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ABSTRACT Transport of insulin across the microvasculature is necessary to reach its target 
organs (e.g., adipose and muscle tissues) and is rate limiting in insulin action. Morphological 
evidence suggests that insulin enters endothelial cells of the microvasculature, and studies 
with large vessel–derived endothelial cells show insulin uptake; however, little is known about 
the actual transcytosis of insulin and how this occurs in the relevant microvascular endothelial 
cells. We report an approach to study insulin transcytosis across individual, primary human 
adipose microvascular endothelial cells (HAMECs), involving insulin uptake followed by vesi-
cle-mediated exocytosis visualized by total internal reflection fluorescence microscopy. In this 
setting, fluorophore-conjugated insulin exocytosis depended on its initial binding and up-
take, which was saturable and much greater than in muscle cells. Unlike its degradation 
within muscle cells, insulin was stable within HAMECs and escaped lysosomal colocalization. 
Insulin transcytosis required dynamin but was unaffected by caveolin-1 knockdown or choles-
terol depletion. Instead, insulin transcytosis was significantly inhibited by the clathrin-mediat-
ed endocytosis inhibitor Pitstop 2 or siRNA-mediated clathrin depletion. Accordingly, insulin 
internalized for 1 min in HAMECs colocalized with clathrin far more than with caveolin-1. This 
study constitutes the first evidence of vesicle-mediated insulin transcytosis and highlights 
that its initial uptake is clathrin dependent and caveolae independent.

INTRODUCTION
Given the high prevalence of type 2 diabetes, there is an abundance 
of research into the mechanisms of insulin resistance. Classically, this 

has focused on impaired insulin signaling in downstream tissues 
such as muscle and fat. However, this approach carries the underly-
ing assumption that circulating insulin has unimpaired access to its 
target tissues and can freely bind its receptor on target cells. In fact, 
after its secretion into the bloodstream by the beta cells of the pan-
creas, insulin must first cross the endothelial barrier in order to exit 
the vasculature. Key physiological studies, performed mostly in 
dogs, show a delay between injected insulin levels and their appear-
ance in interstitial fluids (Yang et al., 1994). Moreover, insulin action 
in muscle correlates more closely with lymph concentrations of insu-
lin than with those in the circulation (Chiu et al., 2008). Together 
these observations suggest that transfer across the endothelium is a 
rate-limiting step in insulin availability.

In theory, the transit of insulin across the endothelial barrier can 
occur by passive diffusion between cells (paracellular) or by actual 
transport through individual cells (transcytosis; Armstrong et al., 
2012). Insulin’s size vis-à-vis the tight nature of the microvascular 
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natant (Figure 1, A and B). To ensure that this behavior of insulin in 
HAMECs was not the result of saturation of the insulin-processing 
cellular machinery due to the high levels of insulin used, we 
repeated these experiments using 50-fold-lower insulin concentra-
tion in the pulse, with correspondingly similar results (Supplemental 
Figure S2).

Insulin is not targeted to lysosomes in microvascular 
endothelial cells
The permanence of a large fraction of internalized insulin within 
HAMECs and its contrasting loss within myoblasts is in keeping with 
the physiological handling of the hormone in the corresponding tis-
sues in vivo. Indeed, circulating insulin should be transported intact 
across the microvascular endothelium to access its target tissues 
(e.g., fat, muscle) in order to initiate signaling, where it is eventually 
degraded through the combined action of insulin-degrading en-
zyme and muscle/fat lysosomal hydrolysis (Hammons and Jarett, 
1980; Duckworth et al., 1998). Accordingly, we examined whether 
internalized insulin is routed differentially inside microvascular and 

endothelium supplying metabolically relevant tissues such as mus-
cle and fat suggests that transcytosis may be the dominant route for 
its extravasation (King and Johnson, 1985; Herkner et al., 2003).

Understanding the regulation of insulin transcytosis is important 
since it may be related to the pathogenesis of insulin resistance 
(Richey, 2013). Indeed, reductions in nitric oxide (NO) production by 
the endothelium are characteristic of insulin-resistant states; thus it 
is intriguing that NO was recently found to stimulate insulin perme-
ability across aortic endothelial cells grown on Transwells (Wang 
et al., 2013).

Despite its importance, surprisingly little is known of the cell biol-
ogy of insulin transport across the microvasculature, possibly due to 
lack of a suitable cellular system. Most of the studies on insulin tran-
scytosis have been performed in endothelia from large vessels (e.g., 
aorta; Wang et al., 2006, 2013), despite the fact that passage of in-
sulin to tissues in vivo occurs selectively in the microvasculature. This 
is a critical distinction, since endothelial cells from different tissue 
beds exhibit numerous important phenotypic and functional charac-
teristics (Aird, 2007a,b). Furthermore, almost all in vitro assays for 
transcytosis have been performed with cells seeded on Transwells 
(Boyden chambers). Unfortunately, in this setting, pharmacological 
or molecular manipulation of endothelial monolayers often induces 
paracellular gaps (Armstrong et al., 2012), potentially confounding 
the measurement of actual transcytosis.

Here we report a novel single-cell assay for the quantification of 
insulin transcytosis across primary adipose microvascular endothe-
lial cells (HAMECs). This approach avoids the potential contribution 
of paracellular leak and, unlike studies with cell populations, is not 
affected by poor transfection efficiency, as individual cells can be 
selected for study. Using this method, we report insulin uptake and 
its quantal release. In addition, we demonstrate that uptake-limited 
quantal release requires clathrin- and dynamin- but not caveolin-1– 
or cholesterol-dependent pathways. In this way, insulin transcytosis 
differs from the internalization of insulin into aortic cells (Wang et al., 
2011) and the transcytosis of proteins such as albumin (Ghitescu 
et al., 1986).

RESULTS
Insulin is taken up and rapidly secreted by microvascular 
endothelial cells
We first established that HAMECs in culture express the endothelial 
cell markers von Willebrand factor and VE-cadherin and exhibit api-
cal/basolateral polarity. HAMEC monolayers display a typical cob-
blestone morphology and exhibit continuous rings of junctional 
proteins such as ZO-1 and occludin. Furthermore, as is the case for 
polarized epithelia (Porter and Hall, 2009; Reglero-Real et al., 2014), 
HAMECs express ICAM-1 in a polarized manner (Supplemental 
Figure S1). Thus, morphologically, these cells are a suitable micro-
vascular endothelial model and were used next to study insulin 
transcytosis.

To begin to analyze the fate of insulin in microvascular endothe-
lial and muscle cells, we delivered a pulse of 500 nM native insulin 
to monolayers of HAMEC cells (illustrated in Supplemental Figure 
S1) or L6 myoblasts. After 5 min, the insulin was washed off, and 
over time, the amount of insulin within cells and that appearing in 
the supernatant were measured by enzyme-linked immunosorbent 
assay (ELISA). Under these conditions, HAMECs took up ∼10 times 
more insulin than L6 myoblasts (Figure 1A). Moreover, insulin taken 
up by myoblasts progressively disappeared, and there was no con-
comitant, detectable insulin in the overlying media (Figure 1B). In 
contrast, insulin internalized by HAMECs decreased over time by 
∼20% in parallel with a progressive recovery of insulin in the super-

FIGURE 1: Insulin is stored and secreted in HAMECs but degraded in 
L6 myoblasts. (A) Insulin levels in lysates after a 5-min insulin pulse; 
data are normalized to initial levels in HAMECs. **p < 0.01 compared 
with initial time point. (B) Insulin levels in cell culture supernatants 
after a 5-min insulin pulse. **p < 0.01, ***p < 0.001 compared with 
initial time point.
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muscle cells. Fluorescein isothiocyanate (FITC)–conjugated insulin 
(insulin-FITC) internalized by myoblasts accumulated progressively 
in lysosomes, as shown by the colocalization of the FITC signal with 
that of LysoTracker, an acidotropic probe that concentrates in lyso-
somes (Bucci et al., 2000; Figure 2, B and C). In contrast, there was 
little colocalization of internalized insulin-FITC with lysosomes in 
HAMECs for the duration of the analysis (Figure 2, A and C). A sig-
nificant fraction of the insulin-FITC internalized by HAMECs colocal-
ized with transferrin, suggesting their joint retention in early or recy-
cling endosomes (Figure 3). Insulin-FITC retained its bioactivity, as 
determined by the activation of Akt assayed in muscle cells (Supple-
mental Figure S3).

Development of an assay to quantify insulin transcytosis 
by individual endothelial cells
The rapid appearance of insulin in the supernatant of microvascular 
endothelial cells shown in Figure 1 is consistent with the secretion of 
internalized insulin (as would be expected for its transcytosis). Mech-
anistic studies of insulin transcytosis have focused on the endothe-
lium from large vessels, even though these cells are not the physio-
logical route of insulin extravasation, and further have relied on 
Transwell assays, where insulin delivery from the upper to the lower 
chamber by transcytosis may be confounded by paracellular leak 
(Armstrong et al., 2012). To overcome this potential confounder, 
and, more important, to obtain information on the actual events of 
insulin secretion at the exit membrane, we used total internal reflec-
tion fluorescence (TIRF) microscopy (Figure 4A and Supplemental 
Movie S1). The assay was combined with the internalization of a 
pulse of fluorescently conjugated insulin, so that only insulin that 
binds and is taken up into the cell is then imaged at the ventral 
membrane. Thus this assay represents a direct assessment of insulin 
transcytosis. Briefly, a pulse of Alexa Fluor 568 (AF568)–tagged insu-
lin was added to a confluent HAMEC monolayer at 4°C for 10 min, 
and then insulin-AF568 was washed off and the temperature shifted 
to 37°C. Immediately thereafter, the ventral membrane was imaged 
by TIRF microscopy. The live-cell videos were then analyzed in a 
blinded, automated manner as described in Materials and Methods 
to quantify the number of individual fusion events (vesicle exocyto-
sis) evinced by the abrupt disappearance of individual fluorescent 
particles (Figure 4B) versus photobleaching of trafficked but non-
exocytosed vesicles (Figure 4C).

To ascertain that the criterion of sharp disappearance of individual 
particles (vesicles) of insulin-AF568 from the TIRF zone is due to insu-
lin exocytosis and not to vesicles trafficking out of the TIRF field, we 
varied the depth of the TIRF field and recorded the number of insu-
lin-AF568 exocytosis events. Under conditions in which this field is 
deeper, the probability of vesicle diffusion out of the TIRF field would 
be expected to diminish, whereas the number of observed exocytic 
events should remain constant. As hypothesized, the number of de-
tected putative exocytosis events remained the same regardless of 
the TIRF field depth, confirming that we are detecting exocytic 
events and not vesicular trafficking out of the TIRF field (Figure 4D).

To validate that the assay measures bona fide transcytosis and 
is not affected by paracellular leak, we tested the effect of the 
proinflammatory mediator histamine, a known destabilizer of en-
dothelial barrier integrity (Wu and Baldwin, 1992). Although it rap-
idly increased endothelial paracellular permeability (Figure 4E), FIGURE 2: Insulin is not targeted to lysosomes in microvascular 

endothelial cells. (A) Insulin-FITC (green) does not colocalize 
significantly with LysoTracker (red) at early or late time points. Dashed 
box indicates area enlarged on the right; white scale, 15 μm. 
(B) Insulin and LysoTracker colocalization increases over time in L6 
myoblasts. Dashed box indicates area enlarged on right; white scale, 

15 μm. (C) Quantification of insulin-FITC colocalizing with LysoTracker 
over time using the Manders coefficient. *p < 0.05, **p < 0.01 
compared with initial time point.
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histamine had no effect on the number of detected insulin-AF568 
exocytic events (Figure 4F).

To explore whether binding of insulin-AF568 delivered through 
the pulse involves a saturable step limiting exocytosis, we tested 
the effect of an excess of unlabeled insulin delivered simultane-
ously with the fluorescent ligand during the binding at 4°C, fol-
lowed by insulin-AF568 internalization at 37°C and imaging of exo-
cytic events by TIRF microscopy (Figure 4G). Under these conditions, 
the TIRF microscopy signal of fluorescent vesicles was essentially 
abrogated, consistent with competition for a binding site at the 
uptake step. Hence insulin enters HAMECs through a saturable 
mechanism rather than by fluid-phase endocytosis or micropinocy-
tosis. To confirm the directional movement of insulin by a second 
method, we acquired z-series images of the intracellular localization 
of fluorescent insulin taken at 1 and 10 min after insulin binding. 
Consistent with a transcytotic event, insulin was visible only at or 
near the apical membrane at 1 min and localized to the bottom of 
the cell (lower z-axis section) by 10 min (Supplemental Figure S4). 
The latter is consistent with the TIRF results showing that insulin 
bound at the apical membrane arrives as vesicles at the basolateral 
surface within 5–15 min.

Having thus validated the assay, we used this approach to estab-
lish the time course of insulin transcytosis. After the insulin-AF568 
pulse and internalization, the number of insulin exocytic events re-
corded separately at 1-min intervals increased steadily between 3 
and 7 min, after which it progressively declined (Figure 4H). This is 
consistent with near exhaustion of a releasable pool of insulin-AF568 
by 11 min after internalization, a time course consistent with that of 
the detection of continuous accumulation of preinternalized native 
insulin in the HAMEC monolayer culture supernatant shown in 
Figure 1. Finally, to determine whether uptake via fluid-phase endo-
cytosis might have resulted in TIRF-visualized exocytosis, we al-
lowed HAMECs to internalize fluorophore-tagged dextran after a 
brief pulse (incubation). Under these conditions, HAMECs took up 
abundant dextran by endocytosis; however, we detected very few 
dextran exocytosis events by TIRF (Supplemental Figure S5).

Insulin transcytosis is dynamin dependent and does not 
require cholesterol or caveolin-1
As shown, a saturable step of insulin internalization defines the num-
ber of insulin transcytosis events. To analyze further the molecular 
route of this internalization, we explored the endocytic machineries 
that may be mediating this mechanism. Treatment of HAMECs 
with dyngo 4a, a specific inhibitor of the large GTPase dynamin 
(McCluskey et al., 2013), before and during insulin-AF568 pulsing 
essentially abrogated its ensuing internalization and transcytosis 
(Figure 5). Use of dyngo 4a also prevented internalization of Alex 
Fluor 555–conjugated transferrin (transferrin-AF555, Figure 5A), 
consistent with the well-known dependence of this phenomenon on 
dynamin (van Dam and Stoorvogel, 2002).

Dynamin is an essential component of both clathrin-dependent 
and caveolar-dependent endocytosis. Of interest, Wang et al. 
(2011) observed that insulin uptake into macrovascular endothelial 
cells from bovine aortae is mediated by caveolae. Caveolae are 
cholesterol-rich lipid microdomains, and, accordingly, cholesterol 
depletion or sequestration causes caveolar disassembly. However, 
depletion of cholesterol using either methyl-β-cyclodextrin (MBCD) 
or nystatin did not inhibit insulin uptake or transcytosis in HAMECs 
and instead tended to increase them (Figure 6, A–C). Caveolin-1 is 
the major protein constituent of caveolae and is required for 
caveolae generation (Williams and Lisanti, 2004). To our surprise, 
overexpression of dominant-negative caveolin-1 tended to 

FIGURE 3: Insulin in microvascular endothelium is retained in a 
transferrin-positive compartment. (A) Insulin-FITC (green) colocalizes 
moderately with transferrin (red) at early and late time points in 
HAMECs. Dashed box indicates area enlarged on the right; white 
scale, 15 μm. (B) Insulin-FITC colocalization with transferrin-AF555 
decreases over time in L6 myoblasts. Dashed box indicates area 
enlarged on the right; white scale, 15 μm. (C) Quantification of insulin 
colocalizing with transferrin over time using the Manders coefficient. 
*p < 0.05, ***p < 0.001 compared with initial time point.
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internalizes via a clathrin- and dynamin-dependent mechanism, 
which defines its subsequent availability for quantal exocytosis. In 
an attempt to reconcile these findings with the caveolar depen-
dence of insulin uptake in bovine aortic endothelial cells (Wang 
et al., 2011), and cognizant of the heterogeneous nature of en-
dothelial cells, depending on the size and source of their vessels of 
provenance (Aird, 2007a,b), we explored the possible colocalization 
of internalized insulin with clathrin or caveolin in human aortic en-
dothelial cells. As anticipated, in these large vessel–derived human 
endothelial cells, insulin colocalized significantly more with caveo-
lin-1 than with clathrin (Manders coefficient 0.411 ± 0.068 for caveo-
lin-1; 0.196 ± 0.013 for clathrin; Figure 8), paralleling the observa-
tions for bovine aortic endothelial cells. These findings underscore 
the selective insulin uptake processes that take place in endothelial 
cells of different vascular beds, irrespective of whether they are of 
bovine or human origin.

DISCUSSION
The endothelium lining every blood vessel differs phenotypically 
and functionally depending on the size of the blood vessel (e.g., 
large versus small) and its location in the circulatory system (e.g., 
arterial versus venous; Ponder and Wilkinson, 1983; Kumar et al., 
1987; Craig et al., 1998) Of importance, the passage of nutrients 
and hormones such as insulin to cells occurs at the level of the 
microvasculature, as opposed to the primary conduit function served 
by larger vessels like the aorta (Aird, 2007a,b). Whereas insulin de-
livery to critical tissues such as muscle and adipose is regulated by 
vasodilation or constriction that regulates capillary recruitment to 

promote insulin transcytosis events (Figure 6D), and knockdown of 
caveolin-1 by small interefering RNA (siRNA) induced a similar trend 
(Figure 6, E and F). Consistent with these findings, insulin-FITC in-
ternalized for 1 min exhibited little colocalization with caveolin-1 in 
HAMECs (Manders coefficient of 0.196 ± 0.011; Figure 6G). Taken 
together, these data suggest that insulin transcytosis across adi-
pose microvascular endothelial cells is dynamin dependent but 
does not occur via caveolae.

Insulin uptake and consequent transcytosis by microvascular 
endothelial cells requires clathrin
The dependence of insulin uptake and transcytosis on dynamin but 
not on caveolae suggested an unsuspected role for clathrin in insu-
lin transcytosis. Pitstop 2 is a cell-permeant small molecule that 
blocks the association of amphiphysin with the terminal domain of 
clathrin, thereby inhibiting clathrin-mediated endocytosis (von Kleist 
et al., 2011). We first confirmed that Pitstop 2 effectively blocked the 
internalization of transferrin, a canonical clathrin-dependent process 
(Figure 7A). Under these conditions, uptake and transcytosis of fluo-
rescent insulin were reduced by >50% (Figure 7, A–C). Because the 
specificity of Pitstop 2 has recently been questioned (Dutta et al., 
2012), we confirmed our findings by knocking down clathrin heavy 
chain via cognate siRNA. Depletion of clathrin significantly dimin-
ished insulin-AF568 transcytosis (Figure 7, D and E). Consistent with 
this finding and in contrast to what we observed with caveolin-1, we 
observed significant colocalization between clathrin and insulin-
FITC internalized for 1 min (Manders coefficient is 0.491 ± 0.020; 
Figure 7F). Hence these results suggest that in HAMECs, insulin 

FIGURE 4: Development of a novel single-cell assay to measure insulin transcytosis. (A) Schematic depicting the TIRF 
microscopy assay. A vesicle bearing fluorescent insulin is visualized as it enters the excitation zone of the endothelial cell 
and its signal is lost upon fusion with the basal plasmalemma. (B) Intensity profile of a tracked particle that undergoes 
exocytosis, causing a rapid loss of signal. (C) Intensity profile of a tracked particle undergoing Brownian diffusion (and 
photobleaching) but not exocytosis. (D) Varying the penetration depth of the TIRF laser does not affect detection 
events. (E) Transendothelial electrical resistance (TEER) drops after addition of histamine (2 mM) to top and bottom 
chambers of endothelial cells grown on Transwells (***p < 0.001 compared with initial time point) but (F) does not affect 
the average number of transcytosis events (data are normalized to control cells). (G) Addition of excess unlabeled insulin 
(50-fold) to the membrane-binding step essentially abrogates insulin-AF568 transcytosis, consistent with a receptor-
mediated process. **p < 0.01 by one-sample t test; data are normalized to control cells. (H) Time course of insulin 
transcytosis in single cells using the TIRF assay.
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whether the process of insulin transport across the endothelium is 
saturable (Eggleston et al., 2007; Majumdar et al., 2012) or not (Steil 
et al., 1996). The controversy may arise in part due to the influence 
of various parameters, including hemodynamic ones, on the mea-
surements of transendothelial transport in vivo.

Recently caveolin-1 was shown to be required for endothelial 
insulin uptake in the aorta and, by implication, for its transcytosis, 
analogous to its involvement in the transcytosis of albumin in lung 
endothelial cells (Schubert et al., 2001; Wang et al., 2011). Thus evi-
dence suggests that internalization of insulin by large-vessel en-
dothelia is likely mediated by caveolae. Whether the same is true for 
the microvascular endothelium, however, is unknown. Moreover, the 
physiological significance of insulin uptake by endothelial cells of 
large vessels is unclear, although certainly insulin signaling in those 
vessels is of critical importance for the regulation of vascular tone.

Current assays for transcytosis have relied on cells seeded on 
Transwells. Unfortunately, this approach is vulnerable to the induc-
tion of discontinuities in the endothelial monolayer causing poten-
tial confounding by the resulting paracellular leak. This, combined 
with the reported poor transfection efficiency of primary endothelial 
cells, has limited our knowledge of the cellular and molecular regu-
lation of insulin transcytosis. In the present study, we report a novel 
single-cell assay for insulin transcytosis that obviates these issues. 
Using primary HAMECs, this method is based on saturable insulin 
binding and intracellular delivery of the hormone in discrete vesicles 
that can be imaged at the TIRF zone and undergo exocytosis at the 
ventral membrane.

Distinctive characteristics of insulin uptake and transcytosis 
in HAMECs
Insulin uptake by HAMECs is distinct from the uptake of the hor-
mone by muscle cells or endothelial cells of larger vessels. First, in-
sulin uptake in HAMECs is ∼10 times higher than that in L6 myo-
blasts assayed under identical conditions. Second, whereas insulin 
internalized by myoblasts is routed to lysosomes and is readily de-
graded, insulin internalized by HAMECs is stable, and a fraction of it 
undergoes recycling/exocytosis to the medium. This exocytosis is 
quantal and likely representative of insulin exocytosis at the basolat-
eral side of endothelial cells in vivo. Of course, we cannot say with 
certainty whether insulin exocytosis at the ventral membrane of 
HAMECs adhered to a glass coverslip is directly equivalent to its 
exocytosis toward the interstitial space in vivo.

A large fraction of insulin internalized by HAMECs colocalizes 
with internalized transferrin, indicating its retention within elements 
of the endocytic pathway. Future studies should explore the nature 
of the insulin storage compartment in HAMECs, how it is sorted 
away from delivery to lysosomes, and whether it can be further in-
duced to undergo exocytosis through selective signals or cell growth 
conditions. In this regard, it is clearly acknowledged that HAMECs 
are only a tissue culture model and, although of primary origin, are 
expected to differ through cellular passages and ex vivo culturing 
conditions from the endothelial cells constituting the microvessels. 
Therefore the results obtained with HAMECs are considered a 
guide for future exploration of the mechanism of insulin transcytosis 
across the actual microvasculature in vivo. Nonetheless, HAMECs 
represent a more faithful model of the endothelial cells enacting 
insulin transcytosis in vivo than do endothelial cells derived from 
larger vessels. Indeed, our results show that insulin internalization 
differs in HAMECs and aortic endothelial cells, being mediated by 
clathrin in the former and possibly by caveolae in the latter; it is also 
reasonable to speculate that if the route of uptake is different 
between macrovascular and microvascular endothelial cells, other 

perfuse tissue beds (Bonadonna et al., 1998; Barrett et al., 2011), it 
is less well appreciated that the transendothelial movement of insu-
lin out of the microvasculature is itself rate limiting for insulin deliv-
ery and tissue action (Yang et al., 1994; Majumdar et al., 2012; Kolka 
and Bergman, 2013). The vasoactive properties governing insulin 
delivery are relatively well studied; in contrast, surprisingly little is 
known about the molecular mechanism by which insulin crosses the 
endothelium and exits the microvasculature. This process is particu-
larly suitable for in vitro studies, since unlike experiments in whole 
animals, cell culture is not confounded by issues of blood flow and 
perfusion pressure.

The endothelium of microvessels supplying skeletal muscle and 
fat is continuous (i.e., without gaps, unlike the hepatic endothelium), 
and early work indicated that transendothelial insulin permeability in 
vitro is a saturable, temperature-sensitive, receptor-mediated pro-
cess (King and Johnson, 1985). In vivo, however, it is debated 

FIGURE 5: Insulin uptake and transcytosis are dynamin dependent. 
(A) Cells were treated with insulin-FITC or transferrin-AF555 for 
10 min after pretreatment with 30 uM dyngo 4a (right) or vehicle (left) 
for 30 min to impair dynamin function. White scale, 15 μm. 
(B) Quantification of insulin-FITC uptake in HAMECs after 
pretreatment with dyngo 4a. **p < 0.01 by one sample t test; data are 
normalized to control cells. (C) Average transcytosis events after 
pretreatment with dyngo 4a. **p < 0.01 by one sample t test; data are 
normalized to control cells.
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FIGURE 6: Insulin uptake and transcytosis do not require cholesterol or caveolin-1. (A) Cells were treated with insulin-
FITC or D4 membrane cholesterol probe for 10 min after pretreatment with either 1 μM methyl-β-cyclodextrin (MBCD) 
or 50 μg/ml nystatin to deplete cells of cholesterol. White scale, 15 μm. (B) Quantification of insulin-FITC uptake in 
HAMECs after pretreatment with MBCD or nystatin; data are normalized to control cells. (C) Average transcytosis 
events after pretreatment with MBCD or nystatin. (D) Average transcytosis events of insulin-AF568 after transfection 
with wild-type or dominant-negative (DN) caveolin-1 construct. (E) Average transcytosis events of insulin-AF568 after 
caveolin-1 was knocked down by siRNA. (F) Immunoblot of caveolin-1 protein after knockdown via siRNA. (G) Insulin-
FITC colocalizes only modestly with caveolin-1 (red). Colocalization was quantified via the Manders coefficient, which is 
0.196 ± 0.011. Dashed box indicates area enlarged on the right; white scale, 15 μm.
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important differences, such as the rate of in-
sulin uptake, may also exist. The choice of 
human adipose tissue as the source of 
HAMECs was based on the importance of 
insulin delivery to this tissue, given the 
prominent role of insulin action in fat cells 
toward the control of lipolysis and adipokine 
secretion affecting whole-body metabolism. 
It is possible that insulin transcytosis in 
HAMECs is representative of the equivalent 
phenomenon in endothelial microvascular 
cells of other metabolically relevant tissues 
such as muscle, but future studies could also 
explore potential differences among micro-
vascular cells of different tissue origins.

A further advance represented by the re-
sults reported here lies in the recording of 
actual exocytosis of internalized insulin. To 
the best of our knowledge, our assay com-
bining saturable insulin binding/internaliza-
tion and subsequent analysis of its quantal 
delivery at the ventral membrane consti-
tutes the first in vitro assay of cellular tran-
scytosis of the hormone. Moreover, the sys-
tem lends itself to molecular interventions 
that have allowed us to explore the mecha-
nisms involved in insulin uptake.

At a broader level, our novel single-cell 
assay of transcytosis in HAMECs will greatly 
facilitate the study of endothelial transcyto-
sis, a fundamental cellular process described 
decades ago for ligands including albumin, 
vitamin B12, and immunoglobulins (Tuma 
and Hubbard, 2003). Using this approach, 
we are continuing to elucidate the down-
stream signaling implicated in insulin tran-
scytosis, including an understanding of how 
insulin evades intracellular degradation. 
Although the insulin receptor would seem 
like the prime candidate to mediate transcy-
tosis, a murine endothelial-specific knockout 
demonstrated little change in glucose 
homeostasis (Vicent et al., 2003). Thus on-
going work in our labs will determine 
whether the insulin receptor is required for 
endothelial transcytosis or whether other re-
ceptors fulfill this role. Finally, it is possible 
that impaired insulin transcytosis contributes 
to the pathophysiology of insulin resistance 
or diabetes; elucidating its underlying mole-
cular mechanisms may therefore be impor-
tant for the identification of targeted thera-
peutic approaches to improve vascular 
insulin delivery to tissues.

FIGURE 7: Insulin uptake and transcytosis are clathrin dependent. (A) Cells were treated with 
insulin-FITC or transferrin-AF555 for 10 min after pretreatment with 10 μM Pitstop 2 to impair 
clathrin-mediated uptake. White scale, 15 μm. (B) Quantification of insulin-FITC uptake in HAMECs 
after pretreatment with Pitstop 2. (C) Average insulin-AF568 transcytosis events after pretreatment 
with Pitstop 2. (D) Average insulin-AF568 transcytosis events after clathrin heavy chain was 

knocked down by siRNA. (E) Immunoblot of 
clathrin heavy chain protein after knockdown 
by siRNA. (F) Insulin-FITC (green) colocalizes 
with clathrin heavy chain (red). Colocalization 
was quantified via the Manders coefficient, 
which is 0.491 ± 0.020. Dashed box indicates 
area enlarged on the right; white scale, 15 μm.
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0.4 μm (Costar 3460; Corning, Corning, NY) and grown until con-
fluency as assessed by measurement of the transendothelial elec-
trical resistance using the Endohm-12 (WPI, Sarasota, FL). In other 
experiments, to induce ICAM-1 expression, HAMECs were ex-
posed to lipopolysaccharide (100 ng/ml; L2880; Sigma-Aldrich, St. 
Louis, MO) for 18 h.

Electroporation and transfection
HAMECs were electroporated as previously described (Hernandez 
et al., 2004). Before electroporation, cells were resuspended in 
Opti-MEM (Life Technologies, Grand Island, NY) with 10% fetal bo-
vine serum at a concentration of 3 × 106 cells/ml. The cell suspen-
sion was chilled at 4°C for 10 min before electroporation. To trans-
fect plasmid constructs, cells were electroporated using ECM 830 
(BTX, Holliston, MA) at a setting of 200 V for 45 ms. At 18 h after 
electroporation, medium was changed, and cells were imaged 
6–30 h afterward. Cells were transfected with pEGFP-N1 (Clontech, 
Mountain View, CA), Cav1-GFP (plasmid 14433; Addgene, 
Cambridge, MA), or Cav1 DN-GFP (plasmid 27708, Addgene).

siRNA was delivered using Lipofectamine RNAiMAX transfection 
reagent in accordance with the manufacturer’s instructions (Life 
Technologies). Briefly, cells were treated with siRNA 24 h after plat-
ing. At 24 h later, a second dose of siRNA was delivered. The cells 
were used 48 h later; effective knockdown was confirmed by immu-
noblotting. The following functionally verified siRNAs from Qiagen 
(Valencia, CA) were used: AllStars Negative Control siRNA 
(SI03650318), Hs_CAV1_10 FlexiTube siRNA (SI00299642), and Hs_
CLTC_10 FlexiTube siRNA (SI00299880).

MATERIALS AND METHODS
Cell culture
HAMECs were isolated from human visceral fat of nondiabetic pa-
tients undergoing abdominal surgery unrelated to this study at St. 
Michael’s Hospital, Toronto. Written informed consent for tissue 
utilization was obtained, and the study was approved by the insti-
tution’s Research Ethics Board (REB#11-198). To isolate HAMECs, 
human visceral adipose tissue fragments were digested using col-
lagenase II, and endothelial cells were sorted out using Dynabeads 
CD31 (beads loaded with antibody to CD31; Invitrogen, Carlsbad, 
CA). After isolation, ∼95% of these cells expressed von Willebrand 
factor (vWF) and VE-cadherin and exhibited typical cobblestone 
morphology under phase contrast microscopy, confirming their 
endothelial phenotype (Supplemental Figure S1). Cell cultures 
were expanded and used for experiments between passages 5 and 
8. Primary HAMECs were also purchased from ScienCell (Carlsbad, 
CA); in pilot experiments, no morphological or functional differ-
ences could be detected between commercially obtained HAMECs 
and those isolated in our lab from adipose tissue, and hence they 
were then used interchangeably throughout this study. Primary hu-
man aortic endothelial cells (HAECs) were purchased from Lonza 
(Allendale, NJ). Endothelial cells were cultured in EGM-MV me-
dium (Lonza, Allendale, NJ) in an incubator at 37°C and 5% CO2. 
Cells were always plated on gelatin-coated glass coverslips and 
used within 48 h of reaching confluence. L6 myoblasts were cul-
tured in α-minimal essential medium supplemented with 10% fetal 
bovine serum. In some experiments, cells were seeded on gelatin-
coated, 12-well Transwell inserts with membrane pore size of 

FIGURE 8: Insulin colocalizes with caveolin-1 in HAECs. (A) Insulin-FITC (green) colocalizes with caveolin-1 (red) in 
HAECs. Dashed box indicates area enlarged on the right; white scale, 15 μm. (B) Insulin-FITC (green) colocalizes with 
clathrin heavy chain (red) to a much lesser extent than caveolin-1 in HAECs. Dashed box indicates area enlarged on the 
right; white scale, 15 μm. (C) Quantification of colocalization of insulin-FITC with caveolin-1 (0.411 ± 0.068) or clathrin 
heavy chain (0.196 ± 0.013) via the Manders coefficient.
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microscope (Olympus, Hamburg, Germany). Samples were imaged 
using a 150×/1.45 NA objective with 561-nm excitation and an 
110-nm TIRF field depth using Volocity software for acquisition. Im-
ages (150 per cell) were taken at 10 frames/s. Quantification of tran-
scytotic events was performed in a blinded manner using a vesicular 
detection and tracking algorithm using custom-written MATLAB 
scripts developed by Bryan Heit. This algorithm first applies a 
0.5-pixel Gaussian filter to remove subresolution noise, followed by a 
local background subtraction with a local area of 324 pixels2. Putative 
vesicles are identified by applying a threshold 10% above the mean 
image intensity. Vesicles thus identified were then separated from 
other cellular structures by filtering the threshold-fitted image for ob-
jects of the expected size (16–81 pixels2) and circularity (>0.2). The 
moving vesicles were then tracked using a maximum-probability as-
sessment of how closely potential tracks resemble free and superdif-
fusive Brownian diffusion (Crocker and Grier, 1995), followed by 
quantification of the diffusivity (mean-squared displacement) of each 
vesicle,

xMSD = k
k

N
2

1
∑






=

γ

Although the traffic of intracellular vesicles is actin/microtubule 
dependent, the plasma membrane fusion requires that this transport 
cease and the vesicle stably dock with the plasma membrane before 
releasing their cargo (Becherer et al., 2007). Thus, by excluding diffu-
sive or superdiffusive (vectorial motion), we restrict our analysis to sta-
tionary (and therefore potentially docked) vesicles. As such, we limit 
our analyses to vesicles displaying subdiffusive behavior (γ < 0.8733), 
which deviates significantly from free Brownian diffusion (γ = 1) or su-
perdiffusive/vectorial motion (γ > 1). Vesicle traces were segmented in 
order to capture any vesicles that transition from diffusive or superdif-
fusive motion to subdiffusive motion. Exocytosis events were then 
identified in this subdiffusive population by identifying vesicles that 
undergo a decrease in fluorescence intensity at least 2.5 SDs greater 
over the final two time points compared with the rate of fluorescence 
decrease over the duration of the vesicle’s track.

The TIRF-based transcytosis assay overcomes the limitations of 
more conventional Transwell and microscopy assays, as it has the 
capacity to differentiate true transcytotic events from both permea-
bilization of endothelial junctions and transient interactions of vesi-
cles with the basolateral plasmalemma (Becherer et al., 2007).

Immunoblotting
Lysates were collected in a lysis buffer containing 50 mM Tris, 
150 mM NaCl, and 1% Triton X-100 and were run on an SDS–PAGE 
using 8–12% polyacrylamide gels. Proteins were transferred onto 
nitrocellulose membranes and blocked for 1 h with milk. The follow-
ing primary antibodies were used: anti–caveolin-1 (N-20; Santa Cruz 
Biotechnology), anti–clathrin heavy chain (C-20; Santa Cruz Biotech-
nology), anti-occludin (F-11; Santa Cruz Biotechnology), anti–ZO-1 
(N-19; Santa Cruz Biotechnology), and anti–phospho Akt Ser-473 
(9271; Cell Signaling Technology, Beverly, MA). Primary antibodies 
were incubated overnight at 4°C, and secondary antibodies conju-
gated with horseradish peroxidase were incubated for 1 h at room 
temperature. Membranes were visualized using Amersham en-
hanced chemiluminescence as per the manufacturer’s recom-
mended procedure (GE Healthcare, Piscataway, NJ).

ELISA
Cells were pulsed with either 500 nM insulin for 5 min or 10 nM insu-
lin for 10 min at 37°C. Cells were collected in a lysis buffer containing 
50 mM Tris, 150 mM NaCl, and 0.25% Triton X-100, sheared using a 

Confocal fluorescence microscopy
For colocalization experiments, cells were pulsed with 500 nM insulin-
FITC (I2383; Sigma-Aldrich) for 5 min at 37°C, and LysoTracker Deep 
Red (Life Technologies) was added 10 min before fixation; alterna-
tively, cells were incubated with transferrin conjugated to Alexa Fluor 
555 (transferrin-AF555; Life Technologies) for the duration of the ex-
periment. For insulin uptake experiments, cells were pretreated with 
30 μM dyngo 4a (Abcam, Cambridge, MA), 1 mM methyl-β-
cyclodextrin (Sigma-Aldrich), 50 μg/ml nystatin (Bioshop Canada, 
Burlington, Canada), or 10 uM Pitstop 2 (Abcam). Afterward, cells 
were treated with 500 nM insulin-FITC for 10 min before fixation. As a 
control for cholesterol depletion, membrane cholesterol was assessed 
with a recombinant green fluorescent protein (GFP)–tagged D4 probe 
kindly provided by Greg Fairn (Keenan Research Centre, St. Michael’s 
Hospital, Toronto, ON, Canada; Shimada et al., 2002). Cells were 
treated with recombinant GFP-D4 (15 μg/ml) for 10 min before fixa-
tion. Cells were fixed with 4% paraformaldehyde for 30–60 min and 
afterward incubated with 0.15% glycine for 15 min. For immunofluo-
rescence, cells were permeabilized postfixation with 0.1% Triton 
X-100 for 20 min. The following antibodies were used: anti-caveolin-1 
(N-20; Santa Cruz Biotechnology, Santa Cruz, CA), anti-clathrin 
(ab2731; Abcam), anti-vWF (ab6994; Abcam), anti–VE-cadherin (C-19; 
Santa Cruz Biotechnology), goat anti-mouse Cy3 (115-166-003; Jack-
son ImmunoResearch, West Grove, PA), rabbit anti-goat Alexa Fluor 
488 (305-546-003; Jackson ImmunoResearch), and donkey anti-rabbit 
Alexa Fluor 555 (A-31572; Invitrogen). Anti-ICAM1 was from R&D 
Systems (Minneapolis, MN; BBA4). Primary antibodies were incu-
bated at a dilution of 1:100 for 1 h at room temperature. Secondary 
antibodies were incubated at 1:1000 for 1 h at room temperature. 
Coverslips were mounted in fluorescent mounting medium (Dako, 
Carpinteria, CA) supplemented with 4′,6-diamidino-2-phenylindole 
(1 μg/ml). Images were acquired with an Olympus IX81 spinning disk 
confocal microscope with a 60×/1.35 numerical aperture (NA) oil 
immersion objective with settings kept constant between conditions. 
Images were deconvolved using Volocity 6.3 (PerkinElmer, Waltham, 
MA). The fluorescence intensity of images was assessed by ImageJ 
(National Institutes of Health, Bethesda, MD). Image colocalization 
analysis was performed using Manders colocalization measurements 
via JACoP plug-in for ImageJ (Bolte and Cordelieres, 2006).

TIRF microscopy
To visualize insulin arriving at the ventral membrane, we used TIRF 
microscopy. Because insulin-FITC photobleaches rapidly, we gener-
ated insulin-AF568 by conjugating untagged insulin (Sigma-Aldrich) 
with Alexa Fluor 568–succinimidyl ester as outlined in the Molecular 
Probes manual (A-20003; Life Technologies). Free, unbound fluoro-
phore was separated using Amicon Ultra 0.5-ml 3k centrifugal filters 
with multiple washes (Millipore, Bedford, MA). Retention of biological 
activity of both forms of fluorophore-tagged insulin was verified by 
immunoblotting for phosphorylated Akt (Ser-473; see Supplemental 
Figure S3). For transcytosis experiments, cells were pulsed with 
500 nM insulin-AF568 at 4°C for 10 min. Unbound insulin was washed 
off with phosphate-buffered saline (PBS; containing Mg2+ and Ca2+) 
and then imaged on a heated stand (37°C) in RPMI 1640 medium 
supplemented with 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 
acid buffer. To determine whether transcytosis of fluid-phase markers 
also occurs, HAMECs were allowed to internalize 25 μg/ml dextran 
tetramethylrhodamine (70 kDa; Life Technologies) at 37°C for 5 min, 
followed by assessment of transcytosis by TIRF microscopy. Uninter-
nalized dextran was removed by rinsing with PBS before imaging.

TIRF microscopy images were acquired on an Olympus cell TIRF 
Motorized Multicolor TIRF module mounted on an Olympus IX81 
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27-gauge needle, and freeze thawed once. Protein concentration 
was assessed using the bicinchoninic acid assay, and equal concen-
trations were loaded in each well. The ELISA for insulin was per-
formed in accordance with the manufacturer’s protocol (RAB0327; 
Sigma-Aldrich).

Statistical analyses
Unless indicated otherwise, all experiments were performed at 
least three times. Analyses were performed using Prism software 
(GraphPad, La Jolla, CA). Multiple comparisons were performed 
using one-way analysis of variance with Dunnett’s post hoc test for 
comparisons to control. Normalized data were assessed with a one-
sample t test. Data are presented as mean ± SE.
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