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Abstract
Whether insulin influences microvascular exchange is important in understanding its specific role
in insulin resistance and the treatment of diabetes. We investigated whether insulin could induce
changes in the microvascular flux of albumin from the mesenteric venules of anesthetized male
and female Sprague-Dawley rats (n = 11). After catheterization for monitoring of mean arterial
pressure (MAP), a loop of small intestine was exteriorized. The mesentery was draped over a
coverslip for observation and suffused continuously with bicarbonate-buffered solution (BBS) (pH
7.4, 37°C). After intravenous injection of Alexa 594™ labeled bovine serum albumin (BSA, 8 mg/
kg), fluorescence intensity (If) was recorded on videotape for 30 minutes BBS suffusion and 75
minutes suffusion of BBS plus 0.02 U/ml porcine insulin. Microvascular flux of BSA was
measured as a leak index (LI) of If in a 10 × 30 μm window over a postcapillary venule relative to
If of the adjoining tissue. Insulin induced a rapid 34% decrease in LI within 5 minutes (p < 0.05)
that was sustained for the next 30 minutes. We also observed gender and age differences in the
permeability response to insulin, as there was a sustained ∼59% decrease in LI in adult females (n
= 5) after 25 minutes, whereas there was an acute, transient (15 min) 45% decrease in LI in
juvenile males (n = 6). We conclude that insulin reduces mesenteric venule permeability
differently in males and females. Further studies are needed to differentiate the permeability
responses with respect to age and gender.
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1. Introduction
Insulin resistance is the decreased ability of insulin to promote glucose uptake by its target
tissues. In turn, insulin resistance leads to hyperinsulinemia where circulating levels of
insulin are elevated. Hyperinsulinemia is associated with endothelial dysfunction (decreased
endothelial reactivity) [2,5], and is a precursor to type 2 diabetes [4]. One manifestation of
diabetes-related endothelial dysfunction is an alteration in the exchange barrier characterized
by a change in microvascular permeability [1]. We investigated whether insulin could alter
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microvascular permeability to albumin from measures of the flux of dye-labeled albumin
from venules in the intact autoperfused rat mesenteric microvasculature.

2. Materials and methods
2.1. Animal preparation

Sprague-Dawley rats (Hilltop Labs, Scottsdale, USA), juvenile males (30–45 days)
weighing 256–352 g (n = 6) and adult females (75–120 days) weighing 240–274 g (n = 5)
were used for this study. The methods used in this study were performed according to those
described previously by Rumbaut et al. [6]. The animals were anesthetized by
intraperitoneal injection with 125 mg/kg thiobutabarbital (Inactin®; Sigma, St. Louis, USA).
Tracheotomy was performed to facilitate the breathing, and the internal carotid artery and
external jugular vein were catheterized for monitoring mean arterial pressure, and for
injecting Alexa 594™ (Molecular Probes, Eugene, USA) labeled bovine serum albumin
(BSA; Sigma, St. Louis, MO, 8 mg/kg), respectively. The labeling of BSA with Alexa
594™ were performed by methods outlined by Huxley et al. [3]. The animal was placed on a
plastic tray and the mesentery was exteriorized and draped over a coverslip for observation.
The mesentery was suffused continuously with bicarbonate-buffered solution (BBS;
composition: 132 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO4, 20 mM NaHCO3 and 2.0 mM
CaCl2 at pH 7.4, 37°C) that was bubbled with a N2/CO2 gas mixture. Unless specified
otherwise all chemicals were purchased from Sigma, St. Louis, USA.

2.2. Intravital microscope observation
The mesentery was placed over a Nikon Diaphot 200 inverted microscope (Nikon USA,
Melville, USA) and viewed with ×32 objective lens (Leica Microsystems Inc, Bannockburn,
USA) and images captured on videotape. A Plunix CA-7CN camera (Plunix America,
Sunnyvale, USA) was used to capture bright field image and fluorescence observed using a
PTI IC-100 intensified charge-coupled device camera (Photon Technology International,
Monmouth Junction, USA) using a filter cube for the red spectra (EX/EM 595/615 nm).

2.3. Assessment of albumin leak
Postcapillary venule of a diameter of 30–40 μm diameter with less than 3 adhering
leukocytes over a 100 μm length of the vessel was selected and videotaped throughout the
experiment [6]. Alexa 594™ labeled BSA (8 mg/kg) was injected intravenously and
fluorescence intensity was recorded on videotape every 10 minutes for 30 minutes of BBS
suffusion and 75 minutes suffusion of BBS plus 10−7 M (0.02 U/ml) insulin. The
fluorescence intensity was measured from the video screen by playing back the videotape
and using NIH Image® video analysis software. Leak index (LI) was calculated as
fluorescence intensity in a 10 × 30 μm window over a postcapillary venule (Iv) relative to
fluorescence intensity of the adjoining tissue (It): LI = (Iv − background)/(It − background).

2.4. Data analysis
Statistical analysis was performed using one-sample t-test with StatView® software. Results
were expressed as mean ± standard error of mean (SEM) and a probability (p) of ⩽0.05 was
considered significant.

3. Results
In the total animals (n = 11, except at time point 75 minutes where n = 10), insulin treatment
induced a 34% decrease in permeability at 5 minutes which was sustained for 30 minutes
(Fig. 1). Within those animals, the sexually immature (juvenile) male group (n = 6, except at
time point 75 minutes where n = 5) had an acute, transient 45% decrease in permeability at
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15 minutes (Fig. 2). The adult female group (n = 5) had a sustained, >51% depression in
permeability in response to insulin starting at 25 minutes (Fig. 3).

4. Discussion
Consistent with our hypothesis, suffusion of insulin resulted in a net reduction of venular
permeability to albumin. This decrease in microvascular permeability may indicate an
overall phenomenon that is occurring in the endothelium in the hyperinsulinemic state.
Insulin resistance has been shown to be present for many years prior to the diagnosis of type
2 diabetes [4]. Thus insulin resistance, and subsequently hyperinsulinemia, may cause
endothelial dysfunction, altering the endothelial exchange function of the microvessels,
creating an environment where insulin is sequestered in the microvessels and less able to
reach its target tissues. This may, in turn, create a positive-feedback system, further
stimulating the production of insulin by the pancreas and exacerbating the detrimental effect
of hyperinsulinemia on the endothelium. Further studies, including the measurement of the
capillary permeability of insulin, are required to elucidate the mechanism of insulin's action
on the barrier properties of the microvascular wall.

Interestingly, our results also demonstrated that the permeability responses differed with
respect to gender and age. The venules of juvenile males had a short lived response whereas
those of adult female rats had a much larger response that was sustained during the time of
the experiment. Gender differences have been shown in clinical cases of type 2 diabetes [7].
Diabetic women have shown to have greater risks for coronary artery diseases and
ketoacidosis than men, while diabetic men have greater number of limb amputations and
more cases of retinopathy than women. Clearly, given these results, additional studies are
required to further clarify the specific changes in capillary permeability responses among the
sexes and age.
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Fig. 1.
Permeability response of in situ autoperfused rat mesenteric venules to suffusate insulin
(0.02 U/ml). The data are given as the difference from control values as a function of time in
minutes for a mixed population of 11 rats. Insulin treatment resulted in a significant decrease
in venular permeability at 5 minutes, which was sustained for the subsequent 30 minutes (*p
< 0.05 vs. control).
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Fig. 2.
Permeability response of in situ autoperfused juvenile male rat mesenteric venules to
suffusate insulin (0.02 U/ml) in 6 rats. Insulin produced an acute decrease in permeability at
15 minutes (*p = 0.05 vs. control).
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Fig. 3.
Permeability response of in situ autoperfused adult female rat mesenteric venules to
suffusate insulin (0.02 U/ml) in 5 rats. Insulin induced a sustained depression in
permeability starting at 25 minutes (*p < 0.05 vs. control).
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