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Postprandial dyslipidemia is recognized as an important
complication of insulin-resistant states, and recent evidence implicates intestinal lipoprotein overproduction as a
causative factor. The mechanisms linking intestinal lipoprotein overproduction and aberrant insulin signaling in
intestinal enterocytes are currently unknown. Intestinal
insulin sensitivity and lipid metabolism were studied in a
fructose-fed hamster model of insulin resistance and metabolic dyslipidemia. Intestinal lipoprotein production in
chow-fed hamsters was responsive to the inhibitory effects
of insulin, and a decrease in circulating levels of triglyceride-rich apolipoprotein (apo)B48-containing lipoproteins
occurred 60 min after insulin administration. However,
fructose-fed hamster intestine was not responsive to the
insulin-induced downregulation of apoB48-lipoprotein production, suggesting insulin insensitivity at the level of the
intestine. Enterocytes from the fructose-fed hamster exhibited normal activity of the insulin receptor but reduced
levels of insulin receptor substrate-1 phosphorylation and
mass and Akt protein mass. Conversely, the protein mass of
the p110 subunit of phosphatidylinositol 3-kinase, protein
tyrosine phosphatase-1B, and basal levels of phosphorylated extracellular signal–related kinase (ERK) were significantly increased in the fructose-fed hamster intestine.
Modulating the ERK pathway through in vivo inhibition of
mitogen-activated protein/ERK kinase 1/2, the upstream
activator of ERK1/2, we observed a significant decrease in
intestinal apoB48 synthesis and secretion. Interestingly,
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enhanced basal ERK activity in the fructose-fed hamster
intestine was accompanied by an increased activation of
sterol regulatory element– binding protein. In summary,
these data suggest that insulin insensitivity at the level of
the intestine and aberrant insulin signaling are important
underlying factors in intestinal overproduction of highly
atherogenic apoB48-containing lipoproteins in the insulinresistant state. Basal activation of the ERK pathway may
be an important contributor to the aberrant insulin signaling and lipoprotein overproduction in this model. Diabetes
55:1316 –1326, 2006

T

he insulin-resistant state is associated with a
cluster of pathologies often referred to as the
metabolic syndrome (1). The various pathologies
include obesity, hypertension, dyslipidemia, and
atherosclerosis (2,3). There is heightened awareness regarding the diagnosis and assessment of insulin-resistant
states because insulin resistance is now recognized to be a
major causative factor in the development of human
atherosclerosis and cardiovascular disease (CVD) (4).
CVD has been identified as the principal clinical outcome
of the metabolic syndrome (1) and the primary cause of
death among diabetic patients (5).
A contributing factor to the development of CVD is the
metabolic dyslipidemia associated with insulin resistance.
Increasingly, postprandial lipemia is being recognized as
an inherent feature of diabetic dyslipidemia and is highly
prevalent in diabetic patients even with normal fasting
triglyceride concentrations (6,7). The accumulation of
remnant lipoproteins has been attributed to a decrease in
their clearance as well as increased intestinal synthesis
(8). To date, the majority of investigations have focused on
the retarded plasma clearance of alimentary lipoproteins
as an underlying mechanism for postprandial hypertriglyceridemia. There is now growing evidence that intestinal
lipoprotein secretion may be a major contributor to the
fasting and postprandial lipemia observed in insulin-resistant states (8 –12). The assembly of chylomicrons requires
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Intestinal Insulin Resistance and Aberrant Production of
Apolipoprotein B48 Lipoproteins in an Animal Model of
Insulin Resistance and Metabolic Dyslipidemia
Evidence for Activation of Protein Tyrosine
Phosphatase-1B, Extracellular Signal–Related Kinase, and
Sterol Regulatory Element–Binding Protein-1c in the
Fructose-Fed Hamster Intestine

L.M. FEDERICO AND ASSOCIATES

RESEARCH DESIGN AND METHODS
Male Syrian golden hamsters from 80 to 100 g (Mesocriceus auratus; Charles
River, Montreal, Quebec, Canada) were paired based on weight and age and
placed on either chow diet or fructose-enriched diet (Dyets, Bethlehem, PA).
DIABETES, VOL. 55, MAY 2006

The diet was continued for 14 days ad libitum. The animals were fasted for
16 h before enterocyte isolation. The fructose-feeding protocol used in the
current study was exactly the same as previously published protocols (18,19)
and shown to cause an insulin-resistant state. To confirm whether insulin
resistance had developed in these animals, we typically measured plasma
insulin concentrations and found a significant elevation with fructose feeding
(92.0 ⫾ 15 pmol/l at baseline, 204.0 ⫾ 28 pmol/l after 2 weeks of fructose
feeding, P ⬍ 0.05, n ⫽ 4). No significant difference in body weight was
observed after fructose feeding (135.6 ⫾ 11.1 vs. 133.2 ⫾ 13.3 g). As expected,
fructose feeding increased plasma lipids (cholesterol: from 2.89 ⫾ 0.43 to
3.60 ⫾ 0.35 mmol/l, n ⫽ 10, P ⬍ 0.001; triglycerides: from 1.16 ⫾ 0.31 to 2.07 ⫾
0.85 mmol/l, n ⫽ 6, P ⬍ 0.05).
In vivo insulin treatment. Hamsters were anesthetized and given a fat load
(200 l olive oil) via oral gavage. After 20 min, animals were injected with
Triton WR-1339 and either saline (0.9% NaCl) or insulin (5 units/kg) into the
jugular vein, and 400 l of blood was collected as a baseline reading. Blood
collections (400 l) continued every 30 min for 90 min. Then, 50 l of 0.5 mol/l
EDTA was added to inhibit clotting. Intestine was excised after the 90-min
period for metabolic labeling experiments.
Enterocyte insulin treatment. Enterocytes were isolated from chow-fed
and fructose-fed hamsters as previously described (9). Enterocytes were
incubated in insulin-free Dulbecco’s modified Eagle’s medium for 1–3 h. Cells
were stimulated with 100 nmol/l insulin for 2–10 min, washed twice with
ice-cold PBS, and lysed using phosphate-free cell solubilizing buffer (150
mmol/l NaCl, 10 mmol/l Tris, pH 7.4, 1 mmol/l EDTA, 1 mmol/l EGTA, 2 mmol/l
phenylmethylsulfonyl fluoride, 10 g/ml aprotinin, 100 mmol/l sodium fluoride, 10 mmol/l sodium pyrophosphate, and 2 mmol/l sodium orthovanadate).
In vivo mitogen-activated protein/ERK kinase 1/2 inhibition. Chow-fed
hamsters (80 –100 g) were injected intraperitoneally with 13.5 mg/kg PD98059
(dissolved in DMSO) and fasted overnight. Two hours before being killed,
hamsters were injected intraperitoneally with 6.5 mg/kg PD98059 (Calbiochem, San Diego, CA). Control hamsters were injected with equal volumes of
DMSO. The intestine was excised and washed, and the enterocytes were
isolated for metabolic labeling and insulin stimulation.
Isolating triglyceride-rich lipoproteins. To isolate the triglyceride-rich
lipoprotein fraction, blood was centrifuged at 4°C for 15 min at 5,000 rpm, and
the plasma layer was separated. Then, 200 l of plasma was centrifuged at
100,000g for 70 min at 15°C in a 5-ml ultracentrifuge tube overlaid with 4 ml
KBr solution (density 1.0006 g/ml). We removed the top layer (400 l)
containing the triglyceride-rich lipoproteins (Svedberg flotation unit [Sf]
20 – 40). Then, 140 l of the triglyceride-rich lipoprotein fraction was added to
50 l sample buffer. The samples were vortexed and boiled for 5 min at 100°C.
Finally, 10 –20 l of sample was used for SDS-PAGE.
PTP-1B activity assay. Primary enterocytes isolated from chow-fed and
fructose-fed hamsters were lysed and equal amounts of total protein subjected
to immunoprecipitation using a monoclonal PTP-1B antibody (Oncogene).
After immunoprecipitation and washing, the beads were incubated for 1 h at
30°C in PTP-1B assay buffer containing 200 mol/l epidermal growth factor
receptor (a substrate for PTP-1B). After this step, samples were centrifuged
(13,000 rpm, 3 min), and PTP-1B activity was assessed by quantifying the
amount of free phosphate present in supernatants. This was done using a
commercially available reagent and phosphate standards as per the manufacturer’s instructions (Biomol Green Reagent; Biomol). All activity assays were
performed in quadruplicate (n ⫽ 5).
Metabolic labeling of intact primary enterocytes. Primary hamster enterocytes were pulse labeled as previously described (9) with minor alterations. Briefly, cells were preincubated in methionine-free Dulbecco’s
modified Eagle’s medium at 37°C for 45 min and pulsed with 30 Ci/ml of
[35S]methionine for 60 min. The cells and media were harvested and lysed, and
apoB48 was immunoprecipitated.
Preparation of microsomes. Enterocytes were homogenized, using a Potter
Elvenehjem homogenizer in a homogenization medium of 0.25 mol/l sucrose
and 10 mmol/l Tris-HCl, pH 7.4. Lysate was centrifuged at 12,000g for 20 min.
The supernatant was then centrifuged at 100,000g for 45 min. The pellet was
solubilized in cell solubilizing buffer before immunoblot analysis for mature
and immature forms of sterol regulatory element– binding protein (SREBP)1c.
Immunoprecipitation, SDS-PAGE, and immunoblotting. Immunoprecipitation, SDS-PAGE, and immunoblotting were performed essentially as previously described (9).
Statistical analysis. Statistical significance was calculated, using a twotailed paired Student’s t test analysis or one-way ANOVA. P values ⬍0.05 were
considered significant.
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apolipoprotein (apo) B48. Synthesized exclusively in the
intestine, apoB48 plays a critical role in the intestinal
absorption of dietary triglycerides and cholesterol and has
been shown to be a very useful indicator of intestinally
derived lipoprotein particles (13). It has been widely
established that insulin induces an inhibitory effect on the
synthesis of hepatically derived apoB100 (14); however,
there have been few studies regarding insulin’s effect on
intestinal apoB48. In diabetic and insulin-resistant states,
an increase in apoB48 production has been observed.
Psammomys obesus, a nutritionally induced model of
insulin resistance and type 2 diabetes, experiences elevated apoB48 biogenesis and triglyceride-rich lipoprotein
production (15). Furthermore, in non–insulin-dependent
diabetic patients, increased fasting and postprandial triglyceride-rich lipoproteins were associated with increased
apoB48 production (7,16).
The principal cellular mechanisms leading to insulin
resistance are currently unknown but are believed to be
the result of defects in the insulin signaling transduction
cascade. Our laboratory has developed and extensively
characterized a diet-induced animal model of insulin resistance, the fructose-fed Syrian golden hamster (17,18).
Fructose feeding for a 2-week period induced whole-body
insulin resistance accompanied by a considerable rise in
the in vivo production of hepatic VLDL-apoB and -triglyceride. Using the fructose-fed animal model of insulin
resistance, we also examined the cellular mechanisms of
insulin resistance and characteristics of dyslipidemia in
the liver. In the fructose-fed hamster, decreased activity of
the insulin receptor, insulin receptor substrates (IRSs),
and Akt as well as a significant overexpression of protein
tyrosine phosphatase (PTP)-1B was observed in hepatocytes (19). Interestingly, the fructose-fed hamster model
exhibited not only an overproduction of hepatically derived VLDL but also clear evidence of intestinal apoB48lipoprotein overproduction (9,13). This overproduction of
apoB48 was accompanied by enhanced intestinal de novo
lipogenesis, elevated endogenous synthesis of triglyceride
and cholesterol ester, and an increase in microsomal
triglyceride transfer protein mass and activity (9). Collectively, these results suggest intestinal overproduction of
apoB48-containing lipoproteins in the fructose-fed hamster model; however, little is known about the link between intestinal lipoprotein production and the insulin
sensitivity observed in this model. Although there have
been numerous studies of the insulin signaling cascade in
the insulin-resistant state in known insulin-sensitive tissues such as the liver, muscle, and adipose (20 –24), little
is known regarding intestinal insulin signaling and potential perturbations in insulin resistance.
In the current study, we examined the effect of insulin
on postprandial apoB48 accumulation in chow-fed and
fructose-fed hamsters both in vivo and ex vivo in freshly
isolated intestinal enterocytes. To assess intestinal insulin
sensitivity, we measured the expression and activity of
various components of the insulin signaling cascade in
primary enterocytes. In vivo modulation of the intestinal
insulin signaling cascade in the hamster model suggested a
possible link between extracellular signal–related kinase
(ERK) activation and apoB48 lipoprotein production.

INTESTINAL INSULIN RESISTANCE AND DYSLIPIDEMIA

RESULTS

Acute insulin treatment inhibits postprandial accumulation of apoB48-containing lipoproteins in the
chow-fed hamster; however, the fructose-fed hamster
is resistant to the inhibitory effects of insulin. To
investigate the effect of insulin on circulating apoB48containing lipoproteins, chow-fed hamsters were given an
oral fat load followed by an intravenous insulin injection.
Hamsters were also given an intravenous Triton WR-1339
injection to inhibit the formation of chylomicron remnants
and to inhibit uptake into the liver via the inhibition of
lipoprotein lipase (15,25). Plasma was collected at times 0,
30, 60, and 90 min after insulin treatment, and the triglyceride-rich lipoprotein fraction (density ⬍1.006 g/ml) was
isolated by ultracentrifugation. An analysis of circulating
apoB48-containing lipoproteins indicated that insulin was
able to inhibit the accumulation of chylomicrons in the
bloodstream. In the saline-treated hamsters, the amount of
apoB48-containing lipoproteins continued to increase
throughout the 90-min time period. This increasing trend
was not evident in the insulin-treated group compared
with the control group. Comparing the rate of apoB48
accumulation in the plasma over the 90-min time period,
there was a significantly decreased accumulation of
apoB48-containing lipoproteins (P ⫽ 0.02) in insulintreated hamsters. At time 60 min, there was a significant
decrease in plasma apoB48-containing lipoproteins in the
insulin-treated hamster (40% decrease, P ⬍ 0.05) (Fig. 1A
and B).
We also investigated whether insulin can decrease circulating apoB48-containing lipoproteins in the insulin-resistant fructose-fed hamster model. Identical experiments were
performed, using the insulin-resistant fructose-fed ham1318

ster model. Throughout the 90-min time period, in both
saline-treated and insulin-treated fructose-fed hamsters,
apoB48-containing lipoproteins continued to increase in
the circulation. There was no significant difference in the
accumulation of apoB48-containing lipoprotein between
the two groups (Fig. 1C and D).
Acute insulin treatment decreases apoB48 secretion
from enterocytes in the chow-fed hamster, whereas
enterocytes from the fructose-fed hamster are resistant to the inhibitory effects of insulin. To investigate
whether insulin decreases the production of apoB48containing lipoproteins at the level of the enterocyte, we
examined the synthesis and secretion of apoB48 ex vivo in
enterocytes isolated from saline-treated and insulintreated chow-fed and fructose-fed animals. Enterocytes
were isolated from saline-treated and insulin-treated hamsters and radiolabeled with [35S]methionine for 60 min. In
the insulin-treated chow-fed hamsters, a decreasing trend
was observed in the levels of cellular apoB, which approached significance (P ⫽ 0.07). However, insulin significantly inhibited the amount of apoB48 secreted into the
media (56.2 ⫾ 1.2%, P ⫽ 0.01) (Fig. 2A and B). In the
fructose-fed hamster model, insulin treatment did not
affect apoB48 synthesis or secretion in intestinal enterocytes (Fig. 2C and D).
Ex vivo insulin stimulation and tyrosine phosphorylation of the insulin receptor in chow-fed and fructose-fed hamster enterocytes. To assess whether
hamster intestinal enterocytes are responsive to insulin,
we treated enterocytes with 100 nmol/l insulin for 10 min,
immunoprecipitated the insulin receptor, and immunoblotted for phosphorylated tyrosine and insulin receptor
mass. After a 10-min 100 nmol/l insulin treatment, we were
DIABETES, VOL. 55, MAY 2006
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FIG. 1. Insulin treatment decreases circulating apoB48-containing lipoproteins in the chow-fed (CF) hamster but does not affect circulating
apoB48-containing lipoproteins in the fructose-fed (FF) hamster. Triglyceride-rich lipoproteins were collected at 0, 30, 60, and 90 min from
saline-treated and insulin-treated hamsters. Triglyceride-rich lipoproteins were immunoblotted, using an anti-hamster apoB antibody. Shown are
representative immunoblots for chow-fed (A) and fructose-fed (C) hamsters. B and D: Graphical representation of apoB48 in the triglyceride-rich
lipoprotein fraction. Immunoblots were analyzed using densitometry and expressed as a percentage of time 0 (means ⴞ SD). *P < 0.05. ins,
insulin; sal, saline.
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able to detect insulin receptor activation through increased tyrosine phosphorylation in both chow-fed and
fructose-fed hamster enterocytes. The level of phosphorylated tyrosine was normalized according to the amount of
immunoprecipitated insulin receptor. There appeared to
be no difference in insulin receptor phosphorylation between enterocytes isolated from chow-fed and fructosefed hamsters. There also appeared to be no difference
between insulin receptor mass in enterocytes from chowfed and fructose-fed hamsters (Fig. 3A).
Protein expression of IRS-1, p110 subunit of phosphatidylinositol 3-kinase and PTP-1B in enterocytes
from chow-fed and fructose-fed hamsters. The protein
levels of IRS-1, p110 subunit of phosphatidylinositol (PI)
3-kinase, and PTP-1B were quantified, using immunoblotting. A significant decrease in the expression of IRS-1 was
evident in the fructose-fed hamster enterocytes (19%, P ⬍
0.05) (Fig. 4A). IRS-1 phosphorylation was also considerably reduced in the fructose-fed hamster enterocytes,
resulting in a lower IRS-1p–to–IRS-1 protein mass ratio.
There was also a significant increase of 58% in protein
expression of the p110 subunit of PI 3-kinase in the
fructose-fed hamster intestine (P ⬍ 0.05) (Fig. 4B). Likewise, there was a significant increase of 36% in PTP-1B
expression in the fructose-fed hamster enterocytes (P ⬍
0.05) (Fig. 4C). However, only a slight nonsignificant
increase (10 –15%) in PTP-1B activity was observed (Fig.
4D).
Phosphorylated serine473 Akt and Akt protein expression in chow-fed and fructose-fed hamster enDIABETES, VOL. 55, MAY 2006

terocytes. Using immunoblotting analysis, basal and
insulin-stimulated Akt activities were compared in enterocytes from chow-fed and fructose-fed hamsters. Insulin
was able to significantly phosphorylate serine473 in both
chow-fed and fructose-fed hamster enterocytes. In chowfed hamster enterocytes, Akt phosphorylation increased
68% after insulin stimulation, whereas in fructose-fed
hamsters, Akt phosphorylation increased by 60%. Comparing the chow-fed and fructose-fed hamster enterocytes, no
significant differences were observed in basal levels of
phosphorylated Akt when levels were normalized according to Akt protein expression (Fig. 5A). Similarly, no
significant differences were observed in 10-min 100 nmol/l
insulin–stimulated phosphorylated Akt when levels were
normalized according to Akt protein expression (Fig. 5A).
When analyzing absolute levels of phosphorylated Akt, in
the fructose-fed hamster enterocytes, there was a lower
trend in the level of phosphorylated Akt that approached
significance (P ⫽ 0.09) (Fig. 5B). Akt protein expression
showed a significant decrease of 28% in the fructose-fed
hamster enterocytes (Fig. 5C).
Increased basal levels of phosphorylated ERK in
fructose-fed hamster enterocytes. To examine the activity of the mitogenic arm of the insulin signaling cascade,
phosphorylation and expression of ERK1/2 were quantified. Examining basal levels of phosphorylated ERK, there
appeared to be a significant increase of 24% in basal levels
of phosphorylated ERK in the fructose-fed hamster (P ⬍
0.05) (Fig. 6). Stimulation of enterocytes from chow-fed
and fructose-fed hamsters with 100 nmol/l of insulin for 2
1319
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FIG. 2. Insulin treatment in the chow-fed (CF) hamster can decrease intestinal apoB48 secretion but not synthesis. Enterocytes were isolated
from saline-treated and insulin-treated chow-fed (A and B) and fructose-fed (FF) (B and C) hamsters. Cells were radiolabeled with
[35S]methionine for 60 min, and apoB48 was immunoprecipitated and subjected to SDS-PAGE. ApoB48 was visualized by autoradiography (A and
C) and quantified by liquid scintillation counting. Data (means ⴞ SE) is expressed relative to saline-treated hamster apoB48 synthesis and
secretion (B). f, insulin-treated; 䡺, saline-treated.

INTESTINAL INSULIN RESISTANCE AND DYSLIPIDEMIA

min resulted in a significant increase of 78% in phosphorylated levels of ERK in enterocytes from chow-fed hamster
enterocytes. This effect was absent in the fructose-fed
model, where only a slight increase in phosphorylation
resulted in response to insulin stimulation. There was no
significant difference in the levels of ERK phosphorylation
after 2 min of insulin stimulation in chow-fed and fructosefed hamster enterocytes (Fig. 6A). There was also no
significant difference in ERK protein expression between
chow-fed and fructose-fed hamster enterocytes (Fig. 6B).
Mitogen-activated protein/ERK kinase inhibitor
PD98059 inhibits phosphorylation of downstream
target ERK and intestinal apoB48 production. To
investigate the effects of insulin signaling inhibition on
apoB48 production, isolated enterocytes were treated with
a highly selective mitogen-activated protein/ERK kinase
(MEK) 1/2 inhibitor, PD98059. PD98059 is a useful tool to
analyze signal transduction inhibition because it specifically inhibits MEK (26). After a 30-min MEK inhibition in
the presence and absence of insulin, cells were pulsed for
2.5 h with [35S]methionine. MEK inhibition, in the presence
or absence of insulin, did not appear to have an effect on
cellular levels of apoB48 (Fig. 7A); however, in the presence of insulin, there was a slight but significant decrease
(18%, P ⫽ 0.03) in the secretion of apoB48 into the media
(Fig. 7B).
MEK inhibition experiments were also performed in
vivo. Hamsters were administered 20 mg/kg PD98059 via
intraperitoneal injection. To verify that the intraperitoneal
injection of PD98059 reached the target organ and suc1320

cessfully inhibited MEK action, the levels of phosphorylation of the downstream target, ERK, were assessed by
immunoblotting. Enterocytes were isolated from control
and inhibitor-treated hamsters and stimulated with 100
nmol/l insulin for 2 min. Insulin-stimulated, PD98059treated hamster enterocytes showed a significant inhibition of ERK phosphorylation (Fig. 7C) compared with the
control.
Hamsters treated in vivo with PD98059 were used to
investigate the effects of insulin signaling inhibition on
apoB48 metabolism. Enterocytes were freshly isolated
from hamsters treated with DMSO or PD98059 and metabolically labeled. ApoB48 was immunoprecipitated from
both cells and media. In PD98059-treated hamsters, a
significant decrease of 33% was evident in the cellular
levels of apoB48. Similarly, there was a significant decrease of 34% in secreted apoB48 in the PD98059-treated
hamster enterocytes compared with enterocytes from
DMSO-treated hamsters (Fig. 7D). No difference was observed in total cellular protein synthesis between enterocytes isolated from DMSO-treated and PD98059-treated
hamsters (Fig. 7E), suggesting that in vivo treatment with
PD98059 at the concentration used did not have a global
effect on enterocyte cell viability or protein synthesis
activity.
Increased mature form of SREBP-1c in fructose-fed
hamster intestine. Evidence from previous studies indicates that fructose-fed hamsters develop increased intestinal fatty acid synthesis (19). There is also evidence
suggesting that ERK activation can lead to enhanced
DIABETES, VOL. 55, MAY 2006

Downloaded from http://diabetesjournals.org/diabetes/article-pdf/55/5/1316/658484/zdb00506001316.pdf by guest on 20 May 2022

FIG. 3. Tyrosine phosphorylation (pTYR) and protein levels of insulin receptor-␤ in chow-fed (CF) and fructose-fed (FF) hamster enterocytes.
Enterocytes were stimulated with 100 nmol/l insulin for 10 min and then probed for insulin receptor-␤ phosphorylation and mass. Shown are
representative blots (A) as well as graphs of replicate experiments (B and C). Data (means ⴞ SE, n ⴝ 3) are expressed relative to control levels.
IR, insulin receptor.
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cellular levels of SREBP-1c, an important regulator of
lipogenesis. To examine whether the increased rate of
fatty acid synthesis that occurs in the fructose-fed hamster
intestine is associated with the upregulated transcription
factor SREBP-1c, both immature and mature forms of the
transcription factor were quantified, using immunoblotting. No difference was observed between the protein
mass of the immature SREBP-1c in the enterocytes of
chow-fed and fructose-fed hamsters. However, enterocytes isolated from the fructose-fed hamster had a significantly increased level (by 40%, P ⫽ 0.02) of mature
SREBP-1c (Fig. 8).
DISCUSSION

The molecular mechanisms mediating the insulin effect on
intestinal lipoprotein metabolism are largely unknown.
Indeed, there is almost no information available in the
literature on the state of insulin signaling in the intestine
during fed and fasting states. Numerous studies have
examined the ability of insulin to inhibit hepatocytederived apoB100; however, very few studies have investigated the effect of insulin on intestinal apoB48 production.
It has been reported by Levy et al. (27) that insulin
treatment of cultured jejunal explants from human fetuses
causes a reduction in chylomicron production and apoB48
secretion without changes in apoB48 mRNA. It was suggested that the insulin effect was exerted co- or posttranslationally. Insulin did not alter lipid synthesis but reduced
DIABETES, VOL. 55, MAY 2006

chylomicron production by 29% (28). Tomkin and colleagues (29) have also found that microsomal triglyceride
transfer protein mRNA is elevated in insulin-deficient
diabetes by threefold resulting in higher lymph chylomicron triglyceride but no change in apoB48 secretion. Our
results indicate that insulin can inhibit circulating levels of
apoB-containing lipoproteins in the chow-fed hamster and
are in agreement with Harbis et al. (30), who reported that
postprandial hyperinsulinemia delayed postprandial accumulation of intestinally derived chylomicrons in plasma.
In the current study, the insulin-stimulated inhibition of
intestinal apoB48 was also examined in an insulin-resistant animal model, the fructose-fed hamster. Although our
laboratory has reported intestinal apoB48 lipoprotein
overproduction in the insulin-resistant hamster (9), it was
unknown whether this lipoprotein abnormality arises from
insensitivity of the intestinal enterocytes to the inhibitory
effects of insulin. In vivo and ex vivo studies reported here
suggest that, unlike their chow-fed littermates, the fructose-fed hamsters are unresponsive to the inhibitory effects of insulin on apoB48-containing lipoproteins. Ex vivo
examination of apoB48 secretion from insulin-treated fructose-fed hamster enterocytes indicated that insulin was
unable to inhibit the secretion of apoB48 as in the chowfed model. Although the insensitivity of hepatic VLDL
secretion to the inhibitory effect of insulin has been
demonstrated in a number of insulin-resistant animal
models (31), this is the first report showing evidence of
1321
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FIG. 4. Tyrosine phosphorylation and protein mass of IRS-1, p110 subunit of PI 3-kinase, and PTP-1B in the chow-fed (CF) and fructose-fed (FF)
hamster enterocytes. IRS-1 phosphorylation was assessed by immunoprecipitation of IRS-1 protein followed by immunoblotting with an
anti-phosphotyrosine antibody. A: Phosphorylated IRS-1 (IRS-1p) and IRS-1 protein mass (n ⴝ 3). B: p110 subunit of PI 3-kinase (n ⴝ 3). C:
PTP-1B (n ⴝ 3). D: PTP-1B activity. Data (means ⴞ SE) are expressed as a percentage of control. Phospho-TYR, phosphorylated tyrosine.

INTESTINAL INSULIN RESISTANCE AND DYSLIPIDEMIA

intestinal insulin insensitivity in an animal model of insulin
resistance and metabolic dyslipidemia, the fructose-fed
hamster.
It should be noted that there were some differences in
the insulin sensitivity of enterocytes in in vivo versus ex
vivo experiments. ApoB48 production was clearly sensitive to insulin-mediated inhibition in vivo, but there was no
insulin effect observed in ex vivo studies of isolated
enterocytes. These observations may arise from variations
in insulin sensitivity of enterocytes in vivo versus ex vivo.
Isolated enterocytes ex vivo are less viable and more likely
to exhibit aberrant cell signaling responses compared with
intact intestinal enterocytes in vivo that have maintained
their natural anatomy within the intestinal organ. Important factors mediating the insulin effect may also be absent
in cultured isolated enterocytes. On the other hand, it is
also possible that insulin may indirectly modulate apoB48
production in vivo.
Insulin signaling perturbations in insulin-responsive organs such as liver, muscle, and adipose tissues have been
well documented in insulin-resistant states (20 –24,32).
However, this is the first documented study of intestinal
insulin signaling during the insulin-resistant state. This
study examined the expression and activity of insulin
signaling molecules in enterocytes in the fructose-fed
hamster model. Our results indicate that the fructose-fed
1322

hamster model had equivalent insulin receptor activity
compared with its chow-fed control, indicated by equal
tyrosine phosphorylation of insulin receptor-␤. There were
also no significant differences in insulin receptor-␤ protein
levels. Although many models of insulin resistance show
evidence of aberrant insulin signaling at the level of the
receptor, some studies have reported normal insulin receptor activity in fructose-fed models. Hyakukoku et al.
(33) reported normal insulin receptor-␤ tyrosine phosphorylation and protein expression in the vasculature and
soleus muscle of fructose-fed rats. Bezerra et al. (34) also
investigated the insulin signaling pathway in the liver and
skeletal muscle and found that stimulation with insulin did
not alter the extent of phosphorylation of the insulin
receptor in the skeletal muscle of fructose-fed rats compared with control rats.
The activity and expression of downstream signaling
molecules were also assessed. It appeared that IRS-1
protein mass and activity were decreased in the fructosefed hamster model, suggesting that a reduced level of IRSs
was available for cascading the insulin signal in the
fructose-fed hamster. We previously reported decreased
IRS-1 protein level in the liver of fructose-fed hamsters
(19). Similarly, Desrois et al. (35) have also shown decreased IRS-1 expression in the Goto-Kakizaki rat heart, a
strain of glucose-intolerant rat that develops diabetes in
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FIG. 5. Serine phosphorylation and
protein expression of Akt in chow-fed
(CF) and fructose-fed (FF) hamster
enterocytes. Enterocytes were stimulated with 100 nmol/l insulin for 10
min and assessed for Akt (serine473)
phosphorylation and mass. A: Results
of phosphorylated Akt (pAKT) normalized to Akt mass (n ⴝ 3). Data
(means ⴞ SE) is expressed as a percentage of non–insulin-stimulated levels of phosphorylation in chow-fed
hamster enterocytes. B: Levels of
phosphorylated Akt. Data (means ⴞ
SD) is expressed relative to insulinstimulated pAkt in chow-fed enterocytes. C: Levels of Akt protein mass in
chow-fed and fructose-fed enterocytes (n ⴝ 3). Data (means ⴞ SE) are
expressed relative to control levels of
Akt mass.
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the first few weeks after birth. The mechanism underlying
the decreased IRS-1 is unknown but could be caused by
increased serine phosphorylation of IRS-1, which has been
reported in other animal models of insulin resistance
(36,37). Consequently, increased serine phosphorylation
of IRS-1 disrupts intracellular distribution of the protein
targeting IRS-1 for degradation (38,39).
In the fructose-fed hamster, unexpectedly, there was
increased expression of the p110 subunit of PI 3-kinase.
The significance of this increased p110 protein mass is
unknown, but it may be a compensatory response to
downregulated insulin signaling cascade in this model.
Further downstream the PI 3-kinase pathway, insulin was
able to significantly increase phosphorylated Akt in both
chow-fed and fructose-fed hamster enterocytes. However,
basal levels and insulin-stimulated serine phosphorylation
of Akt, normalized against Akt protein mass, were not
significantly different between chow-fed and fructose-fed
hamster enterocytes. Yet, protein expression of Akt was
DIABETES, VOL. 55, MAY 2006
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FIG. 6. Tyrosine phosphorylation and protein expression of ERK in
chow-fed (CF) and fructose-fed (FF) hamster enterocytes. Enterocytes were stimulated with 100 nmol/l insulin for 2 min, and cell lysates
were probed for ERK mass and phosphorylation. A: Levels of phosphorylated ERK (pERK) in chow-fed and fructose-fed hamster enterocytes
(n ⴝ 3). Data (means ⴞ SE) is expressed as a percentage of non–
insulin-stimulated levels of phosphorylation in chow-fed hamster enterocytes. B: Levels of ERK expression in chow-fed and fructose-fed
hamster enterocytes (n ⴝ 3). Data (means ⴞ SE) are expressed as a
percentage of ERK levels in chow-fed hamster enterocytes.

significantly decreased in the fructose-fed hamster enterocytes. We have previously reported that hepatocytes from
fructose-fed hamsters dramatically reduced Akt serine
phosphorylation (19). These results were in agreement
with findings from Krook et al. (40) and Rondinone et al.
(41), who also reported impaired Akt phosphorylation in
muscle and adipose tissue of insulin-resistant diabetic
subjects. Interestingly, increased expression of PTP-1B, a
negative regulator of the insulin signaling pathway, was
observed in the fructose-fed hamster model, similar to our
recent observations in fructose-fed hamster hepatocytes
(41). The increased PTP-1B protein mass was not accompanied by a significant increase in PTP-1B activity (only a
nonsignificant trend toward increased activity was observed). The data appears to suggest that fructose feeding
does induce increases in protein mass of PTP-1B with only
minimal effects on the activity, which may potentially
explain the presence of normal activity of the insulin
receptor in the face of increased PTP-1B protein mass.
We also assessed the activity and protein mass of
ERK1/2 in the intestine of chow-fed and fructose-fed
hamsters. First, the mitogen-activated protein (MAP) kinase pathway in intestinal enterocytes appeared to be
responsive to insulin stimulation because insulin was able
to significantly stimulate phosphorylation of ERK1/2 in the
normal, chow-fed hamster. However, in the fructose-fed
hamster model, intestinal ERK1/2 was not as responsive to
insulin because only a slight and insignificant increase in
phosphorylation was observed compared with basal levels. These results indicate that the insulin-resistant fructose-fed hamster has aberrant intestinal insulin signaling
on the mitogenic arm of the signaling cascade. Interestingly, however, in the fructose-fed hamster, there was a
significant increase in basal levels of ERK1/2 phosphorylation. Increased basal levels of phosphorylated ERK1/2
have also been seen in the microvessels of epididymal fat
in obese Zucker rats (42), in hepatocytes of ob/ob mice
relative to lean ob/⫹ littermates (43), and in adipocytes of
type 2 diabetic patients (44). The increase in basal levels of
phosphorylated ERK1/2 could be attributed to increased
activity of inflammatory pathways that are believed to interfere with insulin signaling (45). Recent evidence suggests
that insulin resistance is strongly associated with an inflammatory response, particularly, an increase in the cytokine
tumor necrosis factor (TNF)-␣. TNF-␣ is an important modulator of energy metabolism, and increased levels of TNF-␣
have been shown in obesity and non–insulin-dependent
diabetes (46). TNF-␣ plays a role in kinase signaling by
activating p42/44 ERK (47). Although proinflammatory
cytokines have not yet been investigated in the fructosefed model (because of lack of a specific hamster TNF-␣
assay), increased levels of TNF-␣ could be responsible for
increased basal levels of ERK1/2 phosphorylation.
We also examined the potential role of the MAP kinase
pathway in the regulation of apoB48 using an in vivo
model of MEK inhibition. MEK1/2 inhibition in the hamster
resulted in decreased intestinal production of apoB48 in
hamster enterocytes, suggesting a link between insulin
signaling and lipoprotein production at the level of the
intestine. The mechanisms linking ERK activity and intestinal lipoprotein secretion are currently known. It has
been demonstrated that the MAP kinase cascade is linked
to SREBPs (48,49). ERK1/2 has been shown to activate
SREBP-1a by phosphorylating serine117 (50). SREBPs bind
to sterol responsive elements found on multiple genes,
and thus they can activate a cascade of enzymes in-
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FIG. 7. MEK1/2 inhibitor PD98059 inhibits ERK phosphorylation and apoB48 production. In ex vivo experiments, isolated enterocytes were
treated with MEK1/2 inhibitor, PD98059, in the presence and absence of insulin followed by assessment of apoB48 synthesis and secretion (A and
B). In in vivo experiments, hamsters were injected with MEK1/2 inhibitor PD98059 (20 mg/kg i.p.) or the vehicle DMSO. C: Isolated enterocytes
were stimulated with 100 nmol/l insulin and probed for phosphorylated ERK (pERK; Tyr204). D: Enterocytes were radiolabeled with
[35S]methionine, and apoB48 was immunoprecipitated and subjected to SDS-PAGE and autoradiography. ApoB counts were normalized to total
radiolabeled protein count (n ⴝ 3). E: Total radiolabeled protein levels in enterocytes from DMSO-treated and PD98059-treated hamsters.

volved in cholesterol and lipid biosynthetic pathways,
such as hydroxymethylglutaryl-CoA reductase and fatty
acid synthase, respectively. Insulin has been shown to
activate SREBPs through the MAP kinase pathway (51).
ERK-mediated upregulation of SREBP may explain the
stimulated lipoprotein production in the fructose-fed
model because SREBP activation has been shown to
increase apoB secretion (52,53). We also observed a
significant increase in the mature form of SREBP-1c in
intestinal enterocytes from the fructose-fed hamsters, sug1324

gesting activation of the SREBP-1c pathway in this model.
Concomitant increases in basal activities of both ERK and
SREBP-1c suggest a potential causative link between these
two processes, which together may be responsible for the
previously reported enhanced rate of de novo lipogenesis
in the intestine of the fructose-fed hamster model. Interestingly, a link has also been demonstrated between
PTP-1B and SREBP regulation. In insulin-resistant fructose-fed rats, Nagai et al. (54) identified a strong correlation between increased PTP-1B and SREBP-1 mRNA in the
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liver. When PTP-1B was overexpressed in rat hepatocytes,
it led to increased mRNA content and promoter activity of
SREBP-1a and -1c. The authors suggested a role for
PTP-1B in enhancing SREBP-1 gene expression through
upregulating Sp1 transcriptional activity via an increase in
protein phosphatase 2A activity (55).
In conclusion, the unresponsiveness of intestinal lipoprotein production to the inhibitory effects of insulin
and the aberrant insulin signaling in the fructose-fed
hamster model suggest the development of insulin resistance at the level of the intestine with high fructose
feeding. Upregulation of the ERK pathway in response to
inflammatory factors such as TNF-␣ may lead to SREBP-1c
activation in intestinal enterocytes and may induce intestinal lipoprotein production and postprandial dyslipidemia
in the fructose-fed model. Further investigation is underway to examine the molecular basis linking ERK activation, SREBP function, de novo lipogenesis, and the
assembly and secretion of apoB48-lipoprotein particles in
intestinal enterocytes.
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