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Abstract

Hyperinsulinemia and increased visceral/abdominal fat (VF)
are common features of human aging. To examine the rela-
tionships among VF, peripheral, and hepatic insulin sensi-
tivity, we studied 4- and 18-mo-old male Sprague-Dawley
rats (n = 42) fed ad libitum (4 AL and 18 AL) or moderately
calorie restricted (18 CR) up to 18 mo of age. Total fat mass
(FM) and VF were decreased in 18 CR to approximately
one-third of that of 18 AL (P < 0.001), while lean body mass
(LBM) was unchanged. Most important, 18 CR had more
FM (65%6 vs. 45*6 g) but less VF (7.8+0.6 vs. 12.3+3.3 g)
compared with 4 AL (P < 0.01 for both). Thus, the effects of
variable VF on HIS could be assessed, independent of FM
and age.

Marked hepatic insulin resistance ensued with aging (18
AL) and CR restored hepatic insulin sensitivity to the levels
of young rats, while peripheral insulin sensitivity remained
unchanged (by insulin clamp of 18 mU/kg/min). In fact, the
rates of insulin infusion required to maintain basal hepatic
glucose production in the presence of pancreatic clamp
were 0.75%0.10, 1.41+0.13, and 0.51+0.12 mU/kg - min, in
4 AL, 18 AL, and 18 CR, respectively (P < 0.01 between all
groups), and in 18 CR rats infused with insulin at similar
rates as in the 18 AL (1.4 mU/kg/min) hepatic glucose pro-
duction was decreased by 32% (P < 0.005). Furthermore,
when 18 CR rats were fed AL for 14 d, VF rapidly and selec-
tively increased and severe hepatic insulin resistance was
induced. We propose that in this animal model the age-
associated decrease in hepatic (rather than peripheral) insu-
lin action is the major determinant of fasting hyperinsuline-
mia and that increased visceral adiposity plays the major
role in inducing hepatic insulin resistance. Thus, interven-
tions designed to prevent the accumulation of VF are likely
to represent an effective mean to improve carbohydrate me-
tabolism in aging. (J. Clin. Invest. 1998. 101:1353-1361.) Key
words: visceral fat « hepatic insulin resistance « aging « he-
patic glucose flux « caloric restriction
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Introduction

Aging in both humans and rodents is associated with increased
fasting and postprandial plasma insulin levels, suggesting an
insulin-resistant state (1-3). However, though increased body
weight (BW)! and fat mass (FM) are commonly associated
with insulin resistance in aging (4-7), the relationship between
aging and insulin resistance is confounded by associated fac-
tors such as decreased physical activity, dyslipidemia, hyper-
tension, non-insulin-dependent diabetes mellitus, and coro-
nary heart disease (4). Furthermore, visceral/abdominal fat
(VF) increases in older men and women, independent of body
mass index (8-10). Most important, increased VF has been as-
sociated with a decrease in insulin sensitivity as measured by
hyperinsulinemic clamp (11) and leg balance studies (12), and
VF accounted for the majority of the variability in insulin sen-
sitivity in other heterogeneous populations of women (13) and
men (14). Thus, the effects of VF on insulin action may be in-
dependent of body mass index and are a typical feature of
aging.

Although the anatomical location of VF would support its
role in regulating hepatic insulin action and carbohydrate me-
tabolism, surprisingly there are virtually no studies designed to
address this important issue. It has been hypothesized that
“portal” effects of FFA and glycerol released by the increased
mesenteric fat tissue may cause hepatic insulin resistance (15,
16), supporting a major role for increased VF in regulating he-
patic glucose metabolism. In humans, rates of basal hepatic
glucose production (HGP) were reported to be normal with
aging (17-19); however, suppression of HGP by an oral glu-
cose load (20) or by insulin (20, 21) was significantly impaired
with aging, and in younger subjects with increased abdominal
obesity (22). In addition, simply measuring the rate of HGP in
human aging fails to take into account the fact that peripheral
and portal insulin levels are markedly increased. Thus, the in-
crease in VF may be responsible for the resistance of the aging
liver to the suppressive effect of insulin.

Recently we have delineated the changes in body composi-
tion and glucose metabolism in animal models of aging (23,
24). Animal models have the advantage of allowing one to in-
vestigate potential mechanisms by which aging and caloric re-
striction (CR) affect carbohydrate homeostasis in the absence
of other confounding genetic and/or metabolic conditions
which are associated with the syndrome of insulin resistance
(4). In this rodent model, peripheral insulin responsiveness is

1. Abbreviations used in this paper: AL, ad libitum fed; BW, body
weight; CR, caloric restriction; FM, fat mass; GC, glucose cycling;
Glc-6-P, glucose-6-phosphate; Glc-6-Pase, glucose-6-phosphatase;
HGP, hepatic glucose production; HIS, hepatic insulin sensitivity;
IIR, insulin infusion rate; LBM, lean body mass; TGO, total glucose
output; VF, visceral fat.
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not decreased with fat accretion after late adulthood (24), sup-
porting the notion that a decline in hepatic insulin sensitivity
(HIS) accounts for the age-dependent increase in plasma insu-
lin concentrations. Indeed, we reported that the ability of insu-
lin to inhibit HGP was markedly impaired with aging in this
rodent model (24). Additionally, since HIS was inversely re-
lated to the increases in FM, VF, and FFA levels (24), we sug-
gested that age-related changes in body composition, and their
biochemical consequences, may directly lead to the impair-
ment of hepatic glucose metabolism.

To provide further evidence in support of a cause—effect re-
lationship between VF and hepatic insulin resistance in this an-
imal model of aging, we examined whether the age-dependent
decrease in HIS could be reversed by the decrease in VF in-
duced by chronic caloric restriction.

Methods

Experimental rats

Male Sprague-Dawley rats (Charles River Laboratories, Wilmington,
MA) were used in all studies (n = 42). At ~ 15 wk of age, rats were
assigned to be fed ad libitum (AL, n = 25) or to CR (n = 17) with
55% of the calories consumed by AL. This level of CR results in lean
healthier rats with increased longevity when compared with their AL
obese littermates. The chow contained 64 % carbohydrates, 30% pro-
teins, and 6% fats with a physiological fuel value of 3.30 kcal/g chow,
and vitamin supplementation was added to the CR rats. Rats were
housed in individual cages and subjected to a standard light (6 a.m. to
6 p.m.)/dark (6 p.m. to 6 a.m.) cycle. Rats were studied at 4 mo of age
(4 AL, n = 13) and after they were at least 18 mo of age (18 AL:n =
12, average age was 191 mo, and 18 CR: n = 17, average age was
21%+1 mo). 1 wk before the in vivo study, rats were anesthetized with
an intraperitoneal injection of pentobarbital (50 mg/kg BW) and in-
dwelling catheters were inserted in the right internal jugular vein and
in the left carotid artery. The venous catheter was extended to the
level of the right atrium and the arterial catheter was advanced to the
level of the aortic arch (23-26). Recovery was continued until BW
was within 3% of their preoperative weight. A subgroup of 18 CR
rats (n = 6) was studied after 2 wk of ad libitum feeding, and when
BW was increased by at least 5%. Studies were performed in 6-h
fasted, awake, unstressed, chronically catheterized rats (23-26).

Body composition

Lean body mass (LBM) and FM were calculated from the whole
body volume of distribution of water, estimated by tritiated water bo-
lus injection in each experimental rat (23, 24, 27). Briefly, boluses of
20 pCi of *H,0 (New England Nuclear, Boston, MA) were injected
intraarterially on the morning of the study. Steady state for *H,O spe-
cific activity in rats is generally achieved within 30-45 min. Five sam-
ples were collected between 1 and 3 h after injection. The distribution
space of water was obtained by dividing the total radioactivity in-
jected by the steady-state specific activity of plasma water which was
assumed to be 93% of the total plasma volume. LBM was calculated
from the whole body water distribution space divided by 0.73, and
FM was calculated as BW — LBM. In addition, protein concentra-
tions per gram of rectus muscle and gram of liver were measured in
all rats studied, and no age-related changes were demonstrated. Epi-
didymal, mesenteric, and perinephric fat were dissected and weighed
at the end of each experiment. In addition, a subgroup of rats were
anaesthetized with an intraperitoneal injection of pentobarbital and
were placed supine in an MRI machine and studied at 1.5 T. Images
were obtained with 0.15 mm between cuts throughout the body using
T1-weighted sequence with and without fat-selective saturation
pulses. Selected area of all pixels containing fat (“pure” white) were
calculated by outlining with a graph pen and computing the area. The
range of the fat area in the plans examined in the 4 AL, 18 CR, and 18
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AL (n = 3 from each group) rats is expressed in arbitrary three-digit
numbers.

Hyperinsulinemic euglycemic clamp

We have shown previously that this rodent model demonstrates a de-
crease in insulin responsiveness up to 4 mo of age, after which time
insulin responsiveness does not decrease, even with further fat accre-
tion (24). Thus, we predicted that as long as FM was increased in 18
CR over 4 AL, insulin responsiveness would not change in this
model. We studied 4 AL (n = 6), 18 AL (n = 5), and 18 CR (n = 5)
rats by using the euglycemic clamp technique (23, 24). Briefly, a
primed-continuous infusion of insulin (18 mU/kg - min) was adminis-
tered, and a variable infusion of a 25% glucose solution was started at
time 0 and periodically adjusted to clamp the plasma glucose concen-
tration at basal.

All studied rats received a primed-continuous infusion of HPLC-
purified [*H-3]-glucose (New England Nuclear) (15-40 w.Ci bolus, 0.4
wCi/min). Plasma samples for determination of H-glucose specific
activity were obtained at 10-min intervals throughout the saline and
the insulin infusions. Plasma samples for determination of plasma in-
sulin, lactate, and FFA concentrations were obtained at 30-min inter-
vals before and during the study. The total volume of blood with-
drawn was ~ 4.0 ml/study; to prevent volume depletion and anemia, a
solution (1:1 vol/vol) of ~ 4.0 ml of fresh blood (obtained by heart
puncture from a littermate of the test animal) and heparinized saline
(10 U/ml) was infused. At the end of the insulin infusion, rats were
anesthetized (pentobarbital 60 mg/kg BW, intravenously), the abdo-
men was quickly opened, and rectus abdominal muscle and liver were
freeze-clamped in situ with aluminum tongs precooled in liquid nitro-
gen. The time from the injection of the anesthetic until freeze-clamp-
ing of the liver was < 45 s. All tissue samples were stored at —80°C
for subsequent analysis.

Hepatic-pancreatic clamp studies

To demonstrate hepatic insulin resistance, endogenous insulin was
suppressed while porcine insulin was replaced peripherally (24). Af-
ter the basal turnover period, [*H-3]-glucose infusion was continued
with somatostatin (0.8 pg/kg/min) in order to suppress endogenous
insulin secretion. Insulin was then infused at variable rates in the first
hour in order to determine the rate required to clamp the plasma glu-
cose levels at fasting levels, and maintained at that rate for an addi-
tional hour, at which HGP was determined. Plasma sampling, anes-
thetization of the rats at the end of the infusion period, obtaining
muscle and liver freeze-clamped samples were performed as de-
scribed above.

These study protocols were reviewed and approved by the Ani-
mal Care and Use Committee of the Albert Einstein College of Med-
icine.

Glucose-6-phosphatase (Glc-6-Pase) kinetics

Tissues were obtained from liver samples freeze-clamped in situ at the
end of the in vivo studies. Liver homogenates were prepared in 50 mM
Hepes, 100 mM KCl, 1 mM EDTA, 5 mM MgCl,, and 2.5 mM dithio-
erythritol. Homogenates were centrifuged at 100,000 g for 45 min to
sediment the microsomal fraction (the supernatant was used for the
glucokinase assay). The assay was performed is based on the hydroly-
sis of Pi from glucose-6-phosphate (Glc-6-P) (26, 28). The postmi-
crosomal fraction had no detectable Glc-6-Pase activity. The micro-
somal fraction was incubated with 0.5, 1.0, 2.5, 5.0, and 10.0 mM
Glc-6-P. The reaction was carried on at 37°C, and stopped after 20 min
with a solution containing acid molybdate, with 2/9 vol of 10% SDS
and 1/9 vol of 10% ascorbic acid. It was then incubated for 20 min at
45°C, and the absorbency read at 820 nm. A standard curve was con-
structed using different concentrations of Pi. Each assay was repeated
three times from different pieces of individual livers, from each study
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Hepatic glycogen synthase and phosphorylase activities

Hepatic glycogen synthase activity was measured based on the incor-
poration of radioactivity into glycogen from UDP-[U-"*C]-glucose as
described previously (24, 26). To approximate the in vivo conditions,
synthase activity was measured in the presence of physiologic 0.11
mmol/liter Glc-6-P. Fractional velocity represent the mean of the ac-
tivity ratios in the presence of three physiological UDP-glucose
(UDPGlu) concentrations (0.125, 0.25, and 0.5 mM). Hepatic glyco-
gen phosphorylase activity was measured based on the measurement
of the incorporation of “C into glycogen from labeled glucose-l-phos-
phate as described previously (24, 26). Glycogen phosphorylase a, the
active phosphorylated enzyme, was assayed in the absence of AMP.

Analytical procedures

Plasma glucose was measured by the glucose oxidase method (Glu-
cose Analyzer II; Beckman Instruments, Inc., Palo Alto, CA) and
plasma insulin by radioimmunoassay using rat and porcine insulin
standards. Plasma *H-glucose radioactivity was measured in duplicate
on the supernatants of Ba(OH), and ZnSO, precipitates of plasma
samples after evaporation to dryness to eliminate tritiated water. He-
patic Glc-6-P concentrations were measured spectrophotometrically
as described previously (23, 26, 27). Plasma nonesterified fatty acid
concentrations were determined by an enzymatic method with an au-
tomated kit according to the manufacturer’s specifications (Waco
Pure Chemical Industries, Osaka, Japan). Plasma glycerol was mea-
sured with an automated kit according to specifications (Sigma Diag-
nostics, St. Louis, MO).

Terminology. The term total glucose output (TGO) is intended
as total in vivo flux through Glc-6-Pase. The term HGP is intended as
the net rates of Glc-6-P dephosphorylation to glucose (balance of the
in vivo fluxes through glucokinase and Glc-6-Pase). Finally, glucose
cycling (GC) is defined as the input of extracellular glucose into the
Glc-6-P pool followed by exit of plasma-derived Glc-6-P back into
the extracellular pool.

Calculations. After [PH-3]-glucose infusion, the ratio of specific
activities of *H-hepatic UDPGIc and plasma glucose represents the
percentage of the hepatic Glc-6-P pool which was derived from
plasma glucose. The UDPGIc concentrations and specific activity
(SA) were assessed by reverse-phase HPLC as described previously
(26, 29). Thus, this ratio also measured the percent contribution of
plasma glucose to Glc-6-Pase flux (i.e., GC). Since TGO is equal to
the sum of HGP plus GC (GC = *H-UDPGlc SAlplasma 3H-glucose
SA X TGO), the equation can be resolved to calculate both GC and
TGO: TGO = HGP/(1 — 3H-UDPGIc SA/plasma 3H-glucose SA)
and GC = *H-UDPGlc SAlplasma*H-glucose SA X TGO.

While HGP is similar in all groups, the liver is exposed to differ-
ent insulin levels during the hepatic-pancreatic clamps. To take these
insulin levels into account, we previously defined an index for HIS at
the basal state, as the rate of basal HGP divided by the mean plasma
levels of insulin during the study (24). For the analysis of the relation-
ship between HIS and FM, correlations were analyzed by simple lin-
ear regression. In addition, nonlinear regression was performed to fit
an exponential decay model of glucose uptake versus parameters of
body composition. Also, a piece-wise regression model with an un-
known knot point was used. This spline curve model consists of two
regression lines joined at an unknown intersection (knot). This un-
known knot can be statistically derived by NLIN program in SAS
windows, version 6.10. This model is expressed as: y = ad + B1 - x +
B2 - (x — k) - Ik; where y is HIS, x represents VF, k is the unknown
knot to be estimated from the nonlinear regression procedure, and 7k
is the indicator variable (which is equal to 1 if x is greater than the
knot, and otherwise is 0). The model becomes y = d + B1 - x, if x is
less than the estimate knot k, and y = (@ — k) + (B1 + B2) - x, if x is
greater than or equal to estimated knot k. The P values of the two
slopes can be derived and will provide the information of how the
outcome variable will change after the x variable reached the esti-
mated knot. Comparisons between groups were made using repeated
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Figure 1. CR effects on BW. BW of Sprague-Dawley rats which were
ad libitum fed (filled circles) or calorie restricted (open circles) to
55% of the consumed kcal/d of the AL group beginning at 14-16 wk
of age.

measures ANOVA where appropriate. Other values are presented as
the mean*=SEM.

Results

Weight gain in CR and AL rats

BW increased significantly until 56 wk of age in AL and until
46 wk of age in CR rats. Thereafter, BW remained stable in
both groups and at 18 mo of age the difference between AL
and CR averaged 177+12 g of BW (Fig. 1). Rats in the AL
group consumed initially 79%6 kcal/d and their food intake re-
mained quite stable throughout the study period. Food intake
was decreased in the CR group at ~ 55% (43 kcal/d) of that of
AL rats. At the completion of the study, 18 AL rats gained
~ 310 g in 14 mo and weighted twice as much as 4 AL. By con-
trast, 18 CR gained only ~ 140 g during the same period of time.

Effect of age and CR on peripheral insulin sensitivity

Body composition and basal biochemical characteristics of se-
lected rats. FM was dramatically increased in 18 AL but was
similar in 4 AL and CR, while VF was significantly lower in 18
CR than it was in 18 AL and 4 AL. Plasma basal glucose levels
were similar between groups (7.3+0.6, 7.2£1.6, and 7.3+1.6
mM in 4 AL, 18 AL, and 18 CR, respectively), while basal
plasma insulin levels were lowest in 18 CR (286*16, 51077,

Table 1. Peripheral Insulin Responsiveness

4 AL 18 AL 18 CR

n=6 n=>5 n=>5
BW (g) 347+15 63363+ 468+44
FM (g) 51+6 167=15% 59+3
VF (g) 13.3+2.3 43.4+12.0* 8.3x1.6%
Glucose (mM) 72*1.2 7.1x1.4 72*1.2
Insulin (pM) 4500180 4560300 5112+342
Rd (mg/kg LBM/min) 37.5£2.6 35.6+5.3 39.4+2.7

Characteristics of 4 AL, 18 AL, and 18 CR rats. Body composition: BW,
LBM, % FM, and total VF. Plasma glucose and insulin levels during hy-
perinsulinemic clamp (18 mU/kg/min) and glucose uptake (Rd) in terms
of LBM. *P < 0.01 vs. 4 AL, *P < 0.01 vs. 18 AL; data are presented as
mean*SEM.
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and 179%34,in4 AL, 18 AL, and 18 CR, respectively, P < 0.01
between all groups) (Table I).

Hyperinsulinemic euglycemic clamp studies. During the in-
sulin clamp studies, steady-state plasma glucose and insulin
concentrations were similar in all groups. Plasma FFA levels
during hyperinsulinemia were suppressed by ~ 70%, and
plasma lactate levels were similarly increased in all groups.
When the Rd was expressed per LBM it was similar among all
groups. HGP was equally suppressed to ~ 2 mg/kg/min in all
groups. Thus, in this model, peripheral insulin responsiveness
does not change with aging or with CR which maintains cer-
tain FM, supporting the possibility that the insulin insensitivity
which is suggested by basal hyperinsulinemia in this model
may reside at the level of the liver (Table I).

Effect of age and CR on HIS

Body composition and basal biochemical characteristics of se-
lected rats. While BW was increased in 18 AL compared with
the other groups, CR only minimally affected LBM, and the
decreased accumulation of fat accounted for ~ 75% of the di-
minished weight gain in this group (Table II). Furthermore,
while the percent contribution of FM to BW doubled between
4 and 18 mo of age in the AL group, CR completely prevented
this increase. Thus, CR blunted the age-associated increase in
whole body FM.

Additionally, it is apparent that CR also affected the distri-
bution of body fat. In fact, while whole body FM remained sig-
nificantly higher in 18 CR than in 4 AL, VF was decreased in
18 CR below the level measured in 4 AL (Table II). This
marked reduction in VF can be visually appreciated in the
MRI of a typical 18 AL and 18 CR rat depicted in Fig. 2.
Quantitative analysis of all MRIs revealed that the subcutane-
ous fat (averaged around the scapular and abdominal areas) of
4 AL rats ranged from 120 to 212 (arbitrary units) and it was
still increased by ~ 40% (to a range of 235-278) in 18 CR.
Conversely, areas of matching cuts in the planes of epididymal
and perinephric fat depots ranged from 472 to 493 in 4 AL and
decreased by ~ 30% in 18 CR (to 312-349).

Table II displays the basal biochemical parameters in the
three experimental groups. Postabsorptive (6 of fasting) plasma

Table II. Characteristics of 4AL, 18 AL, and 18 CR Rats

4 AL 18 AL 18 CR

n=7 n=7 n=0
BW (g) 330+22 643+31% 471+20%
LBM (g) 285+15 453+24% 412423+
FM (g) 45+6 190+12% 65+6%
FM (%) 133 263 13 4%
VF (g) 12.3%33 35.9%6.7* 7.8%0.6%%
Glucose (mM) 7.4x0.8 7.6x14 7.3%£1.0
Insulin (pM) 266+12 491+88* 149+34*
FFA (mM) 1.02+0.09 1.78+0.23* 1.21=0.12¢
Glycerol (RM) 110£12 228+32% 152£31%
Lactate (mM) 0.57%0.06 0.55+0.02 0.5420.04

Body composition: BW, LBM, FM, epididymal fat pad, and total VF.
Biochemical characteristics: fasting plasma glucose, insulin, FFA, glyc-
erol, and lactate. *P < 0.01 vs. 4 AL, *P < 0.01 vs. 18 AL; data are pre-
sented as mean*SEM.
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glucose and lactate concentrations were similar in all groups.
However, plasma insulin, FFA, and glycerol levels nearly dou-
bled in 18 AL as compared with 4 AL. In 18 CR, plasma insu-
lin levels decreased to levels which were significantly below
those of 4 AL (~ 60%), while plasma FFA and glycerol levels
were nearly normalized (Table II).

HIS. On the day of the study, the fasting plasma glucose
concentrations and the basal HGP (62+4, 64+5, and 62+4
wmol/kg/min) were similar in 4 AL, 18 AL, and 18 CR, respec-
tively. The rate of insulin infusion needed to clamp the plasma
glucose at basal levels was 0.75+0.10 mU/kg/min in 4 AL,
1.41£0.13 mU/kg/min in 18 AL, and 0.51+0.12 mU/kg/min in
18 CR (Fig. 3; P < 0.01 between all groups). Plasma glucose
concentrations were maintained at fasting levels (7.5+0.2,
7.4x0.4, and 7.2%+0.3 mM) throughout the study. HGP was
slightly decreased from basal and was 58+4, 566, and 54+4
pmol/kg/min in 4 AL, 18 AL, and 18 CR, respectively. Plasma
FFA levels during insulin infusion were 0.76+£0.04, 1.64+0.02,
and 1.09£0.06 mM in 4 AL, 18 AL, and 18 CR, respectively.
Glucagon levels were similar in all groups during the hepatic-
pancreatic clamp 238+34, 227+31, and 190+24 pg/ml in 4 AL,
18 AL, and 18 CR, respectively. The above rates of insulin in-
fusion resulted in a twofold higher plasma insulin levels in 18

CR

Figure 2. Body composition by MRI. The bright white color depicts
fat tissue. (A) Coronal cut in the dorsal plane which demonstrates the
kidneys and the surrounding perinephric fat, in AL and CR 18-
mo-old rats. While the amount of perinephric fat is dramatically de-
creased by CR, the subcutaneous fat (best seen around the chest) is
decreased to a lesser extent. (B) Cross-sectional cut above the level of
the pelvis in AL and CR rats demonstrates a dramatic decrease in
mesenteric fat in CR.



AL, but significantly lower levels in 18 CR (19733, 46180,
and 132*18 pmol/liter in 4 AL, 18 AL, and 18 CR, respec-
tively; P < 0.001 among all groups) (Fig. 4 A). Portal plasma
insulin levels obtained at the end of the study did not demon-
strate a significant gradient with the systemic plasma insulin
levels (20743, 486+91, and 128=28 pmol/liter in 4 AL, 18
AL, and 18 CR, respectively; P < 0.001 among all groups). An
index of HIS was derived by dividing the rate of HGP by the
steady-state plasma insulin concentrations. HIS was decreased
by ~ 50% in 18 AL compared with 4 AL but it was increased
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Figure 3. 1IR, plasma glucose, and HGP, during the hepatic-pancre-
atic clamp. Somatostatin (0.8 wg/kg/min) was infused to decrease en-
dogenous insulin secretion while insulin was infused peripherally at
variable rates in the first hour in order to clamp the glucose levels at
fasting levels, and maintained at that rate for an additional hour.
Studies were performed in 4 AL, 18 AL, and 18 CR rats. (4) IIR re-
quired to maintain plasma glucose at basal values in the last 60 min of
the hepatic-pancreatic clamp. *P < 0.001, **P < 0.01 vs. 4 AL. (B)
Plasma glucose levels at the last 60 min of the hepatic-pancreatic
clamp. (C) HGP at the last 60 min of the hepatic-pancreatic clamp.

twofold in 18 CR [0.277%+0.028, 0.143=0.006, and 0.461+0.021
(p.mol/kg/min)/(pmol/liter) in 4 AL, 18 AL, and 18 CR, respec-
tively; P < 0.001 among all groups] (Fig. 4 B).

To confirm the beneficial effect of CR on HIS, an addi-
tional group of 18 CR was infused with insulin at the rate (1.4
mU/kg/min) required to clamp the plasma glucose levels in the
18 AL (n = 4). Plasma glucose concentrations were main-
tained at basal level by glucose infusion and HGP was as-
sessed. HGP was 70£8 during the basal period and it was sup-
pressed by 32% to 48=1 pmol/kg/min (P < 0.005) during the
insulin infusion.

Relationship between hepatic insulin action and VF. Changes
in VF were tightly associated with alterations in the rate of in-
sulin infusion (ITR) needed to maintain HGP (Fig. 5). Because
the individual points between VF and HIS do not seem to have
simple correlation, we searched for the best fit model for this
relationship. This was obtained by spline curve analysis con-
sisting of the two regression lines joined in a knot at VF weigh-
ing 12.6 g (P < 0.0006; R? = 0.957;Fig. 6). When VF was < 12.6 g,
the slope was: HIS = 0.30-0.004 X total VF, (r = —0.851, P <
0.001), and when total VF was > 12.6 g the steep slope was
milder (HIS = 0.78-0.042 X total VF) (r = —0.875, P < 0.001).
HIS was also inversely correlated with VF when analyzed by
regression line (r = —0.751, P < 0.001) or by exponential de-
cay (r = 0.875, P < 0.001). When exponential decay is plotted
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Figure 4. Plasma insulin levels and HIS during the hepatic pancreatic
clamp. (A) The plasma insulin levels achieved at the last 60 min of the
hepatic-pancreatic clamp in 4 AL, 18 AL, and 18 CR rats. *P < 0.001
vs. 18 AL, **P < 0.01 vs. 4 AL. (B) To take basal insulin levels into
account while measuring HGP, we defined the index HIS as the rate
of HGP divided by the mean plasma levels of insulin during the study.
*P < 0.001 vs. 18 AL, **P < 0.001 vs. 4 AL.
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Figure 5. The relationship between IIR and VF. Points presenting
the 4 AL, 18 AL, and 18 CR rats.

between HIS and VF, the decay clearly leaves the low VF and
high HIS (most of the 18 CR group) away from the curve.
While FM was also correlated with HIS, this correlation
was weaker than that shown with VF when calculated either
by linear regression (r = —0.616, P < 0.05) or by exponential
decay (r = 0.765, P < 0.005). This figure also demonstrates
how the decay leaves the low FM and high HIS away from the
curve. Spline curve analysis of the relationship between FM

0.8

HIS (pmol/kg/min)/(pmol/L)

Total visceral fat (g.)

Figure 6. The relationship between HIS and VF. Points presenting
the 4 AL, 18 AL, and 18 CR rats. These points best fit the spline
curve model which reveals a significant knot at total abdominal fat of
12.6 g (P < 0.0006). Regression lines were analyzed in rats with total
abdominal fat greater than or less than 12.6 g (P < 0.001 for both
lines).
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and HIS also demonstrated a knot at FM = 47.2 g; however,
this was less significant (P = 0.039; R?> = 0.861) than with VF.

A linear inverse relationship was also demonstrated be-
tween plasma FFA concentrations and HIS in 18 AL and 18
CR (r = —0.640, P < 0.001) and between 4 AL and 18 CR (r =
—0.623, P < 0.001). However, when all groups were combined,
this correlation did not achieve statistical significance (r =
0.425, P < 0.06; not shown). This appeared to be due to the
presence of higher HIS and plasma FFA levels in 18 CR than
in4 AL.

Refeeding of 18 CR rats. A subgroup (n = 6) of 18 CR was
fed ad libitum (18 CR refed) for 14 d. Caloric intake promptly
increased by 59% and BW was increased from the state before
refeeding by 6+1% to 481+14 g (vs. 47120 g of 18 CR).
‘While LBM was similar to that of 18 CR, there was a moderate
increase in FM (by ~ 11% or 7 g) which did not reach statisti-
cal significance. However, the increases in total VF, as well as
in the epididymal, perinephric, and mesenteric depots were
significantly increased by ~ 60% or ~ 5 g. Thus, the increase
in VF during short-term refeeding of CR rats accounts for
~ 70% of the increase in total FM. To examine the impact of
this nutritional manipulation on hepatic insulin action, he-
patic-pancreatic clamp studies were also performed in this
group of rats. The IIR needed to achieve euglycemia in 18 CR
refed and the plasma insulin concentration were ~ 2.5-fold
higher than those required to maintain the plasma glucose and
HGP at basal levels in 18 CR, resulting in a substantial de-
crease (~ 50%) in HIS (Table III).

Effect of age and CR on hepatic glucose fluxes, activity of
key enzymes, and substrate levels. The contribution of plasma
glucose to the Glc-6-P pool was calculated from the specific ac-
tivities of UDPglu and plasma glucose (Table IV). While HGP
was kept at similar levels by a variable insulin infusion, the to-
tal flux through Glc-6-Pase (TGO) was modestly but signifi-
cantly decreased in 18 AL. Similarly, the rate of GC was
decreased by 45% in 18 AL. Since the in vivo flux through
Glc-6-Pase is largely regulated by the activity of this enzyme
and by the size of the Glc-6-P pool, we measured these two pa-

Table I11. Body Composition and Metabolic Characteristics
after Refeeding of 18 CR Rats

18 CR 18 CR refed

n==6 n==6
LBM (g) 412+23 40611
FM (g) 65+6 72+6
VF (g) 7.8+0.6 12.4+0.7*
Epididymal fat pad (g) 3.8+0.6 5.6+0.3*
Mesenteric fat (g) 2.3+0.1 3.6x0.2%
Perinephric fat (g) 1.7+0.5 3.3+0.4%
Glucose (mM) 72*1.2 72x1.7
Insulin (pM) 132+18 324+29%
IR (mU/kg/min) 0.51+0.12 1.26+0.15%
HIS (nmol/kg/min)/(pmol/liter) 0.461+0.021 0.233+0.027*

Body composition: LBM, FM, total VF, epididymal fat pad, mesenteric
fat, and perinephric fat. Plasma glucose and insulin levels during the he-
patic pancreatic clamp, IIR, and HIS. *P < 0.001 vs. 18 CR; data are
presented as mean+SEM.



rameters in liver samples freeze-clamped in situ at the end of
the clamp studies. While the K, for Glc-6-P was similar in the
three groups, the Glc-6-Pase V,,,, was decreased by ~ 50% in
18 AL and by ~ 30% in 18 CR (Table V). Thus, a decrease in
Glc-6-Pase activity was associated with aging independent of
caloric intake. However, this decrease in Glc-6-Pase V., was
largely offset by increased concentration of the substrate (Gle-
6-P). Finally, neither age nor CR altered the levels of hepatic
glycogen, nor the activities of glycogen synthase and phos-
phorylase (Table VI).

Discussion

Aging is associated with progressive increases in fasting
plasma insulin levels and visceral adiposity in humans (1-3,
8-10) and in animal models (23, 24). Although HGP plays a
pivotal role in the regulation of postabsorptive carbohydrate
metabolism (30), the interactions between VF and HGP re-
main poorly defined (31). Here we investigated the relation-
ship between VF and the action of insulin on hepatic glucose
fluxes in a well-characterized rodent model of aging (23, 24).
In particular, we used chronic CR to examine whether preven-
tion of the age-associated increase in VF could reverse hepatic
insulin resistance. Several lines of evidence indicate that in this
animal model VF is indeed a major determinant of HIS re-
gardless of age. Hepatic insulin action was highly correlated
with VF in all experimental groups. In fact, a statistical analysis
of the results revealed that up to 96% of the variance in HIS
can be accounted for by variance in visceral adiposity. CR low-
ered VF below the levels observed in young (4 AL) rats and
markedly improved hepatic (but not peripheral) insulin sensi-
tivity. Furthermore, the hepatic sensitivity to insulin was
higher in old CR than in young rats despite higher whole body
FM in the former. Finally, short-term (14 d) refeeding of old
CR rats rapidly increased VF and induced marked hepatic in-
sulin resistance. Altogether, these results suggest that the age-
related increase in VF is likely to play a major role in fasting
hyperinsulinemia and hepatic insulin resistance in this rodent
model of aging. However, it should be pointed out that up to
86% of the variance in HIS could be accounted for by changes
in total FM. Since changes in VF are a component of the
changes in total FM and these two variables are therefore

Table 1V. Hepatic Glucose Fluxes

4 AL 18 AL 18 CR
[*H]Glc (dpm/nmol) 41.5+43 39.4%42 61.2+8.3
[*H]JUDPGIc (dpm/nmol) 9.4x1.1 6.5x1.7 12.6+2.2
Direct (%) 22731 16.5+2.5 20.0+2.5
TGO (mg/kg/min) 14.2+0.4 12.4+0.4* 13.60.4
GC (mg/kg/min) 3.6%0.4 2.0x0.6* 2.9+0.3*

Table V. Hepatic Glc-6-Pase and Glc-6-P

4 AL 18 AL 18 CR
a-Glc-6-Pase (pmol/g liver/min)  16.5x1.1 8.4x1.7% 11.6*x2.2%
b-Glc-6-Pase (wmol/kg BW/min) 65047  248+50*%  394+72%
Glc-6-P (nmol/g liver) 325+53  443+42*%  518=*70*

The a-Glc-6-Pase V., is expressed per grams of liver. In addition, the
glucose dephosphorylation capacity was estimated for the whole liver
and then calculated in terms of glucose contributed per kilogram of BW,
to demonstrate the relative capacity of rats of substantially different
weights, to provide glucose from the liver (b-Glc-6-Pase). Glc-6-P levels
are presented as per gram of liver. *P < 0.01 vs. 4 AL; data are pre-
sented as mean*=SEM.

tightly linked, our data cannot ascertain whether FM exerts ef-
fects on hepatic insulin action which are independent of its co-
variance with VF.

The aging Sprague-Dawley rat demonstrates several of the
main metabolic features of human aging (1-6), including pro-
gressive increases in FM, VF, plasma insulin, and FFA levels
with age (23, 24). While the role of age-related increases in ad-
iposity may be exaggerated in this rat model, it allows one to
examine the mechanisms by which fat accretion impacts on
metabolism with aging. Because this study was undertaken to
investigate whether VF plays a pivotal role in the regulation of
HIS, we wished to study the experimental animals at a time
when their energy consumption and body composition had
achieved a stable steady state. Thus, we restricted the caloric
intake of young rats in a chronic fashion until they were 18 mo
old (Fig. 1). It should be pointed out that a similar degree of
CR failed to alter HIS when implemented for just 8 d before
the study (29). Thus, the restrictions in daily food intake in the
week immediately preceding the in vivo studies are not likely
to play a major role in our findings. This dietary intervention
resulted in less FM but similar LBM in 18 CR than in 18 AL.
Most important, while 18 CR rats had a greater amount of FM
than 4 AL, they had less total VF (Tables I and II). These
changes in fat distribution were demonstrated by assessment
of the distribution space of water, by postmortem dissection,
and by MRI studies. Therefore, this model enabled us to inves-
tigate the impact of age-related increases in VF and total FM.

Table VI. Glycogen Levels and the Enzyme Activities of
Hepatic Glycogen Synthase (GS) and Glycogen
Phosphorylase (GP)

4 AL 18 AL 18 CR
Glycogen (pmol/g liver) 88+11 79+12 7422
GS (%) 29.4+2.0 27.8%1.6 31.6+4.1
GP (pmol/g liver/min) 15.4%2.0 15.6+2.8 10.8+2.8

After [*H-3]-glucose infusion, the ratio of specific activities of hepatic
[*HJUDP glucose and plasma [*H]-glucose represents the percentage of
the hepatic Glc-6-P pool which is derived from plasma glucose. TGO is
intended as total in vivo flux through Glc-6-Pase. GC is defined as the
input of extracellular glucose into the Glc-6-P pool followed by exit of
plasma-derived Glc-6-P back into the extracellular pool (see Methods).
*P < 0.01 vs. 4 AL; data are presented as mean=SEM.

The enzymes’ activities were obtained from liver freezed-clamp in situ
by spectrophotometric method from 4 AL, 18 AL, and 18 CR rats. The
fractional velocity (FV 0.1) for the hepatic glycogen synthase represents
the mean of the activity ratios in the presence of three physiologic UDP-
Glu concentrations (0.125, 0.25, and 0.5 mM) with 0.11 mM Glc-6-P.
The hepatic active form (a) of GP is the activity in the absence of AMP.
Data are presented as mean+SEM.
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As previously reported (23, 24), the increase in FM with aging
was associated with increases in both plasma insulin and FFA
levels.

Evidence suggests that in this animal model peripheral in-
sulin sensitivity is decreased at a relatively young age. Indeed,
we could not demonstrate any further decrease in insulin re-
sponsiveness after late adulthood when fat tissue reached a
certain mass (24). While CR was shown to improve insulin sen-
sitivity in lean rodent models which are relatively more calorie
restricted (32), we predicted that as long as FM does not de-
crease to below the levels seen at 4 mo of age, peripheral insu-
lin responsiveness will not improve. As demonstrated, insulin
responsiveness (i.e., insulin sensitivity at maximally stimulat-
ing insulin levels) did not change significantly by CR when ex-
pressed in terms of LBM. This further supports the notion that
increased basal plasma insulin levels reflect the decrease in he-
patic rather than the peripheral insulin sensitivity.

The ratio of basal HGP to peripheral plasma insulin levels
may reflect the degree of HIS in humans and animals. How-
ever, peripheral plasma insulin levels fail to account for the
gradient between the portal and peripheral plasma insulin lev-
els, which may change with body composition, fat distribution,
or with the development of insulin resistance. The hepatic-
pancreatic clamp approach, providing exogenous insulin and
somatostatin infusions while maintaining a constant plasma
glucose concentration, overcomes this problem by erasing the
portal/peripheral gradient in plasma insulin levels. On the
other hand, this design also results in higher peripheral plasma
insulin levels than those during the basal period, as reflected
by a modest decrease in both plasma FFA levels and HGP.
However, regardless of the study period which is considered, it
is clear that the hepatic sensitivity to either endogenous (basal)
or exogenous (pancreatic clamp) insulin was significantly de-
creased with aging. In fact, a doubling of the rate of insulin in-
fusion and of the plasma insulin concentration was necessary
to achieve similar rates of HGP as were measured in the young
rats. By contrast, 18 CR displayed a marked enhancement in
the ability of insulin to suppress HGP even when compared
with 4 AL rats (Fig. 4 B). Moreover, when a subgroup of 18
CR rats was infused with rates of insulin infusion similar to
those required in the 18 AL rats, their HGP was significantly
decreased and maintenance of euglycemia required the infu-
sion of exogenous glucose. Since the present findings demon-
strate that CR induces a marked improvement in hepatic insu-
lin action in aging rats, we further analyzed the relationship
between HIS and the associated changes in body composition
across the various experimental groups. The most striking cor-
relation was found with VF (Fig. 5). It is apparent from our
studies that the relationship between HIS and VF is not simply
linear (Fig. 6). While an exponential decay curve can be fitted,
spline curve analysis best fitted the individual points. It seems
that beyond a certain VF mass (12.6 g), additional VF still re-
sulted in further decreased HIS; however, its impact is re-
duced. Interestingly, saturating effects of FM on peripheral in-
sulin action have been demonstrated in Pima Indians (33) and
in our rat model (23), suggesting that once a certain critical
level of fat accretion is achieved, further alterations in glucose
metabolism are difficult to detect. While the above analysis re-
mains virtually unchanged when the group which was calorie
restricted and then refed was excluded, this latter group pro-
vides strong additional support for the role of VF in determin-
ing HIS. In fact, refeeding of 18 CR rats for 2 wk resulted in a
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rapid and dramatic increase in VF (by ~ 5 g), accounting for
~ 70% of the increase in total FM, and induced severe hepatic
insulin resistance.

While the mechanism(s) whereby VF determines insulin
sensitivity remain to be delineated, the unique metabolic char-
acteristics of the mesenteric and omental fat depots as con-
cerns the turnover of glycerol, FFA, and lactate are likely to
play a role. Indeed, FFA metabolism measured by a variety of
methods was shown to be impaired in humans with increased
VF both in vivo (34-36) and in vitro (36-38). Bjorntorp (15)
hypothesized that the metabolic importance of VF may be due
to the delivery of substrates such as lactate, FFA, and glycerol
into the portal system exerting potent and direct effects on the
liver. In fact, it is now well established that the plasma FFA
concentration is a major modulator of hepatic insulin action
(39, 40). In keeping with this theory, mesenteric/omental fat is
metabolically more important than subcutaneous fat. Thus,
sustained differences in the portal concentrations of FFA,
glycerol, and lactate between 18 AL and 18 CR reflecting
changes in lipid turnover in mesenteric/omental tissue could
play a role in the regulation of HIS. Alternative mechanism(s)
responsible for the differential effects of visceral and subcutane-
ous fat depots on glucose metabolism remain to be explored and
are the object of intense investigation in several laboratories.

A significant decrease in Glc-6-Pase V,,,, was shown in
both 18 AL and 18 CR rats as compared with young controls
(4 AL). While it is possible that aging is associated with adap-
tive changes in the activity of Glc-6-Pase and in the hepatic
levels of Glc-6-P which are independent of circulating sub-
strate and insulin levels, the latter variables should be taken
into consideration in interpreting these findings. While HGP
was maintained at similar rates in all experimental groups by
means of variable rates of insulin infusion, the flux through
Glc-6-Pase, estimated in vivo as the rates of TGO and GC, was
decreased in 18 AL compared with 4 AL rats. This occurred
despite a significant elevation in the hepatic concentration of
Glc-6-P. Altogether these data suggest that an increased rate
of Glc-6-P formation via gluconeogenesis and/or glycogenoly-
sis rather than increased efficiency of its dephosphorylation to
glucose is likely to represent the cause for the diminished sen-
sitivity to insulin in this aging model. In fact, it is reasonable to
believe that the chronic portal hyperinsulinemia in 18 AL con-
tributed to the decreased level of gene expression and activity
of liver Glc-6-Pase (28). Conversely, even in the presence of
hyperinsulinemia, the effect of decreased Glc-6-Pase activity
on TGO was offset by a marked increase in Glc-6-P concentra-
tion. 18 CR also displayed more modest decreases in TGO,
GC, and Glc-6-Pase activity as compared with young rats. Im-
portantly, this occurred in the face of much lower plasma insu-
lin levels, probably reflecting the marked increase in the he-
patic sensitivity to insulin. Furthermore, since increased hepatic
availability of glucose or FFA can increase the gene expression
of Glc-6-Pase independent of insulin (41, 42), reductions in the
glucose and FFA levels in CR animals after the meal may also
contribute to the lower Glc-6-Pase activity in 18 CR rats. Re-
gardless of the molecular mechanism, it is clear that a marked
inhibition of the in vivo activity of Glc-6-Pase can be demon-
strated in calorie-restricted old rats despite low portal insulin
concentrations. In fact, when HGP was equalized in all experi-
mental groups by altering the rates of insulin infusion, the 18
CR group was able to maintain the in vivo flux through Glc-6-
Pase (TGO) at a level similar to that observed in young rats,



despite much higher levels of Glc-6-P. Taken together these
results indicated that the improvement in HIS with CR is due
to a marked decrease in the rate of Glc-6-P dephosphorylation
to glucose.

Our results indicate that postabsorptive hyperinsulinemia
in aging is likely due to a marked decrease in the ability of in-
sulin to inhibit HGP. They also support the notion that FM in
general and the marked age-dependent increase in VF in par-
ticular play a pivotal role in this alteration of hepatic carbohy-
drate metabolism in this animal model of aging. Thus, we pro-
pose that specific interventions designed to reduce VF in aging
might greatly improve hepatic insulin action. Further studies
will be necessary to identify the specific hormonal and/or met-
abolic signals by which VF regulates hepatic glucose fluxes in
the hope to ultimately devise alternative therapeutic interven-
tions.
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