Changing Pattern of Prevalence of Insulin Resistance in Psammomys obesus,
a Model of Nutritionally Induced Type 2 Diabetes
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Psammomys obesus (a desert gerbil, nicknamed the “sand rat”) with innate insulin resistance was transferred to a
high-energy (HE) diet at a young (8 to 20 weeks) and older (38 to 45 weeks) age. The young Psammomys progressed to in vivo
insulin resistance, followed by pronounced hyperglycemia and hyperinsulinemia, as described previously. Analysis of the time
dependency of these changes in response to the HE diet showed that the increase in serum glucose preceded the increase in
insulin and plateaued earlier, reverting to normal together with insulin in the clder Psammomys. Implants releasing insulin 2
1U/24 h did not induce appreciable hypoglycemia, a decrease in free fatty acids (FFAs), or a suppression of hepatic
phosphoenolpyruvate carboxykinase (PEPCK) activity in young animals after 5 hours, despite a markedly increased circulating
insulin. However, in the older Psammomys, the exogenous hyperinsulinemia produced a significant decline in serum glucose
and FFA and a suppression of hepatic PEPCK activity. A euglycemic-hyperinsulinemic clamp confirmed that hepatic glucose
production (HGP) was lower in older Psammomys versus the young and was almost completely abolished by insulin (from
5.6 +0.6t00.2 = 0.1mg- min~'-kg~"'v10.9 + 0.8t0 3.9 = 0.5 mg - min—' - kg~"). This indicates that HGP, rather than glucose
underutilization, was the main contributor to the hyperglycemia and that the hepatic insulin resistance in Psammomys is
attenuated with age. In relation to the human condition, these findings point out that while the type 2 diabetes prevalence in
Western populations generally increases with age, the excessive nutritional intake in high-risk populations produces a pattern
of diabetes prevalence that tapers off with age. As such, the nutritionally induced diabetes in Psammomysrepresents a similar

model for a differing pattern of the age-related prevalence of diabetes.
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FTEN NICKNAMED *“‘sand rat” because of its sand dune
habitat, Psammomys obesus is a herbivorous desert
gerbil with innate insulin resistance.! Psammomys develops
hyperinsulinemia and hyperglycemia when transferred from its
native saltbush (Atriplex halimus) to a laboratory rodent diet,
which is higher in energy (3.1 kcal/kg) relative to its native food
(~1.9 kcal/g).>* Four stages of progression to diabetes on the
high-energy (HE) diet and the failure of insulin to activate the
signaling pathway at the receptor level have been recently
described.>7 In the final stage, the HE diet induces a loss of
insulin secretory function and apoptosis of pancreatic (3 cells.?10
Most of the hitherto published experiments have been
performed with relatively young Psammomys by placing them
on the HE diet 2 to 3 weeks after weaning. As reported
previously,! administration of exogenous insulin by slow-
release implants caused severe hypoglycemia in laboratory
albino rats and an almost complete reduction in the activity of
phosphoenolpyruvate carboxykinase (PEPCK), the rate-limit-
ing hepatic gluconeogenic enzyme. This indicated the effective-
ness of insulin in restraining gluconeogenesis while promoting
peripheral glucose uptake to the point of hypoglycemia. In
contrast, the Psammontys, even on a low-energy (LE) diet, did
not experience hypoglycemia under similar conditions and
exhibited only partial (~60%) suppression of PEPCK activity.
The Psammomys used in this study was relatively young, a few
weeks after weaning.

We have observed in preliminary experiments that in older
Psammomys, the transfer to a HE diet is not diabetogenic and
insulin resistance is not expressed.!! The aim of the present
study is to show that insulin resistance and susceptibility to
diabetes in this desert rodent disappears with age and pancreatic
function is preserved even on a HE diet.

MATERIALS AND METHODS
Animals and Diets

Psammomys obesus, originating from the desert shores of the Dead
Sea, were raised in a colony established at the Animal Farm of the
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Hebrew University Hadassah Medical School. All animals were from
the genetically selected diabetes-prone (DP) line,* and were housed in
individual polypropylene cages with water and food supplied ad
libitum. All experimental procedures were authorized by the Institu-
tional Animal Care Committee. The animals were fed ad libitum either
on the LE diet supplying digestible energy of 2.4 kcal/g or on a regular
rodent chow supplying digestible energy of 3.1 kcal/g, referred to as a
HE diet. The composition of the LE diet was protein 16.7%, fat 3.1%,
carbohydrate 70.0% (of which 64.0% was digestible), and ash 10.2%.
The composition of the HE diet was protein 22.4%, fat 2.1%,
carbohydrate 66.6% (of which 80.5% was digestible), and ash 6.9%.*
Both diets were low in fat; the main difference in the diets was the
higher fraction of digestible carbohydrate in the HE diet.

Insulin Implants

Insulin implants (bovine insulin; Linshin, Scarborough, Canada)
were inserted subcutaneously into Psammomys in the scurf area around
the neck of nonfasted animals maintained on the LE diet, with free
access to food and water during the implantation. Each implant releases
insulin continuously for up to 60 days at a rate of 2 TU/24 h.'? The
animals were killed by decapitation after 5 hours. Blood was collected
for glucose and insulin assays. The liver was excised for measurement
of glycogen content and enzyme activity.

Hyperinsulinemic-Euglycemic Clamp

Hyperinsulinemic-euglycemic clamp studies were performed on
nonanesthetized, unstressed catheterized animals according to the
method of Rossetti and Giaccari.'® The catheters were surgically
inserted 5 to 8 days before the clamp study. Psammomys were
anesthetized with an intraperitoneal injection of sodium pentobarbital
(60 mg/kg). Indwelling catheters were inserted into the right jugular
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vein and the left carotid artery. On the day of the experiment in
overnight-fasted animals, an infusion of 6 uCi 3-3H-p-glucose (14
Ci/mmol; New England Nuclear, Boston, MA) was initiated and
followed by a continuous infusion of 3-3H-p-glucose at a rate of 0.2
uCi/min for 40 minutes to allow a steady state of the glucose tracer to be
established. Blood samples were taken for measurement of glucose
turnover and calculation of basal hepatic glucose production (HGP).
Human insulin (Act-Rapid HM; Novo Nordisk, Bagsvaerd, Denmark)
was then infused, first as a bolus of 18 mU and then at a constant rate of
44 mU - min~!- kg~1. A 10% glucose solution was also infused. The
constant infusions of 3-*H-D-glucose and insulin were performed
together. Blood samples were taken every 10 minutes to measure
glucose levels and maintain euglycemia by adjusting the glucose
infusion rate. Basal glucose turnover, the insulin-stimulated total rate of
glucose disappearance, and HGP were measured as described by
Rossetti and Giaccari.!?

Assays

Serum glucose and triglyceride (TG) levels were measured by
enzymatic methods (Roche, Basel, Switzerland). Serum free fatty acids
(FFAs) were determined using a Randox kit (Randox Laboratories,
Ardmore, UK) based on the conversion to and oxidation of acyl
coenzyme A. Serum insulin was determined by radioimmunoassay
using anti-human insulin antibodies (Medgenix, Brussels, Belgium)
and human insulin as a standard. Dilutions of Psammomys serum and
pancreatic insulin yielded curves parallel to those for dilutions of human
insulin. Cross-reactivity with purified human insulin used as a standard
was 90% to 95%. Liver PEPCK activity was measured by the rate of
enzymatically catalyzed exchange between potassium oxalate and
H'#COj; in the presence of inosine triphosphate, as outlined previ-
ously.!* Liver glycogen was determined enzymatically!® after digestion
of a portion of the liver in 33% potassium hydroxide and precipitation of
the glycogen by ethanol.

RESULTS

Table 1 shows that the insulin implants in older Psammomys,
already after 5 hours of severe hypoglycemia, caused a signifi-
cant 26% suppression of PEPCK activity and a compensatory
decrease in liver glycogen. No such response to insulin was
observed in the young Psammomys at a level of hyperinsulin-
emia similar to that in aged Psammomys. Thus, compared with
the young Psammommys, the responsiveness to insulin signifi-
cantly improved with age.

Psammomys exhibits a pronounced insulin resistance, accom-
panied by hyperglycemia and hyperinsulinemia, when trans-
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ferred from a LE to a HE diet.>7 Table 2 shows that these
changes are prominent in the young Psammomys, but in
contrast, no hyperglycemia or appreciable hyperinsulinemia
was elicited by the HE diet in older Psammomys. Body weight
in the young animals transferred to the HE diet increased
somewhat due to fat accretion, as inferred from a 50% increase
in the relative weight of epididymal fat tissue. With age, the
slight weight gain in Psammomys on the HE diet was due to
total body growth, since the increase in adipose tissue was
proportional to the body weight gain. It should be emphasized
that these changes occurred in young Psammoniys along with
the development of insulin resistance, but did not precede it.
They were evident in the absence of appreciable changes in
food consumption following the transfer from the LE to HE diet
and expressed either per day or per animal weight (Table 2),
indicating the absence of hyperphagia on the HE diet.

Figures 1 and 2 show, respectively, the time course of the age
dependence of changes in serum glucose and insulin and in
relative epididymal fat tissue weight on the transfer to the HE
diet. The effect of this diet on the elevation of serum glucose
was prominent at 19 weeks of age, but did not persist at 38 or 45
weeks of age. The elevation of circulating insulin was evident at
23 weeks, with a peak at 30 weeks, but receded at 38 and 45
weeks. A similar time course was also evident with respect to fat
accumulation, with a decrease in fat content relative to total
body weight at 23 to 30 weeks of age. At 38 and 45 weeks, there
was no increase in epididymal fat in relation to total body
weight. No changes relative to body weight were found for the
liver and kidneys throughout the total period of 19 to 45 weeks
(data not shown).

Values in Figs 1 and 2 are the mean values for the whole
group of animals transferred from the LE to the HE diet,
including some that did not become hyperglycemic and/or
hyperinsulinemic during the 35 days of exposure to the HE diet.
From our previous experience, it is known that in the DP line of
Psammomys, almost all of the animals become diabetic on the
HE diet; however, in some animals, it may take longer than 35
days to fully elicit this effect. Thus, at 19 weeks, only eight of 14
animals became hyperglycemic, whereas 12 of 14 became
markedly hyperglycemic and hyperinsulinemic at 31 weeks.
However, consistent with the reduced susceptibility of the older
Psammomys to the HE diet, the percentage of those becoming

Table 1. Effect of Slow-Release Insulin Implant on Serum Glucose and Hepatic Gluconeogenesis Enzyme Activity in Young and Older
Psammomys

Young Psammomys

Older Psammomys

Without With Without With
Parameter Implant Implant F Implant Implant P
Blood glucose at start (mmol/L} 4.2 + 0.4 44 =03 NS 4.0 = 0.3 4.3+ 05 NS
Serum glucose at 5 h (mmol/L} 42 +0.2 3.8+03 NS 3.6 =04 19+04 <.001
Serum FFA at5 h (pmol/L) 288 = 186 240 =12 NS 216 =10 130 = 11 <.05
Serum TG at 5 h (mmol/L} 169 = 32 173 = 22 NS 102 =7 51+ 6 <.01
Serum insulin at 5 h (pmol/L) 789 = 60 2,256 = 118 >.001 546 + 120 2,160 *+ 282 <.01
Liver glycogen at 5 h (mg/g) 51.3 = 3.1 42.3 £ 25 NS 56.5 = 4.5 42.1+28 <.05
Liver PEPCK {(nmol - min—?! - mg~*) 326 + 35 314 = 28 NS 274 £ 24 202 = 20 <.05

NOTE. Values are the mean = SE for groups of 6 animals. The experiment was from 8:30 am to 1:30 Pm. The nonfasted animals had free access to
the LE diet during the experiment. The age of young Psammomys was 10-12 weeks and that of older Psammomys 42-46 weeks. The respective

body weights were 180 = 6 and 233 + 13 g.
Abbreviation: NS, nonsignificant.
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Table 2. Effect of HE Diet on the Progression to Diabetes in Young and Older Psammomys
Young Psammomys Older Fsammomys
Parameter LE Diet HE Diet P LE Diet HE Diet P
Age (wk) 19 19 45 45
Blood glucose (mmol/L) 47 £ 0.3 14.7 = 1.5* <.01 4.5 + 0.3 58 = 0.8 NS
Serum insulin {(pmol/L} 696 + 44 3,174 + 348* <.001 952 + 290 862 = 152 NS
Body weight (g) 246 £ 5 268 + 7% <.05 252 +7 273+ 8 NS
Epididymal fat (% body weight) 1.6 = 0.1 2.4 = 0.2* <.02 1.1+ 0.1 1.2 £ 0.1 NS
Food consumption
g/d 14.1 0.5 13.8 + 0.6 NS 15.4 + 0.8 15.9 £ 0.9 NS
g/100 g 6.6 =04 5.6 + 0.6 NS 6.1 =03 5.8 + 0.3 NS

NOTE. Vaiues are the mean = SE for groups of 12-14 animals, which were transferred from the LE to HE diet 35 days before the indicated age.
Statistical significance (*) was calculated by Student’s ttest for nonpaired groups.

hyperglycemic on the HE diet within the span of 35 days
decreased with age, two of 10 at 38 weeks and zero of 12 at 45
weeks.

The reduced insulin resistance in aging Psammomys is
further demonstrated by the euglycemic-hyperinsulinemic clamp
studies (Table 3). Basal HGP was lower in the aged versus
young Psammomys and was almost completely abolished by the
hyperinsulinemia produced by 1 hour of insulin infusion during
the clamp. Total glucose transport (TGT), representing the
overall tissue glucose utilization, was generally increased by
insulin infusion during the clamp studies. The exogenous
glucose supply was similar to the TGT in both young and older
Psammomys. Since the exogenous glucose supply corresponds
to TGT minus HGP, in both young and older Psammonuys, there
was a good correlation between the measured TGT and the
infused amount of glucose. The relative percentage of hyperin-
sulinemic HGP to total-body glucose homeostasis was mark-
edly reduced, from 22.6% in the young Psammomys to 1.4% in
the older Psammomys (Table 3). In each group, the relative
percentage of basal HGP to hyperinsulinemic HGP was 36%
versus 3% (Fig 3).
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Fig 1. Serum glucose and insulin levels in Psammomys obesus

upon transfer from the LE to HE diet. *The animals were maintained
on LE diet and the basal values are shown at 8 weeks postweaning.
The animals were transferred to the HE diet for 5 weeks and killed by
decapitation in the nonfasting state at the age indicated in Table 2.
The increase in serum glucose on exposure to the HE diet was
significant at 8, 16, 19, and 31 weeks at P < .005 v the initial value.
Increases in serum insulin were significant at 19 and 31 weeks at P <
.005.

DISCUSSION

Our study shows that 38- to 45-week-old Psammomys exhibit
markedly reduced insulin resistance, in contrast to the severe
insulin resistance in young animals investigated at 8 to 31
weeks of age. This was demonstrated by the inability of
exogenous insulin, administered by implants, to produce hypo-
glycemia, to suppress the activity of the hepatic gluconeogen-
esis enzyme PEPCK, and to induce the decrease of circulating
FFA and TG, most probably by inhibiting FFA release from
adipose tissue. On the other hand, the HE diet failed to elicit
hyperglycemia and hyperinsulinemia in the older Psammomys.
A remarkable observation was the almost complete shutdown of
hepatic gluconeogenesis during the euglycemic-hyperinsulin-
emic clamp in the older Psammomys, while at the same
prevalent circulating insulin concentration, the young animals
responded with a reduction to 36% of basal HGP (Fig 3). Thus,
the hepatic insulin resistance of Psammomys, attributed to the
thrifty genotype of a desert species’ and accentuated by the HE
diet, declined with age.

The restored ability of insulin to suppress PEPCK activity

350 3
3ce Body weight
250
2
8 g
- £
£ 200 1
%’ =
2 - £
150 * E
g g
o -
{ o
100
50
0 0
8 8 16 18 31 38 45
Weeks

Fig 2. Changes in body weight and epididymal fat weight relative
to total body weight in the same Psammomys age groups in Fig 1
upon transfer to the HE diet. Total body weight increased during the
period of observation, reflecting the growth of the animais. Epididy-
mal fat weight increased particularly in young animals upon transfer
to the HE diet, reflecting the association of insulin resistance with fat
accumulation, but decreased relatively to total body weight in older
animals. The increase in epididymal fat weight v the initial value was
significant at 16, 19, and 31 weeks of age at P < .001.
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Table 3. Hyperinsulinemic-Euglycemic Clamp Results in Young
and Older Psammomys

Young Older
Parameter Psammomys Psammomys P
Clamp serum glucose

{mmol/L} 54x03 4.4 +0.3 NS
Clamp serum insulin

{pmol/L) 1,848 £ 110 1,684 =132 NS
Basal HGP

{mg - min~" - kg~1) 10.9 = 0.8 5606 <.01
Insulin HGP ]

{(mg - min~1 - kg~-1) 3.9=x05 0.2 + 0.1 <.001
TGT (mg - min~" - kg~1) 17.2 =24 14.8 = 1.7 NS
Exogenous glucose supply

(mg - min~" - kg~1} 13.3+22 146 1.9 NS

NOTE. Values are the mean = SE for groups of 9 animals. Serum
glucose in the nonfasted young and older Psammomys before the
clamp procedure was 4.5 = 0.3 and 4.1 = 0.3 mmol/L, respectively.
Values in the table are for 18-hour fasted animals before starting the
glucose infusion. All animals were maintained on the LE diet. The
older Psammomys were 38-45 weeks old and weighed 222 = 13 g, v
young Psammomys, 19-22 weeks old and weighing 165 + 5 g.

and HGP in the older Psammomys strongly indicates that the
hepatic insulin resistance was improved and excessive HGP was
prevented. Thus, of the dual control mechanisms of glucose
homeostasis, HGP rather than peripheral glucose uptake, repre-
sented by the TGT, appears to be the major factor determining
the circulating glucose level in the aged Psammomys. The
importance of HGP in determining the level of diabetic
hyperglycemia also has been demonstrated in other species!s17
and in the human.18-20

Changes in HGP in Psammomys maintained on the HE diet
could be related to alterations in circulating FFAs, which are
known to enhance gluconeogenesis.?! However, as reviewed by
Boden,?? this occurs when plasma FFA levels are elevated,
inhibiting peripheral glucose utilization and enhancing HGP,
particularly when pancreatic insulin output is reduced. This is
unlikely to occur in Psammomys, since plasma FFA levels are

young older

& Basal HGP (mg/kg.min)
1 Hyperinsulinemic HGP (mg/kg.min)

Fig 3. Relative percentage of basal HGP and hyperinsulinemic
HGP during the hyperinsulinemic-euglycemic clamp in young (14-19
weeks) and older (38-45 weeks) Psammomys. Note the almost
complete suppression of HGP by the clamp hyperinsulinemia with
age, associated with normoglycemia on the HE diet in older Psammo-
mys.
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generally low (Table 1) and do not appreciably increase on HE
diets (E. Shafir, E. Ziv, unpublished observations, December
1998). In aging human subjects, FFAs increase and their
competition with the tissue utilization of other substrates seems
related to the enlarged adipose tissue mass, which was not the
case in Psammonmys.

Barzilai et al®* reported that long-term caloric restriction, to
55% of the diet of control rats fed ad libitum, reverses hepatic
insulin resistance in Sprague-Dawley rats by decreasing the
visceral fat content. The possibility that the reduced insulin
resistance in older Psammontys was a corollary of protracted
caloric restriction during growth, by maintenance on the LE
diet, is highly unlikely. The LE diet is richer than the diet in their
native habitat (digestible energy, 2.4 v 1.9 cal/g, respectively)
and does not constitute caloric restriction. The older Psammo-
mys reached a weight similar to that of young Psammomys
(Table 2).

Increased body weight and particularly the increment in
adipose tissue have been suggested by Barzilai and Rossetti® to
contribute to the development of insulin resistance in aging
albino rats. A doubling of the insulin infusion rate was required
during the euglycemic-hyperinsulinemic clamp to maintain
HGP at a similar rate in 4- to 14-month-old rats. However, in
older Psammomys, the body growth was not related to excessive
fat tissue (Table 2 and Fig 2). This finding also does not conform
to observations in aged human subjects, in whom glucose
intolerance, insulin resistance,?62® and plasma lipoproteins®
increase with aging and are mostly attributed to fat accumula-
tion, particularly in the abdominal region. In Psammomys, fat
accretion in excess of body growth was transient between 4 and
7 months of age, and plateaued with aging. This occurred along
with but not as an outcome of the increase in insulin resistance,
which repeatedly emphasizes that the disappearance of insulin
resistance in older Psammomys was evident at normal body
composition.

One of the major conclusions from our observations is that
the liver insulin resistance leads to the elevation of HGP despite
hyperinsulinemia and is responsible for the diabetic hyperglyce-
mia in young Psammomys. With age, the diet-induced hyperin-
sulinemia suppresses HGP, whereas glucose uptake is not
increased, as indicated from the unchanged TGT in our clamp
experiments. The impaired muscle glucose uptake, assumed to
characterize the thrifty metabolic genotype,?® appears not to be
reduced as evident from the normally functioning muscle
GLUT-1 and GLUT-4 transporters in aged rats® and in hu-
mans.?

The relevance of our findings to the human condition must be
discussed in the light of etiological factors inducing type 2
diabetes. Nutritionally induced diabetes may result in severe
hyperglycemia and hyperinsulinemia, which lead to B-cell
breakdown and apoptosis in Psammomys and other susceptible
species but are reversible by restricting the food intake.® This
etiology may be different from the irreversible genetically
predetermined diabetes as exemplified by db/db mice, in which
Leiter?*3* demonstrated that genomic factors are responsible for
the insulin resistance and p-cell loss.

Human populations in which nutritional affluence as a result
of an improved lifestyle leads to a diabetes epidemic may be
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subject to factors similar to those operating in the Psammomys
on the HE diet. In Pima Indians, a large percentage of whom
become diabetic when young, the prevalence of diabetes
reaches a plateau with age, as noted initially by Bennet et al®
and more recently by King and Rewers®® (Fig 4). Also, the
diabetes prevalence in Chinese and Hindu inhabitants of
Mauritius diminishes with age, in contrast to other populations
on this island in which the diabetes prevalence was not
attenuated by age.’” Zimmet et al’®3% among the urbanized
populations of Nauru and Western Samoa consuming diets
markedly higher than optimal by Western standards, found that
the prevalence of diabetes tapers off above 50 years of age.
Thus, diabetes induced by improved food availability in high-
risk population groups appears to show a different prevalence

pattern, for which Psammomys may be a pertinent model. This
is in contrast to the prevalence of diabetes in US Caucasians?®
(Fig 4) and other ethnic groups, eg, the population of Jerusa-
lem,* which generally increases with age up to the seventh
decade. It is also of interest that diabetes acquired by Australian
Aborigines on a Western diet may be reversed by a return to the
traditional diet,*? which is characteristic of the diabetes induced
by relative overnutrition and has been demonstrated likewise in
Psammonys.>®
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