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Summary The present study was undertaken to
examine the cross-sectional and short-term longitudi-
nal changes in glucose and insulin concentrations as
well as measure the enzymatic activity of PEPCK and
glycogen synthase in our Psammomys obesus colony. In
the cross-sectional study, blood samples were taken
from one group of animals at 19 weeks of age (n =37)
in the fed state and following a 4-h fast. In a separate
group of 19-week-old animals (n = 69), samples were
taken 1 h following an OGTT (1 g/kg body weight) in
Psammomys subjected to a 16-h fast. In the longitudi-
nal study, blood samples were taken from one group of
animals in the fed state at 7, 11, 15 and 19 weeks of age.
All of the cross-sectional data have described the clas-
sic inverted U-shaped curve (Starling’s curve of the
pancreas) in the relationship between glucose and in-
sulin levels. This trend was also reflected by Psammo-
mys subjected to the OGTT; a mild impairment in glu-
cose tolerance was associated with an increase in the in-
sulin response and a further impairment in glucose
tolerance was associated with a reduction in the insulin
response. Similar results were obtained following a 4-h
fast. The short-term longitudinal glucose and insulin
data revealed that of the 37 animals examined over the
12-week period, 16 progressed along the inverted U-

shaped curve described by the cross-sectional data. Of
the other animals, 8 remained unchanged, 7 were un-
classifiable and 6 hyperglycaemic Psammomys de-
veloped normoglycaemia at the expense of elevated in-
sulin levels. Psammomys were divided into four sepa-
rate groups based on their glucose and insulin levels in
the fed state at age 19 weeks: group A were normogly-
caemic (4.5£0.2mmol/l) and normoinsulinaemic
(81 £15 mU/); group B were normoglycaemic (5.3 £
0.3 mmol/l) and hyperinsulinaemic (267 £19 mU/l),
group C were hyperglycaemic (16.9 = 1.4 mmol/l) and
hyperinsulinaemic (356 +29 mU/l); groupD were
hyperglycaemic (20.4 £ 1.4 mmol/l) and normoinsuli-
naemic (92 +56 mU/1). Analysis of liver and soleus
muscle tissue revealed that active glycogen synthase
activity was reduced in the hyperglycaemic Psammo-
mys (C and D). Total glycogen synthase activity (in
liver and muscle) and PEPCK activity (in liver) were
not different between groups A-D. These findings add
to those already published which suggest Psammomys
is an ideal animal model for the study of NIDDM. [Dia-
betologia (1994) 37: 671-676]
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The development of hyperglycaemia in Psammomys
obesus following ad libitum feeding of laboratory
chow was first demonstrated in 1964 [1]. In conjunc-
tion with hyperglycaemia, other physiological defects
have been reported including hyperinsulinaemia, re-
duced glucose tolerance, obesity, cataracts and beta-
cell degranulation and vacuolisation of the pancreatic
islet tissue [1, 2]. The complications presented in these
pathology studies in conjunction with the wide range
of glycaemic response to a chow diet made Psamimo-
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Fig.1. The inverted U-shaped curve relationship describing the
plasma glucose and insulin concentrations of 37 19-week-old
Psammomys in the fed state
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Fig.2. Plasma glucose (Jll) and insulin () concentrations of
four separate groups of 19-week-old Psammomys in the fed state
(upper panel) or following a 4-h fast (lower panel): Group A was
normoglycaemic and normoinsulinaemic (n = 10), group B was
normoglycaemic and hyperinsulinaemic (n = 13), group C was
hyperglycaemic and hyperinsulinaemic (» =11) and group D
was hyperglycaemic and normoinsulinaemic (# = 3). Results are
expressed as means + SEM

mys an ideal animal model for the study of NIDDM.
This range of glycaemic response to a chow diet en-
abled a Psammomys colony to be characterised by the
glucose and insulin levels in the fed state [3]. Four
groups of animals were identified; group A (normo-
glycaemic, normoinsulinaemic), group B (normogly-
caemic, hyperinsulinaemic), group C (hypergly-
caemic, hyperinsulinaemic) and group D (hypergly-
caemic, normoinsulinaemic). Longitudinal data have
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also been presented although glucose was the only me-
tabolite measured [4].

Unfortunately, in these cross-sectional and longi-
tudinal studies, Psammomys were not matched for age.
In addition, blood samples were only taken in the fed
state which suggested the possibility that the variation
in glucose and insulin response may have been partly
due to variation in the time period between the last
meal and the collection of the blood sample. Surpris-
ingly, in light of the aforementioned studies, longitudi-
nal glucose and insulin data describing the progressive
changes during the development of diabetes are yet to
be presented on this animal model of NIDDM. Despite
the difficulties associated with breeding Psammomys
[5], we have successfully established a breeding colony
at Deakin University.

In the present study we examined glucose and in-
sulin levels cross-sectionally in 37 19-week-old Psam-
momys in the fed state and following a 4-h fast, and in
69 Psammomys, 1h after an OGTT, which was
preceded by a 16-h fast (n = 69). We also measured glu-
cose and insulin levels longitudinally over a 12-week
period. In addition, PEPCK and glycogen synthase ac-
tivities were measured in liver and muscle tissue of 19-
week-old animals in the fed state.

Materials and methods

Breeding. Psammomys from our colony were bred at Deakin
University using the San Poiley method [6] to maximise the size
of the genetic pool. Breeders were given free access to a diet con-
sisting of standard laboratory chow (Baristoc, Pakenham, Victo-
ria, Australia) and spinach. The energy components of the chow
pellets comprised 12 % energy fromfat, 63 % energy from carbo-
hydrate and 25 % energy from protein. Animals were weaned at
3 weeks of age, fed chow ad libitum and were housed in groups
of three to five in a temperature controlled room (20°C) with a
12~12 h light-dark cycle. The colony has been maintained in ac-
cordance with the guidelines of the National Health and Medical
Research Council [7].

Cross-sectional and short-term longitudinal studies. In all the
cross-sectional studies, male Psammomys were examined at
19 weeks, which is an age that is associated with a wide vari-
ation in glycaemic response ranging from normal to impaired
glucose tolerance to NIDDM. In one group of Psammomys
(n =37), glucose and insulin levels were measured in the fed
state and following a 4-h fast. In a second group (n =69), the
glucose and insulin response was measured 1 h following an
OGTT (1 g/kg body weight) which was preceded by a 16-h fast.
In the longitudinal study, (n =37), blood samples were taken 7,
11, 15 and 19 weeks of age in the fed state to measure glucose
and insulin levels.

Analytical methods. All blood samples were taken in the morn-
ing by tail tipping, and were collected in heparinized tubes and
placed on ice. Samples were centrifuged to separate the plasma
which was stored at —20°C for subsequent analysis. Plasma glu-
cose concentrations were determined on an automatic analyser
(Hitachi, 705-0013, Tokyo, Japan) using a colorimetric method
(Boehringer, Mannheim, Mannheim, Germany). Insulin con-
centrations were determined against a standard of human in-
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Table 1. The activities of PEPCK and glycogen synthase in liver and muscle tissue of Psammomys in the fed state that were 19 weeks

of age

Enzyme Activity Tissue Group A Group B Group C Group D
(nmol- min ! mg-!of tissue)

PEPCK Liver 0.46 £0.05 0.42+0.04 0.49+0.02 0.59+0.17
Act. Gly. Syn. Liver 0.064 £0.01 0.049 £ 0.005 0.028 £0.003" 0.032 £0.001¢
Tot. Gly. Syn. Liver 0.33+0.08 0.30+0.04 0.33£0.06 0.25+0.01
Act. Gly. Syn. Soleus 0.80+0.08 0.68 £0.06 0.59 £0.08° 0.44 £0.04¢
Tot. Gly. Syn. Soleus 2.95+0.24 3.11+0.22 2.73+0.44 2.89+0.27
Act. Gly. Syn. Red Gast. 0.72 £ 0.06 0.62+0.05 0.58 £ 0.09° 0.56+0.13¢
Tot. Gly. Syn. Red Gast. 3.06 £0.09 296033 2.621+0.48 1.36+047
Act. Gly. Syn. White Gast. 0.41 £0.07 0.49+0.06 0.51 +0.06 0.63+0.09
Tot. Gly. Syn. White Gast. 2.76 £0.09 2.8710.34 2.51£0.28 2.88+0.27

All values are expressed as means £ SEM for group A (n = 5), group B (n =7), group C (n =5) and group D (n =4). The superscript

‘a’ denotes a difference compared to group A (p <0.05)
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Fig.3. Plasma glucose and insulin responses 1 h after oral glu-
cose (1 g/kg body weight) which was preceded by a 16-h fast in
four groups of 19-week-old Psammomys: Group A was normo-
glycaemic and normoinsulinaemic (# = 30), group B was normo-
glycaemic and hyperinsulinaemic (n =27), group C was hyper-
glycaemic and hyperinsulinaemic (n =9) and group D was
hyperglycaemic and normoinsulinaemic (n = 3). Results are ex-
pressed as means £ SEM

sulin using a double antibody radioimmunoassay (Pharmacia
Diagnostics, Uppsala, Sweden).

Animals were killed by cervical dislocation. Liver tissue was
immediately freeze-clamped and then frozen in liquid nitrogen.
The skeletal muscle tissue removed from each animal comprised
the slow twitch red fibers with a high oxidative capacity (soleus
and red gastrocnemius) and the fast twitch white fibers with a
low oxidative capacity (white gastrocnemius). Tissues were
rapidly frozen in liquid nitrogen and stored at —70°C for sub-
sequent analysis.

PEPCK activity was measured in liver tissue and estimated
using the oxaloacetate exchange assay [8]. Active and total gly-
cogen synthase activity was measured in liver, soleus muscle and
white and red gastrocnemius muscle {9, 10].

Statistical analysis

All experimental data have been expressed as means = SEM. A
one-way analysis of variance was used in conjunction with a
Tukey’s multiple range test to determine any differences in glu-
cose and insulin levels, and enzymatic activity between the
Psammomys groups. Probability values less than 0.05 were con-
sidered significant.

Results

Cross-sectional characterisation. An inverted U-
shaped curve (Fig.1) described the relationship be-
tween plasma glucose and insulin levels. A small in-
crease in glucose levels was associated with a sharp in-
crease in insulin levels. A further increase in the glu-
cose concentration ( > 15 mmol/l) was associated with a
general decline in insulin levels despite marked hyper-
glycaemia.

Psammomys were categorised into four distinct
groups (A-D) according to their plasma glucose and
insulin levels in the fed state and following a 4-h
tast (Fig.2). Animals were selected for each category
on the basis of hyperglycaemiabeing defined as glucose
levels of 8 mmol/l or more and hyperinsulinaemia
being defined as insulin levels of 150 mU/l or more. The
four groups were as follows: group A (n =10) were
normoglycaemic ( <8 mmol/l) and normoinsulinaemic
(<150 mU/), group B (n = 13) were normoglycaemic
(=8mmol/l) and hyperinsulinaemic (=150 mU/),
group C (n =11) were hyperglycaemic (=8 mmol/l)
and hyperinsulinaemic (=150 mU/l) and group D
(n =3) were hyperglycaemic ( =8 mmol/l) and nor-
moinsulinaemic (<150 mU/l). Animals that were
classified into their respective groups in the fed state re-
mained in the same groups when glucose and insulin
levels were measured following a 4-h fast.

Enzymatic analysis of liver and muscle tissue
(Table 1) showed that active glycogen synthase activity
was reduced in the liver and soleus muscle of the hyper-
glycaemic Psammomys (groups C and D) when com-
paredto group A (p < 0.05). There were no differences
between groups in the activities of total glycogen syn-
thase and PEPCK in either liver, soleus muscle or
gastrocnemius muscle (white and red).

In a separate group of Psammomys (n = 69) sub-
jected to a 16-h fast, animals were categorised into four
groups according to the plasma glucose concentrations
1 h following the OGTT (Fig.3). Animals with a rela-
tively low glucose response (glucose <10 mmol/l,
n =30) also demonstrated a relatively low insulin re-
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Fig.4. Short-term longitudinal trends in plasma glucose and in-
sulin levels (in the fed state) in Psammomys ranging from 7 to
19 weeks of age. The longitudinal changes indicated four groups
of Psammomys that followed separate parts of the inverted ‘U’
shaped curve within a 12-week period: AtoB (O)n =11,BtoC
(O)yn=5CtoD(Aa)n=5and AtoBtoC(a)r =5. Results
are expressed as means ZSEM. Groups A, B, C, and D are
defined asin Figure 2

sponse. A progressive increase in the insulin response
was associated with an increase in the glucose response
as demonstrated by the animals with mild or moderate-
ly impaired glucose tolerance (n =27 and n =9, respec-
tively). A further deterioration of glucose tolerance
(n =3 for glucose =20 mmol/l) was associated with re-
duced insulin levels.

Short-term longitudinal study. From the 37 animals that
were followed-up longitudinally, 16 demonstrated
changes in plasma glucose and insulin levels that fol-
lowed separate parts of the inverted U-shaped curve
(Fig.4) similar to that described in the cross-sectional
data. The transition from group A to group B was asso-
ciated with an increase in insulin levels (769 vs
243 £23 mU/Ln =11, p < 0.05) with a minor significant
increase in plasma glucose levels (5.1£0.2 vs 5.6 &
0.2 mmol/l). The transition from group B to group C
was associated with significant increasesin both plasma
glucose levels (5.2£0.2 vs 124+ 1.5 mmol/l, n =5,
p <0.05) and plasma insulin levels (235+£26 vs
483 £ 88 mU/l, p < 0.05). Inthe transition from group C
to group D, plasma insulin levels dropped dramatically
despite continued hyperglycaemia (362+£31 s
113+ 16 mU/L, n =5, p <0.05). A total of five animals
progressed from group A to group B to group C, and
the changes in plasma glucose and insulin levels were
similar to the changes just described. During the 12-
week period of the longitudinal study, only one animal
progressed from group A through to group D. Of the
Psammomys that did not follow the longitudinal trends
just described, eight did not change groups, seven were
unclassifiable as they demonstrated random changes
that were not consistent with any particular trend and
six that were initially hyperglycaemic improved to
become normoglycaemic at the expense of clevated in-
sulin levels.
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Discussion

The inverted U-shaped curve has described a relation-
ship between fed glucose and insulin levels which has
not been presented before in this model of NIDDM. It
is similar to data presented previously in human studies
that have examined the relationship between glucose
and insulin concentrations (fasting or in response to a
glucose load) in a cross-section of subjects including
normal weight control subjects, individuals with im-
paired glucose tolerance and in NIDDM subjects with
varying degrees of fasting hyperglycaemia [11-13]. As
the fasting glucose levels increased within the cross-
sectional data, there was a progressive increase in in-
sulin levels. A further increase in glucose levels was as-
sociated with a rapid decline in insulin levels. De Fron-
zo [14] has coined this relationship ‘Starling’s curve of
the pancreas’.

Psammomys could be divided into four separate
groups based on the cross-section of glucose and insulin
levels in the fed state. These results are consistent with
a previous classification of Psammomys that measured
the fed glucose and insulin levels in the Psammomys
which ranged from 1 to 20 months of age [3]. As it was
not clear from this study whether the variation in glu-
cose and insulin levels between the groups was an effect
due to the age range of the animals and/or the variation
in the time period between the last meal and collection
of the blood sample, we controlled for both of these
variables in the current study. Not only were the ani-
mals matched for age, but the fed cross-sectional data
were duplicated when all Psammomys were subjected
to a 4-h fast.

A previous study involving the rhesus monkey has
reported cross-sectional data based on glucose and in-
sulin concentrations following a 16-h fast [15]. A total
of nine phases were described. Phase 1 had normal
glucose and insulin levels, while in the transition from
phase 2 to phase 7, insulin levels gradually increased
despite the glucose levels remaining normal. Glucose
levels increased significantly from phase 8 to phase 9
although this was associated with a corresponding re-
duction in insulin levels. These cross-sectional results
which conform to those presented here are similar to
the human cross-sectional data described above and
suggest that the Psammomys is an appropriate animal
model with which to examine the aetiology of
NIDDM.

When the Psammomys were subjected to a 1-h
OGTT it was still possible to categorise the animals
into discrete groups based on differing glucose toler-
ance. However, it is interesting to note that the insulin
response to the glucose load was significantly lower
than that to chow. This may be related to prolonged
fasting period (16 h) that preceded the glucose load, or
it may indicate that secretagogues other than glucose
are important in the development of hyperinsuli-
naemia in the Psammomys when it is deprived of its
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natural diet of salt bush and placed on a diet of labora-
tory chow which has greater concentrations of fat and
protein [16]. A previous study in human subjects has
demonstrated the potentiating effect of fat on glucose-
stimulated insulin secretion [17]. In the Psammomys
which are genetically predisposed to NIDDM, it is
possible that an elevated insulin response to the chow
dietleads to a further exacerbation of insulin resistance
which together contribute to the development of
NIDDM. The adverse effects of hyperinsulinaemia
have been well documented [18]. The administration of
insulin to healthy subjects for several hours to a few
days resulted in insulin resistance as measured by the
euglycaemic-insulin clamp, in conjunction with a re-
duction in insulin binding [19]. Collectively, these find-
ings may explain at least in part the high prevalence of
NIDDM in genetically predisposed human popula-
tions that have changed from their traditional diets to
‘Western’ styled diets which are often higher in fat. Not
surprisingly, hyperinsulinaemia has been found to be a
predictor of NIDDM even in the adolescents of such
populations as the Micronesian Naurans and Polyne-
sian Tuvaluans [20]. However, a further progression to-
wards the development of NIDDM in these genetically
predisposed populations is accompanied by pancreatic
decompensation resulting in reduced insulin levels [12,
21]. This pattern of distribution of glucose and insulin
levels has been demonstrated by the Psammomys in
the present study. The development of hypoinsuli-
naemia in the presence of worsening hyperglycaemiais
consistent with the phenomenon of ‘glucotoxicity’ and
may be responsible for the deterioration of pancreatic
insulin secretion [14,22].

The enzymatic analysis in this study has suggested
that a defect in active glycogen synthase and not
PEPCK is in part responsible for the hyperglycaemia
associated with this model. Previous investigations
have estimated glycogen synthesis in the Psammomys
by measuring the rate at which labelled glucose isincor-
porated into glycogen, and demonstrasted impaired
glycogen synthesis in both the basal and insulin-stimu-
lated states for rats classified in groups B, C and D [3,
23]. These results alone suggest that reduced glycogen
synthesis may be an earlier predictor for insulin resis-
tance than elevated gluconeogenesis. This is consistent
with the findings presented in two human studies that
have exposed glycogen synthase activity defects, and
more importantly, defects in the glycogen synthase
gene in subjects with NIDDM [24, 25]. Furthermore,
when compared to group A Psammomys, 2-deoxy glu-
cose uptake in the muscle was reduced in group B and
further reduced in group C animals, while the activity
of PEPCK, was reduced in group B and normalised in
group C Psammomys [3]. Similar trends were demon-
strated for PEPCK in the present study although the re-
sults failed to reach statistical significance. It should be
noted that the Psammomys in that particular study
were not matched for age and this may possibly account

for any differences in PEPCK measurements between
the two studies.

Although the cross-sectional data in this study have
demonstrated a specific relationship between glucose
and insulin levels, it has also suggested a possible pat-
tern in the development of NIDDM. Only the longi-
tudinal data can serve to confirm whether the glucose
and insulin changes in the development of NIDDM
occur in the pattern suggested by the cross-sectional
data.

In the short-term longitudinal study where glucose
and insulin levels were measured in the fed state, the
data has indicated that of the 37 rats studied, 16 pro-
gressed along separate portions (AtoB,Bto C,Cto D,
A toBto Cand A to B to Cto D) of an inverted U-
shaped curve. These results are encouraging in light of
the relatively brief period (12 weeks) of the longitudi-
nal study. These trends are consistent with the data
from a 6-year longitudinal study on the rhesus monkey
[26]. Seven monkeys developed diabetes through the
sequence of glucose and insulin changes suggested by
their cross-sectional data which was similar to the data
presented here; however, 14 of the monkeys did not.
Unfortunately, the longitudinal trends that these mon-
keys followed were not described by the authors and so
no comparison can be made between the two studies.
Perhaps the failure of some of the Psammomys and
rhesus monkeys to completely follow the longitudinal
trends (i.e. normal to diabetic monkeys) suggested by
their respective cross-sectional data may be due to the
relatively short duration of these longitudinal studies.
Our study in particular, only followed the Psammomys
for 12 weeks. The time period required for this longi-
tudinal study may need to be extended to reveal trends
consistent with the cross-sectional data in the majority
of Psammomys. Furthermore, not all Psammomys are
genetically predisposed to the development of
NIDDM when subjected to a chow diet [3]. In addition,
it is possible that the improvement demonstrated in six
hyperglycaemic Psammomys that became normogly-
caemic may have been associated with a reduction in
energy intake.

The difficulties associated with conducting studies
on the development of NIDDM within a practical time
frame have been made apparent in extensive longitudi-
nal human study (14 years) that followed the progres-
sion of glucose and insulin levels in 132 subjects of va-
rying glucose tolerance [27]. Of these, only 11 individ-
uals demonstrated the full cycle of changes (i. e. normal
to diabetic) in glucose and insulin levels consistent with
the pattern of the inverted U-shaped curve described
earlier. However, the validity of any conclusions on the
development of NIDDM drawn from cross-sectional
data was strengthened by three other groups that were
followed longitudinally (normal to impaired glucose
tolerance, impaired glucose tolerance to NIDDM, and
NIDDM). Each group reflected glucose and insulin
changes consistent with separate parts of the inverted



676 M.Barnett et al.: Characterisation of NIDDM in Psammomys obesus

U-shaped curve. These intermediate longitudinal
trends are similar to those described in the present
study and further support the notion of the Psammo-
mys being an appropriate animal model for the longi-
tudinal study on the actiology of NIDDM.
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