoma and carcinoma [46,47] suggested that
they might be suitable as an animal model for the study
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of hemochromatosis. Subsequent to a 90 day dose-finding
study [36], a chronic (2 years) study of iron overload was
conducted using three male mouse phenotypes segregating
among C57BL/6N × YS F1 hybrid offspring that exhibit,
respectively, high, very low, and absent levels of ectopic
agouti protein (ASP); namely, obese viable yellow agouti
Avy /a, lean pseudoagouti Avy /a, and lean black a/a. This
hypothesis was not confirmed by the data generated in this
chronic study; however, the study did provide information on
the interaction effects of different levels of ectopic ASP and
iron overload on several aspects of mouse physiology.
A unique feature of this experimental design was that the in
vivo effects of low levels of ectopic ASP could be ascertained
by comparing any physiological or metabolic parameter from
the lean pseudoagouti mice with that from the congenic lean
black mice. Black a/a mice produce pheomelanin only in hair
follicles in the ear and perineal areas [11] and not in ectopic
sites. Additionally, the differential responses to iron overload
of yellow agouti Avy /a mice, compared with the other mouse
phenotypes, emphasize that mutations alter the physiological/metabolic response patterns of the organism by altering
the relations among molecular processes and pathways.
Obesity is the visible sign of serious dysregulations in
the homeostatic network of metabolic and physiologic pathways that regulate energy metabolism and the intake and
utilization of nutrients. However, obesity is not an all-ornone phenomenon but is merely “an easily detected and
quantifiable phenotypic endpoint” of patterns of metabolic
dysregulations that may be unique to each individual [50].
Therefore, “obesity” does not define a specific disease state
but only a symptom common to dysregulation of different
homeostatic pathways. Basically, an organism that utilizes
fewer calories than it ingests, stores the excess calories as fat
in adipose tissue.
Here we delineate age-associated physiologic and molecular variability inherent in a specific “obesity phenome”
induced by the continous ectopic transcription of the agouti
gene on chromosome 2 of Mus musculus. Normally, the
agouti signaling protein specified by this gene determines
only the synthesis of yellow pigment (pheomelanin) in the
melanocytes of hair follicles.
This obesity phenome differs in numerous physiologically
important characteristics from other obesity phenomes, e.g.,
that exhibited by Leob /Leob mice [50]. Indeed, the deposition
of excessive fat stores per se is merely one of a number of end
results induced by the dysregulation of diverse metabolic and
molecular signaling pathways by different mutant proteins.
The complexity of the yellow agouti obese mouse phenome (syndrome) is attributable to the nature of the mutation.
Whereas transcription of the species-type Aw and A alleles at the agouti locus is temporally and spatially restricted,
transcriptional regulation of the yellow agouti mutant alleles is not so restricted. During formation of the hair in
Aw /− and A/− mice, ␣-melanocyte stimulating hormone (␣MSH) binds to melanocortin 1-receptors (MC1R) [25] on
hair bulb melanocytes, inducing synthesis of black pigment

(eumelanin). This is followed by a brief period during which
transcription of the agouti gene occurs in the hair follicle
cells producing ASP that binds to MC1R, thereby preventing
binding of ␣-MSH. Failure of MC1R to bind ␣-MSH results
in synthesis of the default pigment pheomelanin, rather than
eumelanin, that is deposited in the growing hair. After a period
of several days, ASP synthesis ceases and eumelanin synthesis resumes. This chain of events produces a yellow subapical
band, characteristic of the agouti pattern, on an otherwise
eumelanic hair but has no obvious effect on body weight.
In viable yellow agouti Avy /− mice, on the other hand,
ASP is continuously synthesized in essentially all tissues [6].
This is due to insertion of an intracisternal A particle (IAP)
into exon 1A of the agouti gene, resulting in the usurpation of
transcriptional regulation of agouti by a constitutively active
cryptic promoter in the 5 long terminal repeat (LTR) of the
IAP [3,23]. Continously synthesized ectopic ASP, present in
tissues other than hair follicles, interacts with diverse gene
products and molecular/metabolic pathways to transform a
normal mouse into one characterized by the “yellow agouti
obese mouse phenome.”
Responsiveness to iron overload and induction of liver
enzymes by promoters of hepatotumorigenesis, such as phenobarbital [48] are also altered by this change in transcriptional regulation of the agouti gene. Temporal changes in hormonal patterns, such as those of IGF-I, for example (reviewed
in [53]), are also induced.
Differences in the carcass lipogenesis rates between yellow agouti Avy /a and black a/a mice at younger and older ages
reflect the development of obesity in the yellow agouti mice
[55]. In mice aged 2 ± 0.5 months, Avy /a mice had a 24%
higher rate of 3 H2 O incorporation/g carcass weight than a/a
mice. By age 5–8 months the incorporation rate was 44%
higher in the Avy /a mice. This difference can be accounted
for by decreased incorporation rates with age so that there
is a 22% decrease in black mice, but only a 9% decrease
in yellow mice. As a consequence, at the younger age the
Avy /a mice contained 94% more body fat than the a/a mice,
whereas in the older mice the difference had increased to
349% (reviewed in [50]).
While yellow agouti mice tend to eat somewhat more food
than non-yellow mice [8], a major part of their greater adiposity results from more efficient calorie utilization which,
however, is abolished by 30% caloric restriction [52]. This
greater efficiency is graphically illustrated by the amount of
feed consumed per gram body weight gain between 16 and
44 weeks of age:
Avy /A
A/a

Ad Lib (g)

Calorie restricted (g)

8.7
28.4

30.5
28.0

Between 12 and 51 weeks of age ad lib-fed Avy /a mice
gained 128% in body weight compared with only 41%
for comparable A/a mice. Calorically restricted Avy /a and
A/a mice, on the other hand, gained only 16% and 21%,
respectively.
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A primary determinant of nutrient intake, efficiency of
calorie utilization, energy metabolism and body weight in
mice is melanocortin 4-receptor (MC4R) signaling in the
hypothalamus. Its normal antagonist is agouti-related protein
(AGRP) [1]; however, in yellow agouti mutants, constitutively synthesized ectopic ASP assumes the role of primary
MC4R antagonist resulting in disruption of MC4R signaling.
This, in turn, induces development of obesity in non-yellow
mice [16], suggesting that several aspects of this syndrome,
e.g., increased food consumption, obesity, and increased body
size, are mediated by the inhibition of signaling by MC4R on
hypothalamic neurons by ectopic ASP.
Not all viable yellow agouti Avy /a mice become obese; a
small proportion remains in the body weight range of nonmutant mice (Table 10). Furthermore, the body weights of the
Avy /a mice that did become obese varied over a considerable
range. In old age these mice gradually lost weight so that
by 2 years, their weight had become “normal.” The relative
roles, if any, of ASP and MC4R signaling in these variations
in body weights are unknown.
The very similar lean “pseudoagouti” Aiapy /a [22] and
vy
A /a [51] phenotypes both result from cessation of continous
ectopic agouti gene transcription due to methylation of CpG
islands in the LTR of the inserted IAP. Transcription occurs
only in the skin and hair follicles during formation of the subapical yellow band, resulting in a pattern grossly resembling
the species-type agouti pattern [10]. The increased carcass
weight of pseudoagouti Avy /a mice compared to their congenic black a/a littermates [47], and the presence of very low
levels of ASP in all tissues of pseudoagouti Avy /a mice [6]
suggest the existence of clones of cells [24] in which methylation of the IAP promoter has not occurred, e.g., in the yellow
areas of the coat, so that ectopic ASP is synthesized, albeit at
very low levels (reviewed in [51]).
The present data delineate altered phenomic characteristics associated with chronic iron overload and ageing from
12 to 24 months of age, such as body weight, feed consumption, metabolic efficiency, histopathology of pancreas, heart,
and liver, numbers of pancreatic ␣, ␤, and ␦ cells/mean islet
area, pancreatic islet numbers and areas, and hepatocellular
tumors in two phenotypes of C5YSF1 hybrid Avy /a male mice,
namely obese yellow agouti and lean pseudoagouti, their congenic black a/a littermates, and non-congenic B6C3F1 hybrid
mice.
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Weanling male F1 hybrid mice from the following crosses
were produced in the NCTR breeding colony:
C57BL/6NNctr × YS/WffC3Hf/Nctr-Avy → C5YSF1 yellow (Avy /a) + C5YSF1 -pseudoagouti (Avy /a) + C5YSF1 black (a/a);
C57BL/6NNctr × C3H-MTV− /Nctr → B6C3F1 .
Twelve male mice, about 5 weeks old, of each F1 hybrid
genotype/phenotype were assigned to each of four dose
groups (35, 1500, 3500 g/g, 5000 g carbonyl iron/g AIN93M diet) to be sacrificed after 12 months on dose and were
maintained in covered polycarbonate cages.
Forty-eight male mice (4/cage) of each F1 hybrid genotype/phenotype, to be sacrificed after 24 months on dose,
were allocated over 3–4 weeks to each of the four dose groups
(35, 1500, 3500 g/g, 5000 g carbonyl Fe/g AIN-93M diet).
Due to an insufficient number of pseudoagouti Avy /a mice
available, the 5000 g carbonyl Fe/g diet group was omitted
for this phenotype; thus, 3500 g Fe/g diet was its highest
dose group.
All mice were maintained four per covered polycarbonate cage with sterilized hardwood chips (P.J. Murphy Forest
Products Corp., Rochelle Park, NJ) as bedding. AIN-93M
diets, containing various levels of carbonyl Fe (see above),
were fed ad libitum. Millipore-filtered water was always
available. Cages and water bottles were changed weekly.
Room temperature was maintained at 22 ± 2 ◦ C and relative
humidity at 50 ± 5% with 15–17 changes of air/h. Fluorescent light cycles of 12 h on (6 a.m.–6 p.m.) and 12 h off (6
p.m.–6 a.m.) were automatically regulated.
This study was approved by the NCTR Institutional Animal Care and Use Committee prior to implementation.
2.2. Diets
Carbonyl Fe (35, 1500, 3500, or 5000 mg) (ISP Technologies Inc., Wayne, NJ) was incorporated into each kg
AIN-93M diet (Dyets Inc., Bethlehem, PA). The AIN-93M
diet included (g/kg) casein 140.0, l-cystine 1.8, cornstarch
464.457 (control) to 459.492 (highest Fe), DYETROSE
155.0, Dextrose 100.0, Solka-Floc cellulose 50.0, soybean
oil 40.0, choline bitartrate 2.5, t-butylhydroquinone 0.008,
Cu/dextrose pre-mix (5 mg/g) 1.2, AIN-93M salt mix (w/o
Fe) 35.0, AIN-93M vitamin mix 10.0 [29]. It should be noted
that, in the previous dose-finding study for iron overload [40],
the AIN-76A diet was used.

2. Materials and methods
2.3. Histopathology assays
2.1. Animals and housing conditions
To increase the likelihood of detecting effects of Fe overload on hepatocellular tumor formation two inbred strains
with known low spontaneous prevalences of such tumors
were chosen to produce the F1 hybrid offspring used for the
study. Standard B6C3F1 mice were used as non-congenic
controls for strain background.

At the end of the 12 or 24 months feeding periods, the mice
were fasted for approximately 15 h. A complete necropsy
was performed on each animal and tissues were fixed in
10% neutral-buffered formalin. Tissue specimens were then
trimmed, processed through an ascending ethanol series and
xylene, embedded in paraffin and sectioned at 5 m. One set
of tissues was stained with hematoxylin and eosin.
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Another tissue set of the pancreas, liver, and heart was
reacted with Perl’s Prussian blue for Fe. This involves colorless potassium ferricyanide reacting with ferric ions to create
an insoluble blue ferric ferrocyanide [20,36].
2.4. Pancreas morphometry
To ensure uniform diameter of sections of equivalent area,
pancreatic tissues were adhered to filter paper and fixed in
10% neutral-buffered formalin. Procedures for embedding,
sectioning, staining, and evaluating the pancreas were standardized to assure uniformity. Five micrometers of serial
sections were cut from each paraffin embedded pancreas
and mounted on positively charged slides. All tissue sections were immunostained using the StreptAvidin peroxidase detection system with DAB (3,3 -diaminobenzidine) as
the chromogen substrate and Mayer’s hematoxylin as the
counterstain.
For labeling of the ␣ cells one section from each pancreas was incubated with a polyclonal antibody to Glucagon
(Dako Corp.), 1:600 dilution; for labeling of the ␤ cells a
second adjacent section was incubated with a polyclonal antibody to Insulin (Dako Corp.), 1:600 dilution; and for labeling
of the ␦ cells a third adjacent section was incubated with
a polyclonal antibody to Somatostatin (Dako Corp.), 1:800
dilution. Cells were counted and areas measured using the
Optimas Image Analysis System (Optimas Corp., Edmonds,
WA). All islets present in the representative sections of each
pancreas were evaluated for ␣, ␤, and ␦ cell number and islet
areas.
2.5. Data analysis
2.5.1. Body weight and food consumption
Individual body weights and cage food consumption were
collapsed into weekly time intervals. Every fourth week from
week 6 to week 110 was used for the analyses. A heterogeneous autoregressive model for the covariance structure
of repeated measurements on the same cage was used. This
model assumes that the correlation of measurements on the
same subject depends on the time between measurements.
The correlation is assumed to decrease exponentially with
the time between measurements. A different covariance is
estimated for each time period in the analyses in this “heterogeneous” model.
There was a two-way fixed effect treatment structure with
dose and strain as the treatments. Repeated measurements
in time were also considered. Independent t-tests on dose
were done by phenotype/strain and week. Holm’s adjusted
independent t-tests [15] on strain were done by dose and
week. These tests make possible pairwise comparisons of
the different phenotypes and make an adjustment for the fact
that several comparisons per dose group and week are carried
out concurrently. Alpha = 0.05 was used as the significance
level.

2.5.2. Pancreatic islets
The mean islet area and number of islets were analyzed separately. An initial three-way analysis of variance
(ANOVA) was conducted, in which all three factors – dose,
time, and tumor – were crossed with one another. The SAS
procedure MIXED was used and effects of all orders were
tested.
The results showed the tumor main effect and all interaction effects with tumor were not significant at the 5% level;
therefore, the tumor effect was not included in the final model.
In the final model, a two-way ANOVA with two main
effects – dose and time – and their interaction was refitted
and used for statistical testing. The procedure of Holm [15]
was used to adjust for multiple comparisons for each end
point. Significance was assumed at alpha less than the 0.05
level.
2.5.3. Pancreatic islet cells
Independent t-tests were done to test for differences, by
phenotype and dose, in the average number of ␣, ␤, or ␦
cells per mean islet area between 12 and 24 months. The
Shapiro–Wilk’s normality test [32] was used to verify that the
data were normally distributed. Next, the Folded F statistic
[35] tested for equal variances between groups. If this statistic was significant, the Satterthwaite approximation [31] was
used to compute the t statistic. Otherwise, the pooled variance
was used in the computations.
To ascertain if differences between 12 and 24 months were
similar for both control (35 g/g Fe) and high (3500 g/g Fe
for pseudoagouti, 5000 g/g Fe for the other phenotypes)
dose groups, a second t-test, using the same steps as above,
was done by phenotype and number of ␣, ␤, or ␦ cells per
mean islet area.

3. Results
3.1. Body weight and food consumption
Body weight of yellow agouti Avy /a mice peaked at week
66 and then decreased markedly till the end of the study at
week 109 (Fig. 1).
Body weight of black a/a mice peaked at week 70 and
gradually decreased slightly to week 109 (Fig. 1).
Body weight of B6C3F1 mice increased at a greater rate
than the black mice to week 18, peaked at week 66, then
decreased very slightly to week 109 (Fig. 1).
Food consumption of yellow agouti mice was greater than
that of black mice until about week 34. At this time there was a
decrease in food consumption by all phenotypes which, in the
case of the black mice, stabilized until week 94. Among the
yellow agouti mice, however, the rate of food consumption
rebounded till week 54 and then decreased continually until
week 90 (Fig. 2).
Food consumption of B6C3F1 mice started at a higher
level than black mice, but lower than yellow agouti mice,
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Fig. 1. Body weight curves of control yellow agouti Avy /a, control + treated
black a/a, and B6C3F1 male mice.

Fig. 3. Body weight curves of yellow agouti Avy /a male mice fed 35 (control)
or 5000 g/g (treated) carbonyl Fe.

and increased to week 46. It then leveled off till week 70 at
which time there was a decrease and stabilization at a new
level till week 102 (Fig. 2).

between weeks 82 and 102 food consumption was higher
(P = 0.001) among the treated than among the control groups
(Fig. 4).

3.1.1. Yellow agouti mice and Fe overload
A positive effect of Fe overload on body weight, i.e.,
decreased rate of weight loss, was observed only among the
yellow agouti Avy /a mice, beginning about week 58 (P = 0.05)
and continuing through the end of the study at week 109
(P < 0.001) (Fig. 3). Resource limitations dictated that only
the data from the 35 and 5000 g/g [3500 g/g for pseudoagouti] carbonyl Fe groups were analyzed statistically.
Food consumption of the treated mice remained relatively
uniform throughout the study. Iron overload appeared to ameliorate, via unknown pathways, the rather drastic decrease
in food consumption among the untreated yellow agouti
Avy /a between weeks 54 and 90. Between weeks 18 and 38,
food consumption among the treated Avy /a mice was lower
(P = 0.01) than among the control Avy /a mice. In contrast,

3.1.2. Pseudoagouti, black, and B6C3F1 mice
Body weights and food consumption of the control and
treated groups of each phenotype (black a/a, pseudoagouti
Avy /a, and B6C3F1 A/a) mice were similar (data not shown).
Therefore, Figs. 1, 2, 5–8 are based on the combined data from
the control and treated mice in each of these phenotypes.

Fig. 2. Food consumption curves of control yellow agouti Avy /a, control + treated black a/a, and B6C3F1 male mice.

Fig. 4. Food consumption curves of yellow agouti Avy /a male mice fed 35
(control) or 5000 g/g (treated) carbonyl Fe.

3.1.3. Food consumption: body weight ratio.
The mean ratio of food consumption: body weight of yellow agouti mice decreased continuously from week 6 to week
38, leveled off to week 54, and then stabilized at a lower level
to week 90, at which point it rose rapidly to week 102 (Fig. 7).
The relatively lower ratio of the yellow agouti mice presumably reflects the higher metabolic efficiency associated with
the presence of ectopic ASP [52].
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Fig. 5. Body weight curves of control yellow agouti Avy /a, and control + treated pseudoagouti Avy /a, and black a/a male mice.

Fig. 8. Food consumption: body weight ratios of control yellow agouti Avy /a,
and control + treated pseudoagouti Avy /a, and black a/a male mice.

The pattern of mean ratios among the pseudoagouti Avy /a
mice was similar to that observed among the black a/a and
B6C3F1 mice (Figs. 7 and 8).
3.2. Pancreas

Fig. 6. Food consumption curves of control yellow agouti Avy /a, and control + treated pseudoagouti Avy /a, and black a/a male mice.

In contrast, the mean ratio among B6C3F1 mice decreased
between weeks 6 and 34, then stabilized to week 70,
decreased to week 78 and remained at that level till week
102 (Fig. 7).

3.2.1. Islets
Total islet area per pancreas increased with age in all mice
(Table 1), whereas mean islet area per pancreas increased
with age only among the black and B6C3F1 mice (Table 2).
The mean number of islets per pancreas also increased with
age in all mouse phenotypes (Table 3).
Only among the yellow agouti mice did iron overload exert
any significant effect. Namely, it significantly decreased the
mean number of islets per pancreas, mean islet area, and mean
total islet area at both 12 and 24 months of age (Tables 1–3).
3.2.2. α and β Cells
In all mouse phenotypes fed the control Fe level (35 g/g)
the number of ␣ and ␤ cells/mean pancreatic islet area
increased significantly between 12 and 24 months of age
(Tables 4 and 5). Insulin and glucagon were not assayed due
to lack of resources.
3.2.3. δ Cells
Among the control Fe groups, the number of ␦ cells/mean
islet area increased significantly in the pseudoagouti and
black mice between 12 and 24 months; however, it failed
to do so in the yellow agouti or B6C3F1 mice (Table 6).
Somatostatin was not assayed due to lack of resources.
3.3. Fe overload

Fig. 7. Food consumption: body weight ratios of control yellow agouti Avy /a,
control + treated black a/a, and B6C3F1 male mice.

3.3.1. Iron scores and iron severity scores
After 24 months of 3500 or 5000 g/g Fe consumption,
the average iron score of pancreata of yellow agouti mice was
more than twice as great as that of the pseudoagouti, black,
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Table 1
Mean total islet area (mm2 )/pancreas after 12 and 24 months of Fe overload
Control

Treated

Adjusted (Holm’s) Pa

Yellow agouti
12 months
Pb
24 months

1815548 ± 428999 (11)
0.02
3056281 ± 285555 (26)

441105 ± 119892 (11)
0.000
1396980 ± 161883 (24)

0.006

Pseudoagouti
12 months
P
24 months

333055 ± 72487 (12)
0.004
695618 ± 88980 (21)

193709 ± 34433 (9)
0.000
732533 ± 81505 (18)

ns

Black
12 months
P
24 months

267533 ± 44180 (12)
0.000
840698 ± 89220 (35)

298160 ± 58519 (12)
0.001
634238 ± 63279 (27)

ns

B6C3F1
12 months
P
24 months

298279 ± 64756 (12)
0.000
1279304 ± 1752 (31)

122558 ± 36610 (12)
0.000
1077150 ± 99325 (32)

ns

a
b

0.000

ns

ns

ns

Adjusted PControl cf. Treated .
Unadjusted P12 months cf. 24 months .

and B6C3F1 mice (Table 8). The number of pancreas sections
from yellow agouti mice containing Fe was more than twice
that observed among the pseudoagouti, black, and B6C3F1
mouse pancreata (Table 9).
The greater response of yellow agouti pancreatic
islets and islet cells, as compared with the other
pheno/genotypes, to iron overload is presumably associated
with the greater absorption of Fe in this obese phenotype
(Table 9).
3.3.2. α Cells
Treatment with the higher Fe doses resulted in decreased
numbers of ␣ cells/mean islet area only in the 12 months old
yellow agouti and 24 months old B6C3F1 mice (Table 4).

The number of ␣ cells increased significantly between
12 and 24 months in the control and treated yellow agouti,
pseudoagouti and B6C3F1 mice but only among the control,
and not in the treated, black mice (Table 4).
3.3.3. β Cells
Fe overload resulted in decreased numbers of ␤ cells/mean
islet area in all phenotypes, except in the 12 months old pseudoagouti and black mice and 24 months old B6C3F1 mice
(Table 5).
Significant increases in ␤ cells between 12 and 24
months of age were observed in treated yellow agouti and
B6C3F1 mice, but not in the pseudoagouti or black mice
(Table 5).

Table 2
Mean islet area (mm2 )/pancreas after 12 and 24 months of Fe overload
Control

Treated

Adjusted (Holm’s) Pa

Yellow agouti
12 months
Pb
24 months

36779 ± 5336 (11)
ns
41115 ± 3269 (26)

15936 ± 2943 (11)
ns
23338 ± 2495 (24)

0.001

Pseudoagouti
12 months
P
24 months

10737 ± 1254 (12)
ns
13860 ± 1162 (21)

10560 ± 1133 (10)
0.02
15358 ± 1229 (18)

ns

Black
12 months
P
24 months

10496 ± 1019 (12)
0.002
15683 ± 800 (34)

10345 ± 1045 (12)
0.002
16567 ± 1156 (27)

ns

B6C3F1
12 months
P
24 months

10308 ± 1269 (12)
0.000
22884 ± 1752 (31)

9037 ± 1480 (12)
0.000
20379 ± 1127 (32)

ns

a
b

Adjusted PControl cf Treated .
Unadjusted P12 months cf. 24 months .

0.000

ns

ns

ns
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Table 3
Mean number of islets/pancreas after 12 and 24 months of Fe overload
Control

Treated

Adjusted (Holm’s) Pa

Yellow agouti
12 months
Pb
24 months

43.3 ± 7.7 (11)
0.001
74.0 ± 4.4 (26)

22.7 ± 3.9 (11)
0.000
58.6 ± 4.7 (24)

0.04

Pseudoagouti
12 months
P
24 months

29.8 ± 4.6 (12)
0.007
47.6 ± 3.8 (21)

26.2 ± 6.0 (10)
0.004
48.5 ± 4.0 (18)

Black
12 months
P
24 months

25.5 ± 3.1 (12)
0.000
49.3 ± 2.9 (35)

27.2 ± 3.8 (12)
ns
38.1 ± 3.2 (27)

B6C3F1
12 months
P
24 months

25.2 ± 3.8 (12)
0.000
53.3 ± 3.3 (31)

11.3 ± 2.4 (12)
0.000
52.6 ± 3.7 (31)

a
b

0.03
ns
ns
ns
0.01
ns
ns

Adjusted PControl cf. Treated .
Unadjusted P12 months cf. 24 months .

␤ cell concentration increased in all groups of control
mice.

Among control groups, ␦ cell concentration increased with
age only in pseudoagouti and black mice.

3.3.4. δ Cells
Fe overload significantly decreased the number of ␦ cells
only in the 24 months old black mice and the 12 months old
B6C3F1 mice.
Among the treated mice, the numbers of ␦ cells increased
in yellow agouti, pseudoagouti, and B6C3F1 , mice between
12 and 24 months of age, but failed to do so in the black mice
(Table 6).

3.4. Liver
3.4.1. Iron scores and iron severity scores
After feeding 3500 or 5000 g/g Fe for 12 months, histologic examination of liver sections, subjected to the Prussian
Blue reaction, revealed the presence of intensely blue-stained
Fe or hemosiderin in <25% of the hepatocytes in yellow
agouti mice. While the amount of absorbed Fe was modest

Table 4
␣ Cells/mean islet area ± S.E. (N) after 12 and 24 months of Fe overload
Control (g/g)

Treated (g/g)

35

3500

Pa
5000

Yellow agouti
12 months
Pb
24 months

19035 ± 2143 (10)
0.004
28774 ± 1757 (26)

Pseudoagouti
12 months
P
24 months

16848 ± 3365 (10)
<0.001
32843 ± 2388 (20)

Black
12 months
P
24 months

12851 ± 2723 (11)
<0.001
26431 ± 1577 (34)

18665 ± 3780 (10)
ns
22418 ± 1707 (26)

B6C3F1
12 months
P
24 months

13753 ± 2001 (12)
0.001
21302 ± 1143 (30)

6127 ± 1514 (12)
<0.001
23323 ± 1373 (32)

a
b

Adjusted PControl cf. Treated .
Unadjusted P12 months cf. 24 months .

12274 ± 1856 (10)
0.002
26718 ± 2268 (20)
12648 ± 3395 (10)
<0.001
31959 ± 2529 (18)

0.03
ns
ns
ns
ns
ns
0.006
ns
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Table 5
␤ Cells/mean islet area ± S.E. (N) after 12 and 24 months of Fe overload
Control (g/g)

Treated (g/g)

35

3500

Pa
5000

Yellow agouti
12 months
Pb
24 months

93786 ± 13352 (10)
0.007
149856 ± 11048 (26)

Pseudoagouti
12 months
P
24 months

68534 ± 11006 (10)
0.02
98985 ± 7048 (20)

Black
12 months
P
24 months

52405 ± 9326 (11)
<0.001
106449 ± 6257 (34)

56075 ± 8363 (10)
ns
78678 ± 6014 (26)

B6C3F1
12 months
P
24 months

52031 ± 865 (12)
0.001
99655 ± 8014 (30)

21596 ± 5084 (12)
<0.001
90418 ± 7002 (32)

a
b

42106 ± 6713 (10)
<0.001
107151 ± 9166 (20)
48624 ± 10922 (10)
ns
74382 ± 7898 (18)

0.003
0.007
ns
0.02
ns
0.003
0.007
ns

Adjusted PControl cf. Treated .
Unadjusted P12 months cf. 24 months .

with a diffuse distribution, there was extensive staining of the
periportal and centrilobular areas. In contrast, pseudoagouti,
black, and B6C3F1 mouse livers exhibited blue staining in
macrophages, Kupffer cells and 25–75% of the hepatocytes.
This indicates that the rate of uptake of iron by the yellow
agouti liver was lower than that of the lean pseudoagouti
mouse livers as well as that of the other “lean” genotypes
(Tables 8 and 9).
After feeding 3500 or 5000 g/g Fe for 24 months, the Fe
score of yellow agouti mice had increased to the same levels
as the other pheno/genotypes, while the Fe scores of the lat-

ter had not changed from those observed after 12 months
of Fe feeding. Fe staining was observed in macrophages,
Kupffer cells, and 75–100% of the hepatocytes (Tables 8
and 9).
3.4.2. Hepatic tumors
3.4.2.1. Yellow agouti mice. Iron overload increased the
prevalence of hepatocellular adenomas at 12 months from
18% to 45% among the obese yellow Avy /a mice and may
have had a somewhat inhibiting effect on hepatocellular carcinoma formation (Table 7).

Table 6
␦ Cells/mean islet area ± S.E. (N) after 12 and 24 months of Fe overload
Control (g/g)

Treated (g/g)

35

3500

Pa
5000

Yellow agouti
12 months
Pb
24 months

7989 ± 1141 (10)
ns
10516 ± 619 (26)

Pseudoagouti
12 months
P
24 months

6301 ± 1105 (10)
<0.001
16090 ± 1159 (20)

Black
12 months
P
24 months

4998 ± 722 (11)
<0.001
10072 ± 638 (34)

6325 ± 979 (10)
ns
7452 ± 567 (26)

B6C3F1
12 months
P
24 months

5672 ± 766 (12)
ns
7110 ± 550 (30)

2773 ± 682 (12)
<0.001
8540 ± 660 (32)

a
b

Adjusted PControl cf. Treated .
Unadjusted P12 months cf. 24 months .

5143 ± 881 (10)
0.002
10010 ± 874 (20)
6011 ± 1477 (10)
<0.001
17440 ± 1415 (18)

ns
ns
ns
ns
ns
0.004
0.01
ns
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Table 7
Hepatocellular tumor prevalence after 12 and 24 months of Fe overload

Yellow agouti
12 months
Adenomas
Carcinomas
Both
24 months
Adenomas
Carcinomas
Both
Pseudoagouti
12 months
Adenomas
Carcinomas
Both
24 months
Adenomas
Carcinomas
Both
Black
12 months
Adenomas
Carcinomas
Both
24 months
Adenomas
Carcinomas
Both
B6C3F1
12 months
Adenomas
Carcinomas
Both
24 months
Adenomas
Carcinomas
Both

Control (g/g)

Treated (g/g)

35

3500

5000

18% (2/11)
9% (1/11)
27% (3/11)

45% (5/11)
(0/11)
(0/11)

54% (14/26)
8% (2/26)
19% (5/26)

58% (14/24)
4% (1/24)
33% (8/24)

8% (1/12)
(0/12)
8% (1/12)

30% (3/10)
(0/12)
(0/12)

10% (2/21)
38% (8/21)
24% (5/21)

22% (4/18)
17% (3/18)
33% (6/18)

3.4.4. Black mice
While almost no hepatocellular lesions were observed
among the black mice fed Fe for 12 months, by 24 months the
prevalence of adenomas and carcinomas had increased considerably. Fe overload doubled the prevalence of carcinomas
compared to that observed among the control mice. Only in
the control group were there any mice (26%) bearing both an
adenoma and a carcinoma (Table 7).
3.4.5. B6C3F1 mice
Among the B6C3F1 mice fed Fe for 12 months, only one
hepatocellular adenoma (and no carcinoma) was found in one
control animal.
At 24 months the prevalence of adenomas was 19% in both
control and Fe overload groups; the prevalence of carcinoma,
as well as of adenoma + carcinoma, was 6% in control and
treated mice (Table 7).
3.5. Heart

8% (1/12)
(0/12)
(0/12)

8% (1/12)
(0/12)
8% (1/12)

23% (8/35)
23% (8/35)
26% (9/35)

15% (4/27)
56% (15/27)
(0/27)

8% (1/12)
(0/12)
(0/12)

(0/12)
(0/12)
(0/12)

19% (6/31)
6% (2/31)
6% (2/31)

19% (6/32)
6% (2/32)
6% (2/32)

At 24 months of age adenoma prevalence among yellow
agouti mice was similar in the control and Fe overload groups
and considerably greater than at 12 months. Fe overload
increased the prevalence of yellow agouti mice bearing both
adenoma and carcinoma, but had no effect on the incidence
of mice bearing only carcinoma (Table 7).
3.4.3. Pseudoagouti mice
At 12 months, lean pseudoagouti Avy /a mice exhibited
increased adenoma prevalence in the Fe overload group, but
no carcinomas.
Among pseudoagouti mice fed Fe for 24 months, the
prevalence of adenomas was essentially similar to that at 12
months; however, the prevalence of carcinoma was twice as
great among the control as among the Fe overload group.
There was also a considerable increase, similar to that
observed among the yellow agouti mice, in the prevalence
of mice bearing both an adenoma and a carcinoma in the
control and Fe overload groups (Table 7).

3.5.1. Iron scores and iron severity scores
Average iron scores of the yellow agouti mice were
approximately twice as high as those of comparable pseudoagouti, black, and B6C3F1 mice fed the diet containing
3500 or 5000 g/g Fe for 24 months (Table 8). The iron
severity scores for yellow agouti mice were also the highest
among the four geno/phenotypes with more hearts exhibiting
Fe-staining sections (Table 9).

4. Discussion
Ageing results from programmed developmental changes
in the patterns of expression of genes regulating individual reactions in the metabolic and molecular pathways of
the organism. The organismic manifestation of the phenotypic expression of the genome is designated the phenome.
Age-associated changes in the phenome, in turn, alter the
functional genomics (the phenotypic expression of each gene
in the context of the whole genome) of the organism and are
expressed as benign or malignant manifestations. Mutations
induce these changes by altering the patterns of expression
of other genes and by modulating interactions of molecular/metabolic processes and pathways.
4.1. Body weight
Yellow agouti mice gain excessive weight to about the
age of 1.5 years, but then, as has been known for decades
[5,13], begin to lose weight so that their body weight gradually declines to the “normal” level of non-yellow mice.
Iron overload reduced this rate of weight loss (Fig. 3) and
also markedly reduced the variability of food consumption (Fig. 4); however, whether interactions between iron,
ectopic ASP and MC4R or other mechanisms are involved
is unknown. In the present case, this “normal” weight level
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Table 8
Average iron scores after 12 or 24 months of Fe overload
35 g/g

3500 g/g

5000 g/g

12 months

24 months

12 months

24 months

12 months

24 months

Pancreas
Yellow agouti
Pseudoagouti
Black
B6C3F1 A/a

0a (12)b
0 (12)
0 (12)
0 (12)

0 (40)
0 (25)
0 (40)
0 (46)

0 (12)
0 (10)
0 (11)
0 (11)

0.53 (36)
0.19 (26)
0.19 (42)
0.20 (45)

0 (12)
–
0 (11)
0 (12)

0.81 (32)
–
0.29 (42)
0.19 (43)

Liver
Yellow agouti
Pseudoagouti
Black
B6C3F1 A/a

0 (12)
0.08 (12)
0.08 (12)
0 (12)

0.12 (43)
0.16 (25)
0.12 (42)
0.38 (47)

1.42 (12)
2.89 (9)
3.00 (12)
2.83 (12)

2.59 (37)
2.65 (26)
2.86 (42)
2.91 (46)

1.92 (12)
–
3.00 (11)
2.92 (12)

3.09 (35)
–
3.43 (42)
2.89 (45)

Heart
Yellow agouti
Pseudoagouti
Black
B6C3F1 A/a

0 (11)
0 (11)
0 (12)
0 (9)

0.05 (43)
0.04 (25)
0.08 (40)
0.02 (47)

0.16 (12)
0.22 (9)
0 (11)
0 (11)

1.32 (38)
0.46 (26)
0.67 (42)
0.98 (45)

0 (11)
–
0 (11)
0 (12)

1.35 (34)
–
0.62 (39)
0.68 (44)

a
b

Total iron scores of organs in dose group/number of organ sections examined.
N = number of organ sections examined. One section per organ examined.

fertile. However, the only definitive studies to ascertain physiological and molecular differences between “heavier” and
“lighter” yellow agouti mice appear to have been reported by
us [45,46,48]. Mean body weights at 3–4 weeks and 9 months
of age and liver and carcass (body weight − liver weight)
weights at 9 months for “light” and “heavy” untreated control
and phenobarbital-fed “light” and “heavy” groups of Avy /A
(C3H × VY)F1 male mice [48] are shown in Table 10.
Even disregarding the effect of phenobarbital treatment,
the final carcass weights of the initially “light” mice were
significantly less than those of the initially “heavy” mice.
Surprisingly, the percentage increases in body weights were
quite similar between the light and heavy mice. This sug-

was reached about week 109 (Fig. 1). There may be background strain differences in age-related weight loss of yellow
agouti mice since Kesterson (personal communication) has
not observed it in obese lethal yellow Ay /a mice on a different
strain background.
That this growth curve pattern is peculiar to yellow agouti
mice and is not associated with “larger size mice” per se is
indicated by the growth curve of B6C3F1 hybrid mice that
parallels that of the black a/a mice except for an increased
rate of gain between weeks 6 and 14.
There is considerable anecdotal evidence that a small
proportion of yellow agouti mice never become obese but
retain normal body weight and are perfectly healthy and
Table 9
Average iron severity scores after 12 or 24 months of Fe overload
35 g/g

3500 g/g

5000 g/g

12 months

24 months

12 months

24 months

12 months

24 months

Pancreas
Yellow agouti
Pseudoagouti
Black
B6C3F1 A/a

0a (0)b
0 (0)
0 (0)
0 (0)

0 (0)
0 (0)
0 (0)
0 (0)

0 (0)
0 (0)
0 (0)
0 (0)

1.6 (12)
1.0 (5)
1.3 (6)
1.0 (9)

0 (0)
0 (0)
0 (0)
0 (0)

1.2 (22)
–
1.3 (9)
1.0 (8)

Liver
Yellow agouti
Pseudoagouti
Black
B6C3F1 A/a

0 (0)
1.0 (1)
1.0 (1)
0 (0)

1.7 (3)
2.0 (2)
1.3 (4)
1.1 (16)

1.5 (11)
2.9 (9)
3.0 (12)
2.8 (12)

2.8 (34)
2.8 (25)
2.9 (41)
3.1 (44)

1.9 (12)
–
3.0 (11)
2.9 (12)

3.1 (35)
–
3.4 (42)
3.0 (43)

Heart
Yellow agouti
Pseudoagouti
Black
B6C3F1 A/a

0 (0)
0 (0)
0 (0)
0 (0)

1.0 (2)
1.0 (1)
1.5 (2)
1.0 (1)

2.0 (1)
1.0 (2)
0 (0)
0 (0)

1.9 (27)
1.1 (11)
1.2 (24)
1.5 (29)

0 (0)
–
0 (0)
0 (0)

1.5 (30)
–
1.3 (18)
1.4 (22)

a
b

Total of iron scores of organs in dose group/number of Fe-containing organ sections.
N = number of Fe-containing organ sections.
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Table 10
Body, liver and carcass weights of “Heavy” and “Light” yellow agouti Avy /A (C3H × VY)F1 male mice at 3–4 weeks and 9 months of age
Age
Body weights
3–4 weeks
9 months
% Increase
Liver weights
9 months

Light control
x̄ g ± S.E. (n)

Heavy control
x̄ g ± S.E. (n)

Light PB-treated
x̄ g ± S.E. (n)

Heavy PB-treated
x̄ g ± S.E. (n)

25.6 ± 0.8 (6)
43.2 ± 0.6

30.9 ± 1.7 (5)
51.0 ± 0.7

27.9 ± 0.3 (6)
43.0 ± 1.3

33.1 ± 0.9 (7)
56.8 ± 0.8

69

65

54

72

1.55 ± 0.05

2.14 ± 0.1

2.41 ± 0.17

4.43 ± 0.26

41.6 ± 0.6

48.9 ± 0.7

40.6 ± 1.1

52.4 ± 0.8

weightsa

Carcass
9 months

From Ref. [48].
a Body weight without liver weight.

gests that the differences in body weights were determined
before weaning and indicates that a population of genetically identical Avy /A (C3H × VY)F1 male mice is composed
of several physiologically/metabolically different subpopulations [49] with respect to pre-weaning rates of weight gain.
These subpopulations also differ in various hepatic monooxygenase activities, in responsiveness of hepatic cytochrome
P450 and monooxygenase activities to phenobarbital [48],
as well as in susceptibility to hepatic adenoma formation
[46].
According to Bray et al. [2], the level of desacetyl-␣-MSH
in the pituitary of Avy /a mice is twice as high as in a/a mice.
Treatment of Avy /a mice with desacetyl-␣-MSH induced a
dose-related increase in muscle weight as well as increasing
body weight to a greater degree than treatment with ␣-MSH
[33]. In rats desacetyl-␣-MSH treatment from postnatal day
0–1 to day 14 stimulated neonatal growth and also induced
increased fat deposits [21]. If this is also true of mice, the
pre-weaning differences in body weight between the “light”
and “heavy” Avy /a mice may be referable to possible differences in the hypothalamic levels of desacetyl-␣-MSH
since desacetyl-␣-MSH is the predominant form produced
by posttranslational processing in the murine hypothalamus
[12].
This abnormal regulation of body weight of yellow agouti
mice must be associated, directly or indirectly, with the presence of sufficiently high levels of ectopic ASP in the hypothalamus since the body weight curves of pseudoagouti Avy /a
mice, with very low levels of ectopic ASP, were essentially
identical to those of black a/a siblings (Fig. 5).

weeks of age, begins to decrease until week 90 (Fig. 6). This
is not true in the case of pseudoagouti Avy /a or black a/a
males (Fig. 6).
The isogenic pseudoagouti Avy /a phenotype does not
become obese but remains lean, suggesting that the very low
concentration of ectopic ASP in these mice [6] may be insufficient to bind to a critical number of hypothalamic MC4R
neurons. Nevertheless, ectopic ASP does influence, albeit to
a low degree, some phenomic effects, such as carcass weight
[47].
Body length of mice is increased in MC4R knock-out
mice [16] as well as in yellow agouti Ay /a mice. Among
same sex parabiosed Ay /a:Ay /a, Ay /a:a/a, and a/a:a/a Strain
YS/ChWf mice, body length increase between 4/5 weeks of
age and 28/31 weeks of age was greater (P < 0.001) in yellow
agouti than in black mice. The increase in body length was
also greater in mice joined to partners of the opposite genotype than in mice joined to partners of the same genotype
[42].
If MC4R is expressed in a diversity of tissues in the mouse,
as it is in the rat [26], ectopic ASP may inhibit MC4R
signaling in these tissues and thus induce at least some of
the aberrant aspects of the obese yellow agouti mouse phenome. For example, it seems reasonable to speculate that the
increased long bone growth in yellow agouti mice [14] may
be due to stimulation of osteoblast proliferation by ectopic
ASP [27], whereas in MC4R knockout mice ␣-MSH may
stimulate osteoblast proliferation [27], possibly by binding
to MC5R.
4.3. Pancreas

4.2. Melanocortin-4 receptor
Food consumption is regulated, at least partly, by MC4R
signaling in the hypothalamus. Binding of ectopic ASP to
MC4R on hypothalamic neurons inhibits the receptor and
results in a degree of hyperphagia leading to obesity. Ageing
and iron overload (Fig. 4) appear to modulate the interaction
of ectopic ASP with MC4R since food consumption of yellow
agouti mice, after remaining relatively constant to about 50

The greater response of yellow agouti pancreatic islets
and islet cells to iron overload, as compared with the other
pheno/genotypes, is presumably associated with the greater
absorption of Fe in this obese phenotype (Table 9).
Age-associated increases in pancreas size, islet number,
and increased numbers of ␣, ␤, and ␦ cells per mean islet area
were observed in all mouse phenotypes. In the yellow agouti
mice this hyperplasia occurred, unexpectedly, in the presence
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of continuing loss of body weight. In pre-weaning yellow
agouti Avy /a mice, ␤ cell hyperplasia preceded hyperinsulinemia and obesity and subsequently accompanied them [37].
This supports the suggestion [17] that “hyperinsulinemia
promotes adipogenesis and may initiate a cycle of increasing insulin resistance, compensatory hyperinsulinemia, and
a progression to the diabetic state.”
The age-associated islet cell hyperplasia observed here
appears to be independent of body weight or food consumption since it also occurred in the lean isogenic pseudoagouti
Avy /a and congenic black a/a mice as well as in the B6C3F1
mice. Pipeleers [28] has documented the existence of subpopulations of ␤ cells that differ in glucose sensitivity. It remains
to be ascertained whether the age-associated ␤ cell hyperplasia documented here may be largely limited to subpopulations
of low glucose sensitivity.
4.4. Cell proliferation
Unlike in non-yellow mice, human agouti protein (ASIP)
is normally expressed in human adipose tissue, testis, heart,
liver, kidney, ovary, and skin [19,41]. This implies that
the protein has autocrine or paracrine functions in these
organs and suggests that, in yellow agouti mice also, ectopic
ASP may affect some cellular functions, e.g., proliferation,
directly.
Smith et al. [34] found that, whereas ␣-MSH inhibits preadipocyte differentiation and adipocyte proliferation, transgenic ASP, specifically expressed in the murine fat pad,
stimulates these processes. The presence of ectopic ASP also
stimulates ␤ cell proliferation in pancreatic islets of Langerhans [37], osteoblast proliferation [4], bladder epithelial
hyperplasia [44], formation of hyperplastic alveolar nodules
(HAN) in mammary glands [43] and formation of multiple
hepatocellular adenomas [45]. Kuklin et al. [18] observed
that the number of diethylnitrosamine-induced hepatocellular tumors in transgenic mice, in which ASP was synthesized
only in the liver, was increased significantly in comparison
with untreated control mice. This confirms our earlier observation [47] that ASP stimulated tumorigenesis even at the
very low concentrations present in the livers of pseudoagouti
Avy /a female mice.
In accord with the characteristically earlier appearance
of hyperplastic and neoplastic lesions in obese yellow agouti
Avy /a mice, both the control and Fe overload groups exhibited
a greater prevalence of hepatocellular adenomas at 12 months
of age than any other of the mouse phenotypes. In the earlier
dose-finding study [40], increased hepatocyte proliferative
activity in yellow agouti mice compared to black mice was
indicated by proliferating cell nuclear antigen (PCNA) assays
in liver of male mice fed 35 or 10,000 g/g carbonyl iron for
90 days. As indicated in the following data reproduced here
from that study with permission, iron overload also increased
mitotic activity in both genotypes. It is important to note that
the increased proliferative activity in Avy /a livers was present
at the control as well as at the high dose levels of iron.
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35 g/g
Avy /a
G1 + S + G2 + M 5.8 ± 0.8
(P = 0.003)

10,000 g/g
Avy /a

a/a
1.6 ± 0.8

15.8 ± 1.0
(P < 0.001)

a/a
6.7 ± 1.3

Total cells

2090 ± 15

2158 ± 26

2144 ± 19

2176 ± 21

Index

0.28 ± 0.04

0.07 ± 0.04

0.73 ± 0.05

0.31 ± 0.06

Avy /a

Among lean pseudoagouti
mice, only the Fe overload group exhibited increased adenoma formation by 12
months of age. This suggests that the apparent promoting effect of Fe overload on adenoma formation among
obese yellow agouti mice is real since analogous results
were observed when lindane (␥-hexachloro-cyclohexane),
instead of carbonyl Fe, was administered to yellow agouti
and pseudoagouti mice [47]. The relatively low prevalence
of hepatocellular carcinoma in yellow agouti mice [45,47]
also supports previous suggestions [53] that ectopic ASP
tends to stimulate hyperplastic, rather than neoplastic, transformation in different tissues. The greater prevalence of
multiple hepatic adenomas observed in individual obese
yellow (C3H × VY)F1 male mice [45] was most likely a
direct effect of the combined stimulation of hyperplasia by
phenobarbital and ectopic ASP. An unresolved question is
whether increased chromosomal fragility in yellow agouti
mice (reviewed in [53]) may predispose these mice to hyperplasia and subsequently to neoplastic lesions.
4.5. Immunological aspects
Adult obese yellow agouti Avy /a mice differ immunologically from the lean isogenic pseudoagouti Avy /a and congenic black a/a mice by decreased antibody response to the
T-cell dependent immunogen tetanus toxoid, enhanced antibody response to the T-cell-independent immunogen type III
pneumococcal polysaccharide, decreased (unadjusted) rates
of carbon clearance, and increased levels of serum IgA [30].
Possible relation of these immunological differences to the
upregulation of the ubiquitous immunoglobulin transcription
factor 2 (ITF2), a member of the tetraspannin gene family, by ASP and downregulation by ␣-MSH [9] is presently
unknown. However, since ASP is continually transcribed in
essentially all Avy /− tissues, it seems likely that some of its
manifestations may be associated with its upregulation of Itf2
in different tissues and consequent effects on various molecular/metabolic pathways (reviewed in [54]).

5. Summary and conclusion
Fe overload moderated the rate of body weight loss and
ameliorated marked variability in the rate of decrease in food
consumption beginning about 16 months of age in the yellow
agouti Avy /a mice. The possible role of MC4R signaling as
affected by ASP binding and an unknown interaction with Fe
remain to be investigated.
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The rate of Fe uptake by yellow agouti livers was lower
than that of isogenic pseudoagouti livers and the livers from
the other non-obese mice. After 24 months of iron overload,
however, the Fe score of the yellow agouti livers had increased
to that of the other livers.
In contrast to the liver Fe uptake by the yellow agouti mice,
the Fe uptake and severity scores of their hearts and pancreata
were greater than in these organs of the non-obese mice.
In yellow agouti mice the number of pancreatic islets and
total islet area were decreased after 12 and 24 months of
Fe overload; however, this did not occur in the non-obese
phenotypes.
The concentration of pancreatic ␣ and ␤ cells from all phenotypes treated with the control Fe dose increased between 12
and 24 months. Treatment with the higher Fe dose prevented
such an increase in pseudoagouti and black mice.
Fe treatment increased the number of ␦ cells between 12
and 24 months in all phenotypes except the black mice.
Fe overload for 12 months increased prevalence of hepatocellular adenomas in yellow agouti and isogenic pseudoagouti mice. After 24 months of Fe overload adenoma
prevalence in yellow agouti mice was greater than at 12
months and similar in the control and treated groups.
Among pseudoagouti mice fed the high Fe dose for 24
months carcinoma prevalence was 2× as great in the control
as in the treated group.
Among the black mice, Fe overload doubled the number
of carcinomas observed among the control mice.
While the hypothesis that these mice might serve as a tool
for investigating hemochromatosis was not confirmed, the
data did provide evidence of interactive effects of ASP, age,
and carbonyl Fe in yellow agouti mice.
The present data demonstrate that the combination of yellow agouti Avy /a, isogenic pseudoagouti Avy /a, and congenic
black a/a mice provide a practical animal model system for
applying a dose–response systems biology approach to the
investigation and understanding of the dysregulatory influence of ectopic ASP on the complex molecular-physiological
matrix of the organism.
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