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adult Goto-Kakizaki (GK) rat is characterized by impaired glucose-
induced insulin secretion in vivo and in vitro, decreased (3-cell mass,
decreased insulin sensitivity in the liver, and moderate insulin resis-
tance in muscles and adipose tissue. GK rats do not exhibit basal
hyperglycemia during the first 3 wk after birth and therefore could be
considered prediabetic during this period. Our aim was to identify the
initial pathophysiological changes occurring during the prediabetes
period in this model of type 2 diabetes (T2DM). To address this, we
investigated (3-cell function, insulin sensitivity, and body composition
in normoglycemic prediabetic GK rats. Our results revealed that the in
vivo secretory response of GK [-cells to glucose is markedly reduced
and the whole body insulin sensitivity is increased in the prediabetic
GK rats in vivo. Moreover, the body composition of suckling GK rats
is altered compared with age-matched Wistar rats, with an increase of
the number of adipocytes before weaning despite a decreased body
weight and lean mass in the GK rats. None of these changes appeared
to be due to the postnatal nutritional environment of GK pups as
demonstrated by cross-fostering GK pups with nondiabetic Wistar
dams. In conclusion, in the GK model of T2DM, B-cell dysfunction
associated with increased insulin sensitivity and the alteration of body
composition are proximal events that might contribute to the estab-
lishment of overt diabetes in adult GK rats.

Goto-Kakizaki rat; body composition; insulin sensitivity; glucose
tolerance

ESTABLISHED TYPE 2 DIABETES MELLITUS (T2DM) is associated
with profound insulin-secretory alterations and insulin resis-
tance, but the primacy of each of these events over the other
remains controversial. According to a widely accepted hypoth-
esis, insulin resistance is the primary defect responsible for the
progression toward T2DM (8, 30, 34, 48). However, other data
support the concept that B-cell dysfunction could be, in fact, a
proximal event rather than a secondary phenomenon due to the
exhaustion of [B3-cells caused by prolonged insulin resistance
(16). This controversy may partly result from the genetic
heterogeneity of the population included in the study protocols
in humans with high risk of developing the disease, and the
presence of confounding parameters such as age, sex, and
environmental factors (16). Therefore, animal models of
T2DM with a period of prediabetes could help with the

understanding of the chronology of events leading to the
appearance of clinical symptoms. The Goto-Kakizaki (GK) rat
is a spontaneous nonoverweight model of T2DM produced by
selective breeding (with glucose intolerance as selection crite-
rion) repeated over many generations, starting from a nondia-
betic Wistar colony. In the colony maintained in our laboratory
(GK/Par line) with progenitors issued from the original Japa-
nese colony (18), all adult animals exhibit mild hyperglycemia
and impaired glucose tolerance. In vivo and in vitro studies
indicate that insulin release in response to glucose is markedly
affected in adult GK/Par rats (39, 40). 3-Cell number is also
depleted by 50% (32), and insulin sensitivity is reduced in the
liver, muscle, and adipose tissue of adult GK/Par rats (7, 37).
Because in GK/Par rats hyperglycemia does not appear before
weaning (7, 37), during the first 3 wk after birth the GK/Par
rats can be considered prediabetic and therefore represent a
valuable model for studying the initial pathophysiological
changes relevant to the alteration of glucose metabolism in
adult GK rats. In the present work, we focused on the identi-
fication of the primary determinants in the pathogenesis of
diabetes in this model of T2DM.

MATERIALS AND METHODS

Animals. Diabetic GK/Par rats were obtained from our laboratory
(39). Nondiabetic Wistar rats were used as controls. For all experi-
ments, newborn litters were limited to 8—10 pups by removal of
additional pups on the day of birth, since the size of the litter has
short- and long-term influences on body weight, adipose tissue cellu-
larity, and insulin production (25, 28). Females 7, 14, 21, 28, and 56
days old were used for this study. Animals were weaned on day 28
and fed ad libitum with commercial chows (Diet 113; SAVE, France).
All animal experiments were conducted with the approval of the
French National Centre for Scientific Research.

Cross-fostering experiments. Immediately after birth, offspring of
GK and Wistar rats were cross-fostered respectively to Wistar and GK
dams having given birth the same day.

The maternal behavior of the GK and Wistar dams fostering Wistar
and GK pups, respectively, was examined daily to ensure that there
was no maternal rejection.

Glucose tolerance test. Intraperitoneal glucose tolerance tests
(IPGTT) were performed in nonanesthetized animals. Newborn rats
were separated from their mothers 2 h before the experiments.
Animals from at least three different litters were used at the ages of 7,
14, and 21 days in Wistar and GK groups and at the ages of 14 and
21 days in the cross-fostered GK (CFGK) group. Blood samples were
collected before and 10, 30, and 60 min after glucose administration
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(1 g/kg body wt) for determination of plasma glucose and insulin.
Because of the small size of the animals at these ages, 6—9 animals
were killed by decapitation for each time point of the IPGTT in order
to collect sufficient volume of plasma for the determination of plasma
insulin, making a total of 24-36 animals in each experimental group.
For 28- and 56-day-old rats, eight animals from each group were used,
and blood samples were collected from the tail vein.

Carcass composition. After a homogenous mixture of the carcass
had been obtained using a mechanical grinder, the water content of the
carcass was determined by weight loss after drying 1 g of samples for
18 h in a 103°C oven. Total lipid content was determined on three
aliquots after extraction with a mixture of chloroform-methanol (2:1)
as previously described (1, 6, 44). Nitrogen was determined by
semimicro-Kjeldahl digestion and converted to protein mass with the
correction factor 6.25 (44).

Glucose turnover rate in basal state. Glucose turnover rate was
measured according to a previously detailed procedure (24) in anes-
thetized (pentobarbital sodium 50 mg/kg ip) 21-day-old pups sepa-
rated from their mothers 3 h before the experiments. In these condi-
tions, rats were considered to be in the postabsorptive period, and the
rate of glucose production was a measure of endogenous production.

Glucose turnover in hyperinsulinemic-euglycemic clamp. Clamp
studies were performed using a protocol previously validated in our
laboratory (24) in 21-day-old Wistar and GK rats separated from their
mothers 3 h before the experiments. Rats were anesthetized with
pentobarbital sodium (50 mg/kg body wt ip). Body temperature was
maintained at 37°C with heating lamps. Blood was collected at the tail
vein 15 min after anesthesia for the determination of basal blood
glucose and plasma insulin concentrations. The rats were then admin-
istered a continuous intraperitoneal infusion of insulin (100 Ul/ml
Actrapid, Novo Nordisk) at constant rate of 20 pl/min (17 mU/min).
Blood glucose was clamped at 6 mmol/l by a variable intraperitoneal
infusion of glucose with a Precidor pump (Infors, Basel, Switzerland).
This level of blood glucose corresponds to basal glycemia in 21-day-
old Wistar rats and to basal glucose levels in nonanesthetized 21-day-
old GK rats. After the beginning of insulin infusion, blood samples
were collected from the tail vein every 5 min, and blood glucose
concentrations were measured using a glucometer (Glucotrend,
Boehringer Mannheim). In each group, the steady-state plasma insulin
and blood glucose levels were reached 70—75 min after the beginning
of insulin infusion. Endogenous glucose production during the clamp
studies was assessed by a primed continuous infusion of [3-*H]glu-
cose (Amersham). The labeled glucose was administrated as an initial
intraperitoneal priming dose (5 wCi) followed immediately by a
continuous intraperitoneal infusion at a rate of 0.2 wCi/min. A steady
state of glucose-specific activity was established by 70 min in the
clamp studies.

Insulin sensitivity test. Intraperitoneal insulin sensitivity tests were
performed in nonanesthetized 7-, 14-, and 21-day-old GK and Wistar
rats after 3-h separation from their mothers. Human insulin (Actrapid)
was injected at the dose of 0.375 U/kg body wt, and blood samples
were collected from the tail before and 5, 10, 15, 20, 40, 60, and 90
min later for the determination of blood glucose concentrations.

Samples, analytic techniques, and calculations. Retroperitoneal
adipose tissues were dissected and weighed. The average volume and
number of adipocytes per fat pad were determined according to the
technique of Sjostrom et al. (44), as previously detailed (19). Fat mass
and protein mass were calculated and expressed as grams per 100
grams fresh weight. As previously described (24), plasma immuno-
reactive insulin was estimated using purified rat insulin as standard
(Cliniscience, Montrouge, France), antibody to insulin and rat '*I-
labeled monoiodated insulin (Diasorin, Saluggia, Italy) as tracer.
Charcoal (Sigma, L’Isle d’Abeau Chesnes, France) was used to
separate free from bound hormone. This method allows the determi-
nation of 0.1 ng/ml with a coefficient of variation within and among
assays of 10%. Insulin and glucose responses during the IPGTT were
calculated as the incremental values of plasma insulin (AI) and plasma
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glucose (AG) above basal values (T0) of insulin and glucose, respec-
tively, integrated over the period (60 min) following the injection of
glucose.

Glucose specific activity in the blood samples was measured as
detailed in Ref. 12. Glucose turnover was calculated by dividing the
[3-*H]glucose infusion rate (GIR) by the glucose specific activity
under steady-state conditions. In the basal state, endogenous glucose
production was considered equal to the rate of glucose appearance,
and it equaled the glucose utilization rate. The insulin sensitivity index
(IST) was calculated by dividing the GIR required to maintain steady-
state blood glucose by the steady-state plasma insulin concentration.
Plasma glucose disappearance rate (Rq ins %/min) during the insulin
sensitivity test was calculated from the slope of the regression line
obtained with the log-transformed plasma glucose values from 5 to 40
min after insulin administration.

Statistical analysis. Results are expressed as means * SE. Statis-
tical analyses were performed with analysis of variance and using
Student’s unpaired #-test.

RESULTS

Postnatal stunting with early alteration of body composition
and adiposity in GK prediabetic rats. At birth, pups of GK
dams exhibited normal body weight (data not shown), consis-
tent with our previous reports (43).

However, from day 2 after birth and onward, they did have
a mean weight-for-age deficit compared with the age-matched
Wistar rats, with no catch-up growth after weaning or with
aging (Fig. 1) (4). In the GK pups reared with Wistar dams,
there was no supplementary weight gain compared with GK
pups reared with their own mothers (Fig. 1). This occurred in
the absence of rejection of Wistar dams toward GK pups, since
the nursing behavior checked daily during the length of the
experiment appeared normal. At 7 and 14 days of age, the GK
offspring had similar percent protein mass but a lower percent-
age of body fat mass and retroperitoneal fat pad to body weight
(at 14 days) than controls (Table 1). At weaning (28 days) and
thereafter, the lean body mass and the percentages of protein
mass lowered. This was accompanied by a significant increase
in percent body fat mass and absolute retroperitoneal fat pad
weight. These data reveal an unexpected accumulation of total
body lipids in the GK rat at the time of the weaning transition,
with mainly an excess of fat in the retroperitoneal depots.

2257 —o— Wistar

- GK
—&~ CFGK

* %

2004

Body Weight (g)

0 7 14 21 28 35 42 49 56

Age (day)

Fig. 1. Postnatal growth in Wistar, GK, and cross-fostered GK (CFGK) rats
from day 1 to day 56 of life. Results are expressed as means * SE. *P < 0.05,
#EP < 0.01, ¥*¥*P < 0.001 Wistar vs. age-matched GK and CFGK groups.
Wistar, n = 16; GK, n = 15; CFGK, n = 10.
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Table 1. Age-dependent changes in body composition and adiposity in GK and control Wistar rats

Body Composition RP Fat
Protein mass/body Fat mass/body Pad mass/body Cell size, Cell no./pad,

Rats n Age, days Body weight, g Lean mass, g mass, % mass, % Pad mass, mg weight, % pm30.103 0.10°
w

5 7 15.9+0.3 14.8+0.2 12.9+0.08 6.9+0.3 ND ND ND ND

5 14 24.8%0.1 22.3*0.2 14.7£0.24 10.1x0.6 83*9 0.24x0.02 12716 7.5%0.1

5 28 101.0x3.1 92.6+2.3 16.9+0.19 8.6%0.5 252+31 0.29+0.03 20120 6.5+0.9

7 56 192.1+4.0 167.2%5.1 19.5*£0.31 129*1.3 1,10092 0.56+0.07 226*29 22.5*24
GK

5 7 9.4x0.2 8.9x+0.2¢ 12.7%0.10 4.3*0.1¢ ND ND ND ND

5 14 19.8+0.4 18.6+0.3¢ 14.7%+0.07 6.7+0.2° 20+2° 0.10%=0.01¢ 21x2¢ 10.8*+1.0¢

8 28 64.1x1.7 56.8*1.4¢ 16.0=0.15 11.1£0.3° 380+30* 0.37£0.02* 154*6* 13.3x1.4°

7 56 119.3x15.0 111.2+2.4° 18.2+0.19 16.5+0.4* 1,430£102* 0.77%+0.07* 421+60* 16.0*+1.5*

Values are means = SE. W, Wistar; GK, Goto-Kakizaki; RP, retroperitoneal; ND, not determined. *P < 0.05, °P < 0.01, <P < 0.001 vs. age-matched Wistar

group.

The relative changes in fat cell number and size for GK and
Wistar retroperitoneal depots were also determined as a func-
tion of age (Table 1). In both the 14- and the 28-day-old GK
pups, the adipocyte number was significantly higher compared
with age-matched Wistar rats, but at the age of 56 days it
became significantly lower.

The mean cell volume was decreased in the 14- and 28-day-
old GK pups compared with age-matched controls, whereas it
became significantly higher in the 56-day-old GK pups (Table
1). Therefore, before weaning, fat cell number is higher but
cells are smaller in GK pups. The impressive lipid accumula-
tion in the GK retroperitoneal pads at the time of the weaning
transition is illustrated by a sevenfold increase in adipocyte
volume and a 1.2-fold increase in adipocyte number in the GK
rats between 14 and 28 days, whereas the corresponding
parameters are only modestly increased in the Wistar rats
during the same period. Subsequently (from weaning to adult-
hood), fat cell number continued to increase in the GK rats,
while fat cell enlargement became more prominent in the GK
than in Wistar rats. In 56-day-old GK rats, fat cell enlargement
rather than cell number represented the overwhelming feature
of the fat mass overgrowth in the GK rat.

Basal plasma glucose and glucose tolerance are kept normal
in GK pups despite severely defective insulin response. Basal
plasma glucose levels in nonanesthetized 7-, 14-, and 21-day-

old GK rats were similar to those of the Wistar rats of
comparable ages. In line with our previous observation (31),
from 28 days onward, basal glycemia significantly increased in
GK rats and remained elevated thereafter (Table 2). After
intraperitoneal glucose administration, the plasma glucose lev-
els rose in an almost similar manner in both groups and the
integrated glucose responses (AG) were not significantly
higher in the GK than in the Wistar pups of matched ages, as
shown in Fig. 2 and Table 2, except in 14-day-old rats, in
which a slight glucose intolerance was apparent. From 7 days
of age, the GK offspring had decreased basal plasma insulin
and insulin-to-glucose ratio (Table 2). As assessed by IPGTT
(Table 2 and Fig. 2), from 7 days onward, Wistar rats under-
went a high increase in plasma insulin levels in response to
glucose. By contrast, GK rats exhibited a blunted response so
that the integrated insulin response (AI) was markedly de-
creased on day 7, day 14, and day 21 (Table 2). In Wistar rats,
AT was significantly increased between day 21 and day 28, the
time of weaning. It can be pointed out that, in the 28-day-old
GK rats, Al was also strongly increased compared with that of
the 21-day-old GK rats (Table 2). However, despite the im-
provement of the GK insulin response detected at that age, this
parameter remained significantly reduced at 28 and 56 days of
age compared with the age-matched Wistar (Table 2).

Table 2. Age-dependent changes in basal plasma glucose and insulin levels, glucose tolerance, and insulin-secretory

response in GK and control Wistar rats

Basal IPGTT
Rats n Age, days Plasma glucose, mmol/l Plasma insulin, nmol/l Insulin/Glucose, 0.10~° AG, mmol+1~"'-min~! AL, nmol-1~!-min~!
Wistar
9 7 7.2%+0.1 0.44%+0.06 618 6.60.4 2.2+0.2
8 14 6.7+0.2 0.43+0.04 68+5 5.1+0.3 1.70%+0.34
6 21 7.3+0.2 0.44+0.04 66+8 53*+0.4 0.93+0.01
8 28 6.0+0.1 0.62+0.01 103+2 11.5+0.4 1.95+0.02
8 56 5.5=*0.1 0.84+0.04 150*8 10.69+1.0 1.94%0.01
GK
9 7 7.0+0.2 0.16+0.01¢ 23+2¢ 9.0*+1.1 0.68+0.01¢
9 14 7.3%0.2 0.34%+0.04 47+6" 10.7+2.4* 0.17x0.01¢
8 21 7.9%+0.2 0.28+0.02* 35+30 6.7+0.8 0.37+0.08¢
8 28 9.9+0.3¢ 0.7+0.10 T1£2¢ 13.2+0.4* 0.71+0.03¢
8 56 8.2*0.3¢ 1.020.08 123+9° 32.7*+1.6¢ 0.8%0.06¢

Values are means * SE. IPGTT, ip glucose tolerance test; AG, mean incremental values of plasma glucose above basal values of glucose (T0), integrated over
the period of the IPGTT test (60 min); AL, mean incremental values of plasma insulin above basal values of insulin (T0), integrated over the period of the IPGTT

test (60 min). *P < 0.05, °P < 0.01, P < 0.001 vs. age-matched Wistar group.
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Fig. 2. Intraperitoneal glucose tolerance test in 14- and 21-day-old Wistar, GK, and CFGK rats. Time courses of plasma glucose concentrations (A and C) and
plasma insulin concentrations (B and D) are shown. Results are expressed as means * SE. *P < 0.05, **P < 0.01, ***P < 0.001, Wistar vs. age-matched GK
and CFGK groups; $P < 0.05 and $$P < 0.01, Wistar vs. age-matched CFGK group; £P < 0.05 and ££P < 0.01, GK vs. age-matched CFGK group. 14-day-old

rats: Wistar, n = 8; GK, n = 7; CFGK, n = 7; 21-day-old rats: Wistar, n = 6; GK, n = 6; CFGK, n = 7.

IPGTT performed in 14- and 21-day-old GK pups reared
with Wistar dams revealed no significant differences in the
basal glucose levels and in the evolution of plasma glucose
during the test between this group and that of GK pups reared
with GK dams (Fig. 2). However, basal plasma insulin and
plasma insulin levels during the test were decreased in CFGK
rats compared with GK and Wistar groups.

Overall glucose utilization rate was increased in GK predi-
abetic rats in both the basal and the hyperinsulinemic states.
Blood (or plasma) glucose and plasma insulin concentrations in
the basal state and during hyperinsulinemic clamp (anesthe-
tized animals) are shown in Table 3.

Basal glucose utilization rates are expressed on a per kilo-
gram of body weight basis, to take into account the differences
in body mass between the two lines of rats, which are signif-
icantly greater (P < 0.01) in the 21-day-old Wistar rats than in

the GK rats. The metabolic clearance rate of glucose was not
decreased in GK compared with controls (Table 3). It is then
likely that the higher glucose utilization rate in the 21-day-old
GK rats resulted essentially from the 23% increase in their
steady-state blood glucose (Table 3).

Since during hyperinsulinemic and euglycemic conditions
endogenous glucose production in both groups was completely
abolished (data not shown), the GIR was evaluated by the
calculation of exogenous GIR required to maintain euglycemia.
This parameter was found significantly higher in the 21-day-old
GK rats compared with Wistar rats. The ISI in the GK group was
95% higher than in control group.

To assess comparative changes in insulin action in younger
rats and to avoid general anesthesia, we measured the acute
effect of a single intraperitoneal injection of insulin on blood
glucose as a function of age in 7-, 14-, and 21-day-old Wistar,

Table 3. Age-dependent changes in glucose kinetics and overall insulin action in 21-day-old GK and control Wistar rats

Basal Clamp
GT, GCR, IR, SSGIR, ISI,
Rats SSBG, mmol/l pmolmin~!-kg~! ml-min~!-kg~! nmol-h~!-kg™! SSBG, mmol/l SSPI, nmol/l pmolmin~!-kg~! l-min~!-g~!
Wistar 7.4%0.2 (8) 71%+8 (8) 9.59%0.2 (8) 7(7) 6.0+0.2 (7) 0.80%0.17 (7) 17010 (7) 21215 (7)
GK 9.1£0.4°(8) 116+8%(8) 12.74=0.14 (8) 8.5(8) 6.0+0.2 (8) 0.55%0.06 (8) 230£22%(8) 416+404(8)

Values are means * SE; no. of rats in parentheses. IIR, insulin infusion rate; SSPI, steady-state plasma insulin; SSGIR, steady-state glucose infusion rate; GT,
glucose turnover; GCR, glucose clearance rate: ratio of glucose turnover rate (GT) to steady-state blood glucose (SSBG). Rats were sampled in the basal state
or during euglycemic hyperinsulinemic clamp. ISI was calculated by dividing GIR required to maintain euglycemia by SSPIL 2P < 0.05, °P < 0.01, <P < 0.001
vs. age-related Wistar group.
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‘GK, and CFGK rats. The Ry ins Was significantly greater in the
7-, 14-, and 21-day-old GK rats compared with the age-
matched Wistar rats (Fig. 3), thus indicating an increased
sensitivity to insulin. Interestingly, the whole body insulin
sensitivity of the CFGK rats was similar (days 7 and 21) or
higher (day 14) than that of GK rats reared with GK dams and
higher than insulin sensitivity of age-matched Wistar pups
(Fig. 3).

DISCUSSION

The occurrence of basal hyperglycemia and diabetes in the
GK/Par rat is preceded by a period of prediabetes during which
animals are normoglycemic.

Here, we show that abnormal (-cell function is a primary
defect in the time course of the events leading to diabetes in
adult individual. Indeed, in normoglycemic GK neonates, the
basal plasma insulin levels and the insulin-to-glucose ratio
are dramatically reduced, and during this prediabetes period,
the glucose-induced insulin secretion in vivo is markedly
decreased as measured during glucose tolerance tests. Such a
[-cell dysfunction has been implicated in the pathogenesis of
diabetes associated with low birth weight in mice (22). Impor-
tantly, studies in humans also report that (3-cell dysfunction
could be a proximal defect in the process of developing glucose
intolerance and diabetes (12, 14, 23, 47).

In our model, B-cell dysfunction occurred in the absence of
glucose intolerance in prediabetic GK rats, whereas after wean-
ing GK rats become clearly glucose intolerant. The basal
normoglycemia and the normal glucose tolerance in GK neo-
nates could be explained if the impaired insulin secretion was
compensated for by an increased sensitivity to insulin. To
verify this, we assessed insulin sensitivity with two indepen-
dent methods. We performed insulin sensitivity tests in 7-, 14-,
and 21-day-old animals, which showed that insulin action was
significantly increased in GK rats compared with the age-
matched Wistar rats.

INSULIN ACTION AND BODY COMPOSITION IN PREDIABETIC GK RAT

We also assessed the overall glucose utilization in the basal
and hyperinsulinemic states in 21-day-old GK rats. When
measured in the basal state, the glucose utilization rate ob-
tained through glucose turnover measurement was found
greater in prediabetic GK rats than in controls. Because this
was obtained in the presence of a low basal plasma insulin
level but normal basal plasma glucose, it again suggests that
the peripheral tissues are hyperreactive to insulin action in
these rats. During hyperinsulinemic and euglycemic condi-
tions, endogenous glucose production in both groups being
completely abolished, the GIR was evaluated by the exogenous
GIR required to maintain euglycemia. It was found signifi-
cantly higher in the 21-day-old GK rats compared with Wistar
rats. This whole set of data indicates that before weaning GK rats
exhibit a significant insulin hypersensitivity, which is reversed
after that time, aqs adult GK rats exhibit insulin resistance (7).
Strikingly, this pattern in the young prediabetic GK rat is
reminiscent of the situation in the 4-wk-old normoglycemic
n0-STZ (streptozotocin) rats (24). In this model also, the basal
plasma insulin and the glucose-induced insulin secretion are
significantly reduced, but the whole body insulin-mediated
glucose uptake as well as the insulin-dependent glucose utili-
zation by white and brown adipose tissues are clearly increased
(24). The underlying mechanisms of insulin hypersensitivity in
the GK rat before the onset of diabetes are not known. They
perhaps reflect an adaptation to the very low circulating insulin
levels. However, this adaptative mechanism cannot overcome
the lack of appropriate insulin secretion when rats are fed a
high-carbohydrate diet after weaning, resulting in progressive
glucose intolerance and diabetes in adult GK rats. The neonatal
GK rats could bear some resemblance to other pathological
situations in rodents associated with increased insulin sensitiv-
ity, decreased [-cell mass, and decreased basal glucose con-
centrations and insulin secretion, such as perinatal undernutri-
tion in the rat (10) or GH receptor deficiency in transgenic mice
9, 29).

7 days old 14 days old 21 days old
Rk
2.5, o
ns wx *
% ns
2 1 e T
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Fig. 3. Intraperitoneal insulin sensitivity test in 7-, =~
14-, and 21-day-old Wistar (n = 10), GK (n = 13), and § 15
CFGK (n = 10) groups. Glucose disappearance rate .= ™ |
(Ry e %/min) in response to insulin injection was 32
calculated from the slope of the regression line on the 7
basis of the logarithm of plasma glucose values ob-  -%
tained during the 5- to 40-min period of the insulin E L
tests. Results are expressed as means * SE. *P <
0.05, #*P < 0.01, ***P < 0.001; ns, not significant.
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In the GK model, the possibility remained, however, for
those changes in the metabolic parameters to be caused by
qualitative and/or quantitative changes in the maternal milk
and the nursing behavior of diabetic GK dams. This has
been described in offspring of STZ-diabetic dams (11). In
that model, the authors reported a marked decrease in milk
synthesis and ejection, leading potentially to quantitative
undernutrition in the offspring (26). Moreover, it has been
reported that NZO mouse pups (a genetic model for obesity
and T2DM) suckled by diabetic mothers became more obese
in adulthood compared with those reared by control dams,
independent of their genetic background (41). In humans
also, ingestion of breast milk from diabetic mothers may
dose-dependently increase the risk of obesity in early child-
hood (38). To test whether such is also the case in the GK
model, we performed cross-fostering experiments from the
day of birth and until weaning. Interestingly, our results
indicate that GK pups reared with nondiabetic Wistar dams
having normal milk composition and normal maternal be-
havior exhibit similar defects in glucose secretion during the
IPGTT and a comparable increase in the whole body insulin
sensitivity to those of GK pups reared with their own
diabetic GK mothers. This suggests that in this specific
model of T2DM alteration of metabolic parameters during
the prediabetes stage is due preeminently to genetic predis-
position and that normal postnatal nutrition and nursing
behavior cannot significantly affect the occurrence of such
abnormalities. Interestingly, in an embryo transfer experi-
ment, Gill-Randall et al. (17) showed that the transfer of a
fertilized GK egg into a Wistar uterus did not overcome the
genetic predisposition of the offspring to develop glucose
intolerance and impaired fasting glucose, again suggesting
the predominance of genetic background in the GK model.
Conversely, they showed that the transfer of a genetically
low-risk Wistar embryo into GK uterus increased the risk of
developing glucose intolerance (17). In line with this obser-
vation, we found that Wistar pups reared with diabetic GK
dams exhibit growth retardation and alteration of glucose-
induced insulin secretion in vivo (data not shown), suggest-
ing that individuals with genetically low risk could increase
their risk of developing metabolic alterations when exposed
to a modified nutritional environment. Data on the state of
insulin sensitivity in the prediabetes stage are variable,
ranging from decreased insulin sensitivity (13, 33) to normal
or increased insulin sensitivity (5, 15, 21). Increased insulin
sensitivity has been reported during the first postnatal days
in infants born small for gestational age compared with
newborns having appropriate weight for gestational age (3).
However, decreased insulin sensitivity was also reported in
other studies, but this was mostly related to catch-up growth
occurring after birth (45).

The GK rat is a nonoverweight model of T2DM. Although
T2DM in humans is often associated with obesity, all diabetic
patients are not obese, and in some populations the prevalence
of diabetes increases despite low prevalence of obesity (23). In
this study, we explored the postnatal growth, body composi-
tion, and adiposity in prediabetic and adult diabetic GK rats.
We showed that prediabetic GK rats exhibited a progressive
delay in postnatal growth. This decrease in weight gain is
attributed to a decreased growth in length. This is reflected by
the diminution of both their lean mass and fat mass-to-body

AJP-Endocrinol Metab « VOL 294

E173

mass ratio, at least during the period of 7—14 days. At the time
of weaning (28 days) and thereafter (56 days), although the
lean body mass deficit persisted in the GK rats, their body fat
accumulation was unexpectedly turned on. The clear-cut in-
crease in percent body fat mass and retroperitoneal adipose
tissue weight in the GK rats (28- and 56-day-old) compared
with nondiabetic rats was a salient finding. As a consequence,
the statement that the GK rat is a model for T2DM without
obesity (35, 40) has to be revisited: despite its low body
weight, the GK rat exhibits excessive fat accumulation (in
proportion to body weight) especially at the onset of hyper-
glycemia. This pattern is again very close to that reported in the
neonatal-STZ model of early hypoinsulinism (24). Moreover,
fat cell volume and number were respectively increased and
decreased in both models at 58 days compared with age-
matched controls (19).

The alteration in body composition of GK rats with exces-
sive fat cell number (prediabetic GK rat) and fat cell size
(hyperglycemic GK rat) would most likely implicate changes
in the synthesis and secretion of adipocyte-derived hormones
in this model. Preliminary results in our GK/Par colony show
that the levels of plasma leptin are lower in prediabetic GK rats
than those in age-matched Wistar rats, whereas in hyperglyce-
mic GK rats circulating leptin is at a higher level than that
found in adult Wistar rats (J. Ehses, M. Donath, F. Homo-
Delarche, personal communication). Changes in the levels of
other adipokines need to be further investigated in the GK rats.

To summarize, these data reveal a major, and so far unsus-
pected, difference in the prediabetic GK fat cell ontogenesis
compared with nondiabetic Wistar: fat accretion in the GK rat
after weaning would be due at first to a more precocious (14
days) hyperplasia of hypotrophic adipocytes, whereas later on
(at and after weaning) increased cellularity is no longer main-
tained and hypertrophy becomes prominent. Finally, the
changes in body composition in the prediabetic GK model are
relevant to those described in adults and children of several
populations (e.g., India and Brazil) (2, 27, 42, 46) in which
there is evidence of low birth weight being associated with a
tendency toward increased abdominal fat.

The suckling-weaning transition seems to be a very impor-
tant step for overaccumulation of fat mass in the GK model,
and it coincides with the appearance of basal hyperglycemia.
The suckling-weaning transition in normal rats is characterized
by increased insulin sensitivity and insulin secretion, which
underlie the marked increase in size and lipid content that
occurs in white adipose tissue at weaning. In susceptible
rodents, this nutritional transition has been implicated in the
development of overt obesity (20, 36). By analogy, we suggest
that the development of the increased fat mass in the 56-day-
old diabetic GK rat could be a consequence of increased
glucose utilization by adipose tissue in the basal state before
weaning. Therefore, from our previous (37) and present data it
can be inferred that increased body fat mass may indeed result
from a primary insulin deficiency and not only from excessive
insulin levels, as is more generally recognized. The growth-
retarded phenotype of the young GK rat is strikingly similar to
the GHR ™/~ mice exhibiting growth retardation, hypoinsuline-
mia, oversensitivity to insulin, and enlargement of some fat
pads (9). The possibility that deficient GH/IGF-I signaling
could contribute to the fat phenotype development in the young
GK rats needs to be documented in further studies.
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In summary, our results demonstrate the primacy of abnor-
mal (-cell function in vivo very early in life in GK rats, which
is compensated for by increased insulin sensitivity during the
prediabetes period. The changes in the metabolic parameters in
prediabetic GK rats are mostly imputable to genetic determi-
nants and/or fetal programming rather than the early postnatal
nutritional environment in this model of T2DM. Importantly,
we show for the first time that the prediabetic GK pups are
lighter and thinner but that their relative adipose mass is
increased at weaning. Increase in relative adiposity is favored
by increased glucose clearance and enhanced peripheral insulin
action. Together with the excessive hepatic glucose production
already reported (37), these unsuspected abnormalities in the
GK/Par line might contribute to the development of overt
diabetes. Further studies need to be undertaken regarding the
cellular mechanisms underlying the deficient (-cell function
and increased insulin sensitivity in suckling GK rats.
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