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AGING is associated with an increase in abdominal obe-
sity (ie, visceral adiposity), which is an independent 

risk factor for metabolic decline (1,2), age-related disease 
risk (3,4), and all-cause mortality (5). The biologic 
underpinning(s) linking visceral fat accrual with metabolic 
dysfunction has been purported to involve increased circu-
lating free fatty acids (FFA) and glycerol released by omen-
tal fat into the portal circulation (3). In addition, the 
endocrine effects of adipose tissue, especially with visceral 
fat accrual, results in the increased secretion of numerous 
cytokines from adipocytes and their associated macrophages 
(6), which can lead to a proinflammatory state and interfere 
with whole-body insulin action (7–9).

Elevated FFA are a common feature of aging in nondia-
betic humans and rodents (10,11) and are associated with 
obesity-induced insulin resistance (12), decreased glucose 
transport in skeletal muscle (13–15), and hepatic insulin re-
sistance (1,14,16). Furthermore, acutely elevating FFA can 
impair insulin action (17–19) and invoke the expression and 
secretion of proinflammatory cytokines from adipose tis-
sue, which have been shown to impair insulin sensitivity 
(20). Likewise, we have shown that the acute administration 
of nutrients can provoke the expression of proinflammatory 

cytokines from fat, especially visceral fat (21), and this re-
sponse is exaggerated in old animals (22). Furthermore, we 
were able to separate the effects of aging per se from changes 
in body fat distribution by establishing an experimental ro-
dent model employing calorie restriction (22), which main-
tains a “youthful” phenotype in aged rodents, including the 
prevention of visceral fat accrual.

Several mechanisms may link a greater availability of nutri-
ents with increased inflammation including enhanced intracel-
lular nutrient flux through the hexosamine biosynthetic pathway 
(19,23). Indeed, energy substrates including glucose, amino 
acids, and FFA all lead to increased flux through hexosamine 
biosynthetic pathway and stimulate the expression of down-
stream effectors and inflammatory peptides that can contribute 
to the induction of insulin resistance (22,23). Furthermore, 
FFA have been shown to activate TLR4 receptors in several 
cell types, including macrophages and adipocytes, which can 
induce inflammatory signaling and impair insulin sensitivity 
(18). However, the effect of a lipid provocation on parameters 
of insulin action and inflammation with aging is unknown. 
Therefore, the purpose of this study was to determine if aging 
per se increases the susceptibility to FFA-induced insulin resis-
tance utilizing our experimental paradigm (22).
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Methods

Animals
Adult F344 × BN rats (Harlan Worldwide, Somerville, NJ) 

were housed in individual cages and subjected to a standard 
photoperiod (12L:12D). Rats belonged to one of three groups: 
(a) ad libitum (AL)–fed young rats (YAL), which were 3 
months old, (b) ad libitum–fed old rats (OAL), which were 
17–21 months old, and (c) calorie-restricted old rats (OCR), 
which were also 17–21 months old. The diet for ad libitum– 
fed animals consisted of regular chow (64% carbohydrate, 
30% protein, and 6% fat, 3.3 kcal/g). Beginning at 5 months 
of age, OCR animals were fed 55% of ad libitum–fed animals 
with a similar diet supplemented with extra vitamins. One 
week before the in vivo clamp study, rats were anesthetized 
by inhalation of isoflurane, and indwelling catheters were in-
serted into the right internal jugular vein and left carotid ar-
tery. Recovery was continued until body weight was within 
3% of the pre-operative weight (~5 to 6 days). Chronically 
catheterized rats were studied approximately 12 hours after 
their last feeding while awake, unrestrained, and unstressed.

In Vivo Studies
To test if intralipid (IL) infusion would differentially af-

fect insulin resistance, three groups of animals, YAL, OAL, 
and OCR rats were assigned to receive either saline (control 
group) or IL infusion during a hyperinsulinemic–euglycemic 
clamp. Specifically, a 5-hour intravenous infusion of lipid 
emulsion (Intra lipid 20%; Baxter Healthcare Corpora-
tion, Deerfield, IL) in 1:2 suspension with heparinized sa-
line (100 U/mL) at a rate of 1.5 mL/h along with insulin (3 
mU/kg/min) was performed. Somatostatin (1.5 mg/kg/min) 
was infused to prevent insulin secretion. Infusion of 25% 
dextrose was titrated to maintain blood glucose at a basal 
level (~7 mM) for the duration of the clamp study. A similar 
protocol was followed for control groups with the exception 
that saline was infused in place of IL at a rate of 1.5 mL/h 
during the clamp study. All rats received a primed continu-
ous infusion (15–40 mCi/min) of high performance liquid 
chromatography-purified [3-3H] glucose (New England Nu-
clear, Boston, MA) throughout the study to determine glu-
cose fluxes. Blood samples for determination of 
3H-glucose–specific activity were obtained at 10-minute in-
tervals throughout the insulin infusion, and samples for the 
determination of insulin concentrations were also obtained 
at predetermined intervals during the clamp study. The total 
volume of blood withdrawn was ~5.0 mL per study and a 
solution (1:1 vol/vol) of ~8.0 mL of fresh blood (obtained 
by heart puncture from a littermate of the test animal) and 
heparinized saline (10 U/mL) were infused to prevent vol-
ume depletion and anemia. At the conclusion of the study, 
the rats were sacrificed using pentobarbital sodium (60 mg/
kg body weight) intravenously through catheters previously 
implanted. The abdomen was quickly opened, fat pads were 

weighed and were then snap frozen in liquid nitrogen, and 
stored at −80°C. The study protocol was reviewed and ap-
proved by the Animal Care and Use Committee of the Albert 
Einstein College of Medicine.

Quantification of Expression by Real-Time Polymerase 
Chain Reaction

Total RNA from subcutaneous fat and visceral fat depots 
were extracted following Clontech’s protocol with some 
modifications as previously described (24). First-strand 
complementary DNA (cDNA) was synthesized with ran-
dom primers and total RNA as a template using the Super-
Script preamplification system (Gibco/Brl, Grand Island, 
NY). Primer sets for several cytokines including angio-
tensinogen (AT), interleukin (IL)-6, IL-18, plasminogen-
activating inhibitor-1 (PAI-1), tumor necrosis factor-a 
(TNF-a), leptin, and resistin have been described in detail 
elsewhere (21). Quantitative real-time polymerase chain re-
action was performed using the Roche Light Cycler 480 
(Roche, Mannheim, Germany) using 10 ng of cDNA and 
Sybr green kit (Roche) for detection. Cytokine expression 
values were normalized to beta-2 microglobulin as this was 
the only housekeeping gene among several tested (tubulin, 
b-actin, 18S, glyceraldehyde-3-phosphate dehydrogenase, 
hypoxanthine phosphoribosyltransferase 1, and ribosomal 
phosphoprotein P0) found not to change with age and/or 
treatment in adipose tissue.

Immunophenotyping and Fluorescence-Activated Cell 
Sorting (FACS)

To determine the percentage of macrophages in 1 g of adi-
pose tissue, another group of YAL rat (3 months old), OAL 
rat (~20 months old), and OCR rats (~20 months old) were 
studied. At necropsy, adipose tissue was immediately excised 
for the isolation of macrophages and stromal vascular cells as 
described before with slight modification (25). Briefly, 
stromal vascular cells isolated from adipose tissue samples 
were cooled on ice and counted using a hemocytometer. Fol-
lowing counting, cells were centrifuged at 500g for 5 minutes 
and resuspended in fluorescence-activated cell sorting (FACS) 
buffer (phosphate buffered saline containing 5 mM ethylene-
diaminetetracetic acid and 0.2% [wt/vol] bovine serum albu-
min) at a concentration of 7 × 106 cells/mL. Cells were 
incubated in the dark at 4°C on a bidirectional shaker for 
30 minutes in Fc Block (14 mg/mL; BD Pharmingen, San 
Jose, CA), followed by additional incubation of 30 minutes 
with fluorophore-conjugated primary antibodies (CD11b– 
fluorescein isothiocyanate, 2 mg/mL; Serotec, Raleigh, NC) 
and HIS-36–phycoerythrin (5 mg/mL; eBioscience, San Diego, 
CA), and 1 mL of FACS buffer was added to the cell conju-
gate. Cells were centrifuged, washed twice, and fixed with 
1% paraformaldehyde. The acquisition of cells was done  
using Facscan and analysis was performed using FlowJo soft-
ware (Tree Star Inc., Ashland, AZ).
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Analytical Procedures
Plasma glucose was measured by the glucose oxidase 

method (Glucose Analyzer II; Beckman Instruments, Inc., 
Palo Alto, CA). Plasma insulin was measured by radioim-
munoassay, using rat and porcine insulin standards. FFA 
were measured using WACO NEFA C Kit (Waco Chemi-
cals USA, Richmond, VA). Plasma [3-3H]-glucose radio-
activity was measured in duplicate in the supernatants of 
Ba(OH)2 and ZnSO4 precipitates of plasma samples (20 
mL) after evaporation to dryness to eliminate tritiated wa-
ter. Under steady-state conditions for plasma glucose con-
centrations, the rate of glucose disappearance (Rd) equals 
the rate of glucose appearance (Ra). The latter was calculated 
as the ratio of the rate of infusion of [3-3H]-glucose (decay 
per minutes per minute) and the steady-state plasma [3-3H]-
glucose–specific activity (decay per minutes per milligrams). 
A time course for developing insulin resistance was then es-
tablished by calculated slopes and determining when primary 
outputs of the glucose clamp including glucose infusion rate, 
glucose uptake, and endogenous glucose production were 
significantly impaired as compared with saline controls.

Statistical Analysis
All values are presented as means ± SE. Statistical analy-

ses for cross-sectional measures were performed using ei-
ther a one-way (group) or two-way Analysis of variance 
(Group × Treatment). When a significant effect was ob-
served, planned contrasts with Tukey’s adjustment or t tests, 
when appropriate, were applied to determine individual dif-
ferences across groups. For glucose clamp data, a hierarchi-
cal linear model was fit incorporating terms for group (YAL, 
OCR, and OAL), treatment (saline and IL), and time (0–300 

Table 1.  Phenotypic Measures and Basal Metabolic Parameters of 
YAL, OCR, and OAL Rats

YAL (n = 13) OCR (n = 10) OAL (n = 11)

Body weight (g) 296.6 ± 5.2a 334.4 ± 11.9a 521.2 ± 17.3b

Visceral fat (g) 4.98 ± 0.43a 4.29 ± 0.58a 19.4 ± 2.19b

Food intake (g/day) 19.2 ± 2.45b 12a* 21.3 ± 3.76b

Insulin (ng/mL) 1.0 ± 0.2a 1.4 ± 0.3a 2.8 ± 0.2b

FFA (meq/L) 0.64 ± 0.08a 0.71 ± 0.06ab 1.03 ± 0.17b

Notes: Basic phenotypic characteristics including body weight, visceral fat, 
food intake, and plasma insulin and FFA levels in YAL, OCR, and OAL rats. 
Data are means ± SE. Different letters denote a significant difference between 
groups, p < .05. FFA = free fatty acids.

* Food intake was clamped at 12 g/day.

minutes) with random effects for animals. An omnibus test 
for differences across groups was based upon the three-way 
interaction term (Group × Treatment × Time) and specific 
planned contrasts were carried out when appropriate. Like-
wise, estimates of the slopes over time and 95% confidence 
intervals were calculated from the appropriate linear combi-
nations of regression coefficients, and group differences 
were determined from those estimates. A p value ≤ .05 was 
considered to be statistically significant. All analyses were 
performed using either SPSS v15 (SPSS, Chicago, IL) or 
Stata v11 (Stata Corp., College Station, TX).

Results

Phenotypic and Basal Metabolic Characteristics of 
YAL, OCR, and OAL rats

Comparison of YAL and OCR rats revealed no significant 
differences in body weight or visceral fat (Table 1). As com-
pared with YAL and OCR, OAL rats weighed more and had 
a greater amount of visceral fat (p < .05, Table 1). Further-
more, prior to the initiation of saline or IL, there were no 
significant differences among groups for glucose (not shown). 
OAL had greater insulin than YAL and OCR and greater FFA 
levels than YAL (p = .05) but not OCR (Table 1, p = .11).

Metabolic Parameters During the Clamp Studies in YAL, 
OCR, and OAL Rats

During the hyperinsulinemic clamps, there was no effect 
of group (p = .79) or Group × Treatment interaction for FFA 
(p = .43), but a significant effect of treatment was detected, 
which was observed within each group (Table 2, p < .001). 
Comparing glucose levels during the clamp (Table 2), there 
was a significant main effect for group with OAL being greater 
than YAL or OCR (p < .001) but neither treatment (p = .20) 
nor its interaction (p = .56) was significant. Likewise, a group 
effect was observed for clamp insulin (p = .003) with OAL 
as a group being significantly greater than YAL or OCR but 
neither treatment (p = .75) nor its interaction (p = .97) was 
significant (Table 2).

Glucose Infusion Rate During the Clamp Studies in YAL, 
OCR, and OAL Rats

The glucose infusion rate required to maintain plasma 
glucose levels in the three groups is shown in Figure 1A–C. 

Table 2.  Metabolic Parameters During the Hyperinsulinemic–Euglycemic Clamp Study

YAL Sal (n = 7) YAL IL (n = 6) OCR Sal (n = 5) OCR IL (n = 5) OAL Sal (n = 5) OAL IL (n = 6)

Clamp FFA (meq/L) 0.11 ± 0.04 2.06 ± 0.26* 0.33 ± 0.05 1.94 ± 0.47* 0.86 ± 0.25 1.86 ± 0.12*
Clamp glucose (mmol/L) 6.71 ± 0.10 6.38 ± 0.11 6.61 ± 0.22 6.61 ± 0.05 8.13 ± 0.06 7.52 ± 0.22
Clamp insulin (ng/mL) 3.96 ± 0.33 4.18 ± 0.11 4.67 ± 0.44 4.64 ± 0.08 6.23 ± 0.96 6.49 ± 0.82

Notes: YAL, OAL, and OCR rats underwent 5 hours of saline (Sal) or IL infusion during a hyperinsulinemic–euglycemic clamp. The average plasma FFA, 
glucose, and insulin levels (clamp) over the last hour are shown. Data are means ± SE. FFA = free fatty acids; IL = intralipid.

* Significant effect of treatment within group, p < .05.
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Because the trajectory of glucose infusion rate over time 
was determined to be biphasic, the effect of time is repre-
sented by a piecewise linear model with a breakpoint at  
time = 120 minutes for this outcome. Using a two-variable 
hierarchical linear model, a significant Group × Treatment × 
Time interaction was observed up to time = 120 minutes 
(early phase; p = .007) and more than 120 minutes (late 
phase; p = .01). Based upon the calculated slopes during the 
early phase (0–120 minutes), glucose infusion rate was sig-
nificantly attenuated with IL in YAL (p < .001) and OCR 
(p < .001) but not OAL (p = .25). During the late phase 
(>120 minutes), there was no effect of treatment on glucose 
infusion rate in YAL (p = .91) or OCR (p = .14) nor was 
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Figure 1.  Effect of saline (Sal) and intralipid (IL) infusion on glucose infu-
sion rate (GIR) in (A) YAL, (B), OCR and (C) OAL rats. All rats underwent 5 
hours of Sal infusion (control) or IL at a rate of 1.5 mL/h during the hyperinsu-
linemic clamp (3 mU/kg/min). Symbols and error bars are means ± SE 
(*p ≤ .05 vs Sal).

there a significant difference in treatment effect between 
YAL and OCR (p = 0.64), but glucose infusion rate was 
significantly decreased by treatment in OAL (p < .01).

In addition to modifying the slope of the outcome trajec-
tory, a treatment may shift the curve upward or downward. 
We quantified treatment shift by the mean difference in mod-
eled (not observed) outcome at time = 30 minutes (the earliest 
time of observations). In none of the groups was a statistically 
significant shift observed at time = 30 minutes in response to 
treatment. However, OAL rats began the glucose clamps in a 
near maximal insulin-resistant state as demonstrated by a sig-
nificant downward shift in their overall curves as compared 
with other groups (p < .001). In response to IL infusion at 
specific time points within groups, the glucose infusion rate 
in YAL animals was significantly lower than saline controls at 
70 and 80 minutes, but animals did not demonstrate a level 
similar to old insulin-resistant rats (glucose infusion rate = 
~10 mg/kg/min) until 210 minutes (Figure 1A). OCR animals 
receiving IL infusion rapidly reached a glucose infusion rate 
significantly lower than saline (Figure 1B, p < .05) and simi-
lar to that of OAL by 100 minutes. During the last hour, IL-
infused OCR rats demonstrated an even further decline in 
glucose infusion rate approaching 4 mg/kg/min.

Glucose Uptake During the Clamp Studies in YAL, OCR, 
and OAL Rats

A significant Group × Treatment × Time interaction was 
observed for glucose uptake (p < .001), and the panels are 
shown in Figure 2. Based upon the slopes for each group, IL 
led to an attenuation in glucose uptake in YAL (p = .01) and 
OCR (p = .002) but not OAL (p = 0.22). In response to IL, 
the calculated downward shift for OCR was 7.4 mg/kg/min, 
(p = .002) but not in YAL (2.3 mg/kg/min, p = .26) or OAL 
(0.3 mg/kg/min, p = .89). Indeed, insulin-stimulated glucose 
uptake in IL-infused YAL rats at 30 minutes was ~29 mg/kg/
min (Figure 2A), but this was followed by a slow and steady 
decline in the rate of glucose uptake that was not significantly 
less than saline controls until 210 minutes and only remained 
significant until 270 minutes of the clamp (p < .05). In con-
trast, OCR rats more rapidly reached significance as com-
pared with their saline controls (Figure 2B, p < .05) than YAL 
(70 vs 210 minutes). Thus, there was no significant effect of 
treatment in OAL, whereas a significant effect of treatment 
was observed in YAL and OCR. In addition, there was a sig-
nificant difference in the effect of IL treatment between YAL 
and OCR (p < .001). Similar to glucose infusion rate, the 
overall curve for glucose uptake in OAL was substantially 
shifted downward relative to other groups (Figure 2C, p < .01) 
and IL infusion failed to lower glucose uptake, suggesting that 
glucose uptake was already maximally impaired in OAL.

Endogenous Glucose Production During the Clamp 
Studies in YAL, OCR, and OAL Rats

A three-way (Group × Treatment × Time) interaction was 
observed for endogenous glucose production (p = .001). 
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Although glucose production rates showed no significant 
change in slope or shift with IL infusion in YAL rats (p = 
.60), there was a significant and similar downward shift and 
upward slope over time in both OCR (p = .01) and OAL rats 
(p < .05). Furthermore, OCR and OAL differed significantly 
in their response to IL infusion as compared with YAL (p < 
.001). Interestingly, within-group comparisons revealed that 
endogenous glucose production rates were significantly 
higher only in YAL rats by 240 and 260 minutes (Figure 3A, 
p < .05). Furthermore, when averaging glucose production 
rates over the last hour of the clamp, IL infusion raised en-
dogenous glucose production levels in all three groups, but 
this was only statistically significant for YAL rats (4.53 ± 
0.56 vs 7.20 ± 0.78 mg/kg/min, p = .02) and not for OCR 
(5.75 ± 1.55 vs 8.39 ± 1.12 mg/kg/min, p = .22) or OAL 
(6.87 ± 1.72 vs 9.64 ± 1.44 mg/kg/min; Figure 3, p = .26).

Expression of Fat-Derived Peptide Genes at the End of the 
Clamp Period

At the end of the clamps with saline or IL, we studied 
gene expression of several cytokines (AT, resistin, leptin, 
TNF-a, PAI-1, IL-6, and IL-18) that are associated with a 
proinflammatory state and insulin resistance in visceral 
(Figure 4) and subcutaneous fat (Figure 5) depots. In vis-
ceral fat, a significant main effect of group and treatment 
were observed only for PAI-1 (Figure 4E, p < .05) and IL-6 
(Figure 4F, p < .01), but no significant interaction was ob-
served. In response to IL, PAI-1 expression was significantly 
increased in OCR (p < .05) but not in OAL (p = .07) or YAL 
(p = .43), whereas IL-6 expression was increased in OCR 
and OAL (p < .05) but not YAL (p = .63). In subcutaneous 
fat, a significant main effect of group and treatment was  
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observed for PAI-1 (p < .05) but gene expression was only 
increased by IL in OAL (p = .05).

Adipose Tissue Macrophages in YAL, OCR, and OAL Rats
Macrophage content as a percentage of the stromal vascu-

lar fraction was assessed in 1 g of visceral or subcutaneous 

adipose tissue with FACS analysis. YAL rats had the lowest 
amount of macrophages in both visceral (Figure 4H) and 
subcutaneous adipose tissue (Figure 5H), as expressed as a 
percentage of the stromal vascular cell fraction. However, 
both old groups of rats, regardless of adiposity status, had a 
significantly greater percentage of macrophages compared 

Figure 4.  Effect of saline (Sal) and intralipid (IL) infusion on gene expression of adipokines from visceral fat in YAL, OCR, and OAL rats during a hyperinsu-
linemic clamp including (A) angiotensinogen (AT), (B) resistin, (C) leptin, (D) tumor necrosis factor-a (TNFa), (E) plasminogen-activating inhibitor-1 (PAI-1), (F) 
interleukin (IL)-6, and (G) IL-18. All values were normalized to the expression of the housekeeping gene beta-2 microglobulin. Macrophage content as a percentage 
of stromal vascular cells in 1 g of visceral fat was assessed by flow cytometry and is shown in panel (H). Data are means ± SE. Different letters denote a significant 
difference between groups in panel H (p ≤ .05). *Denotes a significant difference between IL and Sal within groups (p ≤ .05).

Figure 5.  Effect of saline (Sal) and intralipid (IL) infusion on gene expression of adipokines from subcutaneous fat in YAL, OCR, and OAL rats during a hyper-
insulinemic clamp, including (A) angiotensinogen (AT), (B) resistin, (C) leptin, (D) tumor necrosis factor-a (TNFa), (E) plasminogen-activating inhibitor-1 (PAI-1), 
(F) interleukin (IL)-6, and (G) IL-18. All values were normalized to the expression of the housekeeping gene beta-2 microglobulin Macrophage content as a percent-
age of stromal vascular cells in 1 g of SC fat was assessed by FACS is shown in panel (H). Data are means ± SE. Different letters denote a significant difference 
between groups (p < .05). *Denotes a significant difference between IL and Sal within groups (p ≤ .05).
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with that of YAL in both subcutaneous and visceral fat (p < 
.05), but no significant difference was found between OCR 
and OAL rats (Figures 4H and 5H).

Discussion
The goal of this study was to determine if aging per se 

increases the susceptibility of rats to a lipid provocation as 
demonstrated by the development of more rapid and severe 
insulin resistance during a hyperinsulinemic–euglycemic 
clamp and whether this might be linked to greater gene ex-
pression of proinflammatory cytokines from adipose tissue. 
To test this hypothesis, we utilized an experimental para-
digm of YAL, OAL, and a separate group of old rats, which 
were caloric restricted since early adulthood (OCR), thus 
allowing for the discrimination of aging per se from unfa-
vorable changes in body composition with aging. As our 
data show, despite their chronological age, OCR rats were 
very similar to YAL animals in many respects including 
body weight, visceral fat mass, FFA, insulin levels and dem-
onstrated a similar response to insulin during a control (in-
fused with saline) hyperinsulinemic–euglycemic clamp.

However, based upon several outcomes of the hyperinsu-
linemic–euglycemic clamps during IL infusion, OCR rats 
appeared to demonstrate a more rapid development of insu-
lin resistance than YAL. Indeed, OCR demonstrated a sig-
nificantly greater upward slope for glucose production and 
downward slope for glucose uptake than YAL, and glucose 
infusion rate and glucose uptake were also impaired sooner 
in OCR than YAL (saline as reference). This suggests a 
greater baseline susceptibility to FFA-induced insulin resis-
tance with aging. Importantly, this observation could not 
have been obtained in OAL rats because these animals were 
already insulin resistant in regard to glucose uptake at the 
outset of the clamp and IL infusion failed to further impair 
glucose disposal. Interestingly, endogenous glucose pro-
duction rates behaved similarly in OCR and OAL rats in 
response to IL with a significant downward shift and in-
crease over time throughout the clamp, whereas no signifi-
cant change in slope was observed in YAL. However, during 
the last hour, glucose production was only significantly el-
evated during IL infusion in YAL animals (~6 to 7 mg/kg/
min), though their rates remained less than those observed 
in old (~9 to 11 kg/min) during the last hour. Taken together, 
this novel paradigm has shown for the first time that greater 
susceptibility of insulin action to FFA may be an important 
feature of aging.

The exact cause(s) of increased susceptibility to FFA 
with aging are unknown. Randle initially hypothesized that 
elevated FFA levels directly switch glucose oxidation to 
FFA oxidation, thereby reducing glucose uptake (26). How-
ever, insulin resistance is not induced immediately by infu-
sion of FFA as would be expected by this hypothesis. In 
fact, infusion of an IL emulsion during an insulin clamp 
does not begin to significantly impair glucose uptake until 

90 minutes later and progressively decreases until a nadir is 
reached 4–7 hours later (27), which is similar to our obser-
vation here. This phenomenon suggests that augmentation 
of FFA fluxes induce insulin resistance in a time-dependent 
manner, which requires the activation of several biologic 
processes, such as glycosylation, expression of various tran-
scription factors, and inflammatory pathways (19). It should 
also be noted that while others have demonstrated impaired 
glucose uptake with prolonged lipid infusion (14,28), there 
are contradictory findings as to whether intracellular glu-
cose-6-phosphate increases following prolonged lipid infu-
sion supporting Randle’s hypothesis (14,26), or decreases, 
suggesting reduced insulin-induced glucose transport into 
muscle as the primary defect (28).

Because aging has been characterized as a proinflamma-
tory state (29,30) and nutrients have been shown to induce 
adipose tissue–derived inflammation and impair insulin ac-
tion (7–9), we hypothesized that similar to what we ob-
served with glucosamine infusion (22) that increased 
vulnerability to FFA-induced insulin resistance with aging 
was in part the result of a heightened sensitivity of nutrient-
sensing pathways linked to inflammation. Consistent with 
our hypothesis, IL infusion failed to significantly increase 
fat-derived cytokine expression from visceral fat in young 
rats but resulted in a marked increase in PAI-1 and IL-6 
expression from visceral fat in both OAL and OCR rats. 
This is in line with our prior studies (21,22), and the general 
contention that visceral fat is an important contributor to the 
proinflammatory state associated with obesity (4,31). Like-
wise, we also observed an increase in PAI-1 expression in 
subcutaneous fat from OAL receiving IL. These observa-
tions seem relevant considering both PAI-1 and IL-6 have 
been shown to increase with aging and obesity (6,32) and 
are linked to important age-related diseases, such as type 2 
diabetes (33,34) and cardiovascular disease (35,36).

It is worth pointing out that while nutrients provoked ex-
pression of proinflammatory cytokines in both OAL and 
OCR rats, OAL rats also had five times more visceral fat 
mass than their old lean counterparts (Table 1). As a conse-
quence, the absolute amount of cytokines produced is likely 
far greater in OAL than OCR animals. Indeed, human stud-
ies have shown that increasing amounts of visceral adipos-
ity are independently associated with greater systemic 
inflammation (6). Furthermore, other biologic changes may 
also be responsible for heightened inflammation with aging 
such as declines in sex steroids (37,38) and increased preva-
lence of senescent cells, which have been shown to have a 
proinflammatory secretory phenotype (39) and can accumu-
late in metabolically relevant tissues with aging, such as 
liver (40). Thus, these results do not rule out a role for 
inflammation in this process but instead have identified a 
novel distinction between aging per se and the aging– 
obesity interaction on the relative contribution of inflamma-
tion from adipose tissue. Furthermore, other mechanisms 
may also contribute to chronic or sustained insulin resistance 
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with aging and obesity, including lipotoxicity (41) and mi-
tochondrial dysfunction, although the latter is somewhat 
controversial (42–44).

Macrophages are considered to be a significant source for 
many fat-derived proinflammatory cytokines, and the per-
centage of macrophages in fat has been shown to increase in 
obesity (25). Interestingly, we observed that the percentage 
of macrophages in the stromal vascular cell fraction from 
both visceral and subcutaneous fat increased with age re-
gardless of obesity status. To our knowledge, such an in-
crease in adipose tissue macrophage content with aging has 
not been reported. Indeed, the dogma has been that greater 
levels of macrophage infiltration occurs only with expan-
sion of adipose tissue mass, yet this finding challenges that 
notion by demonstrating an effect of aging per se. However, 
as previously mentioned, OAL were substantially more 
obese than OCR rats such that these animals would still 
have a predictably greater absolute number of mac-
rophages.

In summary, we demonstrate that aging per se confers a 
unique susceptibility to FFA-induced insulin resistance as 
demonstrated by a more rapid impairment in glucose uptake 
and glucose infusion rate in OCR rats as compared with 
YAL, when challenged with nutrients. Furthermore, aging 
per se is associated with a heightened proinflammatory re-
sponse to nutrients in adipose tissue, including increased 
PAI-1 and IL-6 expression in OAL and OCR animals. Thus, 
although lifelong calorie restriction may prevent age-related 
changes in body composition and maintain a “youthful” 
phenotype, it does not prevent the accumulation of adipose 
tissue macrophages, the inflammatory response to excess 
nutrients, or the increased vulnerability to FFA-induced in-
sulin resistance with aging.
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