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Introduction

Type 2 diabetes mellitus (T2DM) is characterized by insulin 
resistance and defects in β-cell function, growth, and survival. 
Chronic nutrient overload associated with obesity is implicated in 
both insulin resistance and β-cell defects. Adaptive responses of 
β-cells under conditions of insulin resistance and nutrient over-
load, including lipid accumulation and β-cell mass expansion, 
have been widely observed in various experimental models.1-5 
However, the specific molecular mechanisms by which nutrients 
promote lipid accumulation and β-cell mass expansion and the 
causal relationship between these adaptive responses and β-cell 
defects are not clearly understood. Furthermore, metabolic and 
morphological changes of human islets under nutrient overload 
are poorly understood, despite their potential impact on under-
standing the etiology of T2DM.

The storage of TG in lipid droplets requires the stimulation 
of the two pathways: TG biosynthesis through the esterification 
pathway6 and expression of lipid droplet-associated proteins that 

The aim of this study was to assess multifactorial β-cell responses to metabolic perturbations in primary rat and human 
islets. Treatment of dispersed rat islet cells with elevated glucose and free fatty acids (FFAs, oleate:palmitate = 1:1 v/v) 
resulted in increases in the size and the number of lipid droplets in β-cells in a time- and concentration-dependent 
manner. Glucose and FFAs synergistically stimulated the nutrient sensor mammalian target of rapamycin complex 1 
(mTORC1). A potent mTORC1 inhibitor, rapamycin (25 nM), significantly reduced triglyceride accumulation in rat islets. 
Importantly, lipid droplets accumulated only in β-cells but not in α-cells in an mTORC1-dependent manner. Nutrient 
activation of mTORC1 upregulated the expression of adipose differentiation related protein (ADRP), known to stabilize 
lipid droplets. Rat islet size and new DNA synthesis also increased under nutrient overload. Insulin secretion into the 
culture medium increased steadily over a 4-d period without any significant difference between glucose (10 mM) alone 
and the combination of glucose (10 mM) and FFAs (240 μM). Insulin content and insulin biosynthesis, however, were 
significantly reduced under the combination of nutrients compared with glucose alone. Elevated nutrients also stimulated 
lipid droplet formation in human islets in an mTORC1-dependent manner. Unlike rat islets, however, human islets did 
not increase in size under nutrient overload despite a normal response to nutrients in releasing insulin. The different 
responses of islet cell growth under nutrient overload appear to impact insulin biosynthesis and storage differently in rat 
and human islets.
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stabilize lipid droplets by preventing lipolysis. Lipid droplets con-
tain neutral lipids (TG, cholesterol ester) in the core, surrounded 
by a phospholipid monolayer and a coat of specific proteins.7 
These lipid droplet-associated proteins are designated as the PAT 
proteins [perilipin, adipophilin/adipose differentiation related 
protein (ADRP), TIP47 and other related proteins], which play 
structural and functional roles in cellular lipid metabolism.8 
Both perilipin and ADRP have been found in the rat and human 
islets.9,10

The expansion of β-cell mass has been observed in genetically 
modified obese rodents,4,11 normal mice fed a high-fat diet5,12 
and mice infused with elevated levels of glucose or FFAs.13,14 
The increase in β-cell mass associated with insulin resistance 
and nutrient overload has been widely accepted to correlate with 
hypersecretion of insulin, providing a compensatory mechanism 
to overcome insulin resistance. However, recent evidence that an 
increase in β-cell mass under conditions, such as a chronic high 
fat diet or 60% pancreatectomy was not associated with a cor-
responding improvement of β-cell function,12,15-17 suggests that 
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Results

Lipid droplet formation in primary rat 
β-cells. Lipid droplet formation in dis-
persed rat islet cells treated with 25 mM glu-
cose and 500 μM FFAs (oleate: palmitate = 
1:1 v/v) was monitored by capturing phase 
contrast digital images at 30 min intervals 
for 40 h using a 20× objective. Figure 1  
shows that lipid droplets appeared after  
~15 h and increased in size and number over 
40 h. Over time, the initially round islet 
cells became more flattened and appeared 
to form aggregates. Next, we quantitated 
lipid droplets in clusters (< 5 cells) of single 
rat β-cells by co-localizing insulin and Nile 
red, an indicator of TG content. Figure 2A 
shows a time course of lipid droplet forma-
tion in β-cells treated with 25 mM glucose 
and 500 μM FFAs. Lipid droplets were 

detected after 1 d and increased steadily over 4 d. Figure 2B 
displays quantitation of the average Nile red intensity for ~80 
clusters of β-cells per condition. Figures 2C and D illustrate glu-
cose and FFAs dose-response of lipid droplet formation in β-cells 
after 4 d. Basal (5.6 mM) or moderately elevated (10 mM) glu-
cose alone did not result in lipid droplet formation, whereas high  
(25 mM) glucose alone resulted in a small increase in lipid drop-
let formation. Increasing concentrations of FFAs (240, 500 μM) 
in combination with basal glucose (5.6 mM) showed increases 
in lipid droplet formation but at a low level. A combination of 
elevated glucose and FFAs markedly increased lipid droplet for-
mation in a dose-dependent manner with the maximal effect at 
25 mM glucose + 500 μM FFAs.

The role of mTORC1 in the formation of lipid droplets and 
ADRP expression in rat islets. The role of mTORC1 in lipid 
droplet formation was studied by determining the effect of nutri-
ents and rapamycin (a specific and potent inhibitor of mTORC1) 
on the phosphorylation of S6 (an indicator of mTORC1 acti-
vation). We determined the ratio of p-S6 to β-actin levels to 
normalize for alterations in protein levels caused by different 
nutrient treatment conditions. For these experiments, we used 
moderately elevated concentrations of nutrients to study the 
synergistic actions of glucose and FFAs. Figure 3 indicates that 
rat islets treated with 10 mM glucose (lane 1) showed low lev-
els of mTORC1 activation, while islets treated with 240 μM 
FFAs in the presence of 5.6 mM glucose (lane 5) showed no 
detectable mTORC1 activation. Islets treated with a combina-
tion of 10 mM glucose and 240 μM FFAs (lane 3) exhibited 
~3-fold increase in S6 phosphorylation, indicating a synergistic 
effect of glucose and FFAs on mTORC1 activation. Rapamycin 
completely blocked S6 phosphorylation under all conditions.  
Figure 4A shows that treatment of intact islets with 25 mM glu-
cose + 500 μM FFAs for 4 d caused a significant increase in islet 
TG content compared with those treated with 5.6 mM glucose 
alone, and rapamycin significantly blocked TG accumulation 
by 30%. The effects of rapamycin on lipid droplet formation in 

an increase in β-cell mass is not always correlated with enhanced 
β-cell function. The causal relationship between β-cell mass 
expansion and β-cell function under nutrient overload, therefore, 
remains to be elucidated.

Under chronic nutrient overload, rodent β-cells undergo 
characteristic metabolic adaptations including lipid accumula-
tion and β-cell mass expansion. We propose that mammalian 
target of rapamycin complex 1 (mTORC1), a conserved serine/
threonine kinase that functions as a nutrient sensor, is a com-
mon mediator that regulates both responses. mTORC1 is known 
to integrate signals from growth factors and nutrients to regu-
late protein translation, DNA synthesis, cell size, and prolifera-
tion.18-23 Two prominent downstream targets of mTORC1 are the 
70-kDa ribosomal protein S6 kinase (S6K1) and eukaryotic ini-
tiation factor 4E-binding protein 1 (4EBP1), which regulate pro-
tein translation.20,24 The mTORC1 signaling pathway has been 
implicated as a link between nutrient excess and development of 
both obesity and insulin resistance.25,26 Recent evidence indicates 
that mTORC1 signaling is also implicated in β-cell regenera-
tive processes.27-30 Furthermore, the present study suggests that 
mTORC1 plays a pivotal role in lipid accumulation in β-cells.

Preservation of β-cell function and mass under chronic nutri-
ent overload is of great interest as a potential strategy for thera-
peutic intervention for type 2 diabetes. To this end, we studied 
the complex β-cell metabolic responses to nutrient overload in 
rat and human islets using a combination of microscopy and bio-
chemical methods. We report that mTORC1 plays a central role 
in lipid accumulation as well as rat islet cell expansion, which, 
in turn, is intricately associated with β-cell defects. Human and 
rat islets showed similar ectopic lipid accumulation and insulin 
release in response to nutrient overload. Unlike rat islets, however, 
human islets did not increase in size under nutrient overload, sug-
gesting that nutrient-mediated mTORC1 activation alone is not 
sufficient to stimulate human islet cell growth. The lack of islet 
cell expansion under nutrient overload appears to have a signifi-
cant impact in insulin biosynthesis and storage in human islets.

Figure 1. Time lapse studies monitoring lipid droplet formation in dispersed islet cells. Phase 
contrast digital images of dispersed islet cells treated with 25 mM glucose and 500 μM FFAs 
(oleate:palmitate = 1:1v/v) were acquired at 30 min intervals for 40 h using a 20× objective. 
Representative images at the indicated time (h) are shown. An enlarged image indicated by the 
white arrow (far right panel) demonstrates that lipid droplets were uniform in size. Images were 
rescaled using Adobe Photoshop software. Results are representative of three independent 
experiments.
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anticipated, completely blocked nutrient-mediated islet cell 
expansion, shown by more compact clusters of nuclei (Fig. 5A, j). 
Insulin content was greatly reduced under the condition of excess 
nutrients and rapamycin did not prevent this reduction (compare 
Fig. 5A, a, e and i). Figure 5B shows quantitation of insulin con-
tent and lipid accumulation determined by the average intensity 
of insulin and Nile red of the three conditions.

Next, we determined nutrient-mediated ADRP expression 
in islets (100 islets per condition) by determining the ratio of 
ADRP to the internal control β-actin to account for the altera-
tion in protein levels under different experimental conditions. 
Figure 6A demonstrates that ADRP expression increased in a 
dose-dependent manner with nutrient overload. Figure 6B shows 
that nutrient activation of mTORC1 upregulated ADRP expres-
sion in rat islets. Treatment of islets with 25 mM glucose alone 
(lane 2) resulted in an ~2-fold increase in ADRP expression 
compared with 5.6 mM glucose (lane 1). The combination of 25 
mM glucose and 500 μM FFAs (lane 4) resulted in an ~3-fold 
increase in ADRP expression compared with 5.6 mM glucose. 
Rapamycin treatment (lanes 3 and 5) prevented the nutrient 

β- and α-cells exposed to excess nutrients for 4 d were also deter-
mined. Figure 4B shows that insulin-positive β-cells treated with  
25 mM glucose + 500 μM FFAs (Fig. 4B, b) contained numer-
ous lipid droplets (green), whereas control (5.6 mM glucose 
alone, Fig. 4B, a) or rapamycin treated condition (Fig. 4B, c) is 
devoid of lipid droplets. Figure 4B, d-f  shows that glucagon-pos-
itive α-cells contained no lipid droplets regardless of experimen-
tal conditions. Figure 4C shows the quantitation of the average 
Nile red intensity of ~80 β- or α-cells/condition illustrated in the 
above panels. Next, we studied nutrient-mediated lipid droplet 
formation in intact rat islets by immunohistochemistry of fro-
zen islet sections. An islet treated with 25 mM glucose + 500 
μM FFAs for 4 d (Fig. 5A, g) resulted in elevated lipid droplet 
formation compared with control islet (Fig. 5A, c). Rapamycin 
significantly blocked nutrient-mediated lipid droplet formation  
(Fig. 5A,  k). A comparison of the nuclear staining (DAPI) of two islets  
(Fig. 5A, b and f) indicate that nutrient overload caused islet 
cell expansion as shown by greater distance between the nuclei 
in Figure 5A, f compared with Figure 5A, b. Rapamycin, as 

Figure 2. (A) Time course of lipid droplet formation in dispersed rat β-cells. Dispersed rat islet cells (105) were treated for the indicated time periods 
with 25 mM glucose and 500 μM FFAs. After treatment, cells were processed for immunostaining. Insulin (red), nuclei (blue), and Nile red staining 
(green) are shown. (B) The bar graph shows the average Nile red intensity for a total of ~80 clusters of insulin-positive cells per time point from three 
independent experiments is shown. (C) Dose-dependent effects of glucose and FFAs on lipid droplet formation. Dispersed rat islet cells (105) were 
treated for 4 d as indicated. After treatment, cells were processed for immunostaining. Insulin (red), nuclei (blue) and Nile red staining (green) are 
shown. 5.6G and 240FFA denote 5.6 mM glucose and 240 μM FFAs, respectively. (D) The bar graph shows the average Nile red intensity for a total of 
~80 clusters of insulin-positive cells per condition from three independent experiments.
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rather than hyperplasia since the number of nuclei did not sig-
nificantly increase, and since the nuclei were much farther apart 
in Figure 7C, f compared with Figure 7C, b. Rapamycin blocked 
the increase in intra-islet cell size caused by excess nutrients as 
shown in Figure 7C, j and k. Quantitation of the intra-islet cell 
sizes under different conditions is shown in Figure 7D. Insulin 
content was greatly reduced under the condition of excess nutri-
ents and rapamycin did not prevent this reduction (compare 
Figure 7D, a, e and i), consistent with Figures 5A and 6D. Next, 
we studied if excess nutrients also stimulate islet cell proliferation 
by measuring new DNA synthesis as indicated by [3H]thymidine 
incorporation. For these experiments, we used moderately ele-
vated concentrations of nutrients to study the synergistic actions 
of glucose and FFAs and to correlate with mTORC1 activity  
(Fig. 3) and insulin release studies (Fig. 8A). Treatment of 
islets with FFAs (240 μM) in the presence of 5.6 mM glucose  
(Fig. 7B, seventh bar) resulted in a ~2-fold increase of [3H]thy-
midine incorporation compared with 5.6 mM glucose alone  
(Fig. 7B, first bar), whereas 10 mM glucose alone showed no sig-
nificant increase. A combination of 10 mM glucose and 240 μM 
FFAs produced a synergic increase in [3H]thymidine incorpora-
tion (Fig. 7B, fifth bar) in a rapamycin sensitive manner.

Rat islet insulin release and content under nutrient over-
load. Next, we determined insulin release into the medium 
under moderately elevated nutrients over a 4-d period.  
Figure 8A shows that insulin release into the medium steadily 
increased under all conditions. Islets exposed to the combination 
of 10 mM glucose and 240 μM FFAs showed significantly higher 
levels of insulin release than those to 10 mM glucose alone at 
5 and 24 h time points but this difference was negligible after 
4-d incubation. A significantly lower insulin release under 5.6 
mM glucose and 240 μM FFAs was observed. Rapamycin had 
no significant effect on insulin release into the medium under 
any conditions. Figure 8B shows insulin content after a 4-d incu-
bation period. Although there was no significant difference in 
insulin release into the medium under 10 mM glucose alone and 
10 mM glucose + 240 μM FFAs, insulin content was signifi-
cantly reduced under the condition of the combination of glucose 
and FFAs (Fig. 8B, third bar) compared with 10 mM glucose 
alone (Fig. 8B, first bar). A high level of insulin content under 
5.6 mM glucose and 240 μM FFAs was consistent with the low 
level of insulin release during the 4-d incubation period. To test if 
reduction in insulin biosynthesis accounts for the reduced levels 
of insulin content in islets treated with 10 mM glucose + 240μM 
FFAs, we determined pro-insulin levels in islets as an indicator of 
insulin biosynthesis after 4-d incubation. Figure 8C shows that 
pro-insulin levels in islets treated with 10 mM glucose + 240 μM 
FFAs were significantly lower than those from islets treated with 
10 mM glucose alone. Rapamycin treatment reduced pro-insulin 
levels below those of islets treated with the combination of the 
two nutrients.

Human β-cell metabolic alterations under nutrient over-
load. We examined metabolic and morphological changes of 
human islets under nutrient overload using similar approaches to 
the rat islet studies. Figure 9A shows a time-dependent lipid accu-
mulation during a 4-day incubation period in dispersed human 

mediated increase in ADRP expression. Immunohistochemical 
studies indicated that ADRP (red) was co-localized with lipid 
droplets as shown by the appearance of ADRP around small dis-
tinct spheres in the cytosol (Fig. 6C, b). Figure 6C also demon-
strates that rapamycin inhibited nutrient-mediated lipid droplet 
formation as well as β-cell expansion (compare Fig. 6C, c vs. 
Fig. 6C, b). Moreover, insulin content (intensity of green) was 
significantly reduced by treatment with 25 mM glucose and  
500 μM FFAs (compare Fig. 6C, a vs. Fig. 6C, b) and rapamy-
cin did not alter this effect. Figure 6D shows the quantitation of 
the average ADRP and insulin intensity of ~90 β-cells/condition 
from three independent experiments.

Rat islet cell growth and new DNA synthesis under nutri-
ent overload. Figure 7A demonstrates that islets exposed for 
4 d to 25 mM glucose and 500 μM FFAs (second black bar) 
showed a significant increase in islet size as compared with those 
under 5.6 mM glucose alone (first black bar) or 25 mM glucose  
+ 500 μM FFAs + 25 nM rapamcyin (third black bar). Of note, 
islets incubated with 5.6 mM glucose showed a significant decrease 
in size after 4 d of incubation. Nutrient-mediated islet cell expan-
sion was also studied by immunohistochemistry of frozen islet 
sections. We observed that actin filaments were highly enriched 
along the plasma membrane of primary islet cells, which allowed 
visual assessment of intra-islet cell size by staining with Alexa 488 
phalloidin, a high affinity actin binding toxin tagged with the 
fluorescent probe Alexa 488. An islet treated with 25 mM glucose 
+ 500 μM FFAs for 4 d (Fig. 7C, g) resulted in overall increases 
in intra-islet cell size compared with control islet (Fig. 7C, c), 
shown by the enlarged black areas surrounded by the green actin 
staining. A comparison of the nuclear staining (DAPI) of two 
islet sections (Fig. 7C, b and f) suggested that the increase in islet 
size caused by excess nutrients was primarily due to hypertrophy 

Figure 3. Nutrient-mediated activation of mTORC1. Rat islets (100) 
were treated for 4 d as indicated. Samples were processed for Western 
blotting for phosphorylated S6, stripped, and reblotted for β-actin. 
Band intensities were quantitated by Biorad ChemiDoc XRS Image Lab 
Software. The ratio of p-S6/β-actin was obtained as described in the 
Methods section. Data are the means ± SEM of n = 3 experiments.
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red of the three conditions. Figure 10A shows that treatment of 
human islets with 25 mM glucose and 500 μM FFAs for 4 d did 
not increase the size of islets, consistent with the results shown in 
Figure 9C. While it may not be obvious from Figure 9C, rapamy-
cin slightly reduced the size of human islets after 4-d treatment. 
Figure 10B shows that insulin release into the medium under  
10 mM glucose or 10 mM glucose + 240 μM FFAs increased dur-
ing the first 24 h exposure, then plateaued. Insulin release under 
5.6 mM glucose + 240 μM FFAs, on the other hand, increased 
steadily throughout the 4-d incubation period but at signifi-
cantly lower levels. Figure 10C shows insulin content in human 
islets after 4-day incubation. Insulin content in islets treated with 
10 mM glucose or 10 mM glucose + 240 μM FFAs was approxi-
mately 5-fold lower than that in islets treated with 5.6 mM glu-
cose + 240 μM FFAs. Unlike in rat islets, there was no significant 
difference in insulin content in human islets treated with 10 mM 
glucose and 10 mM glucose + 240 μM FFAs. Figure 10D shows 

β-cells under nutrient overload. Figure 9B demonstrates that 
25 mM glucose + 500 μM FFAs (lane 2) stimulated mTORC1 
activation indicated by S6 phosphorylation compared with  
5.6 mM glucose alone (lane 1). Rapamycin completely blocked 
this effect. Next, we studied nutrient-mediated lipid droplet 
formation in human islets by immunohistochemistry of frozen 
islet sections. Islets treated with 25 mM glucose + 500 μM FFAs 
for 4 d (Fig. 9C, g) resulted in elevated lipid droplet formation 
compared with control islets (Fig. 9C, c ). Rapamycin signifi-
cantly blocked nutrient-mediated lipid droplet formation (Fig. 
9C, k). A comparison of the nuclear staining (DAPI) of islets 
under the two conditions (Fig. 9C, b and f) indicate that nutri-
ent overload did not cause islet cell expansion. Insulin content 
was greatly reduced under the conditions of excess nutrients and 
rapamycin did not prevent this reduction (Fig. 9C, a, e and i).  
Figure 9D shows quantitation of insulin content and lipid accu-
mulation determined by the average intensity of insulin and Nile 

Figure 4. (A) mTORC1-dependent TG accumulation. Rat islets (150) were cultured for 4 d as indicated. After treatment, lipid extraction by 
chloroform:methanol was performed and TG quantitated. Data are the means ± SEM of n = 3 experiments with duplicate samples in each experiment. 
(B) mTORC1 mediates lipid droplet formation exclusively in β-cells, sparing α-cells. Dispersed rat islet cells (105) were cultured for 4 d in cCMRL-1066 
containing 5.6 mM glucose, 25 mM glucose + 500 μM FFAs or 25 mM glucose + 500 μM FFAs+25 nM rapamcyin. After treatment, cells were processed 
for immunostaining. Representative images of β-cells (a–c) and α-cells (d–f) under the three conditions [insulin and glucagon (red), nuclei (blue) and 
Nile red staining (green)]. (C) The bar graph shows the average Nile red intensity of a total of ~50 β- or α-cells per condition from three independent 
experiments.
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droplet formation in rat β-cells by upregulating the expression of 
ADRP, which is known to stabilize lipid droplets. Importantly, 
lipid droplet formation was observed only in β-cells but not in 
α-cells. Islets treated with a combination of glucose and FFAs 
showed a significant reduction in insulin biosynthesis and con-
tent compared with islets treated with glucose alone despite the 
similar levels of insulin release into the culture media. Unlike 
rat islets, human islets did not demonstrate islet cell expansion 
under nutrient overload despite their similar metabolic responses 
to nutrient overload in lipid droplet formation and insulin 
release. Overall, this study indicates that adaptive responses of 
β-cells to metabolic perturbation, lipid accumulation and islet 
cell expansion (in the case of rodent islets), are associated with 
β-cell dysfunction rather than compensatory enhancement of 
β-cell function.

pro-insulin levels under indicated conditions. There was no dif-
ference in pro-insulin levels in islets treated with 10 mM glucose 
and 10 mM glucose + 240 μM FFAs. These results are consistent 
with no difference in insulin content under the two conditions. 
As in rat islets, rapamycin reduced pro-insulin levels below those 
of islets treated with elevated levels of nutrients.

Discussion

Using a combination of microscopy and biochemical methods, 
we studied β-cell metabolic and morphological changes under 
nutrient overload in rat and human islets. A significant finding 
of this study is that the nutrient sensor mTORC1 plays a central 
role in lipid droplet formation and islet cell expansion in rat islets. 
Nutrient activation of mTORC1 played a pivotal role in lipid 

Figure 5. (A) Rat islets (50) were cultured for 4 d in cCMRL containing 5.6 mM glucose, 25 mM glucose + 500 μM FFAs or 25 mM glucose + 500 μM FFAs 
+ 25 nM rapamycin. Frozen sections (5 μm) of islets were processed for immunostaining [insulin (green), nuclei (blue) and Nile red (red)] as described 
in the Methods section. Images were rescaled using Adobe Photoshop software. (B) The bar graph shows the average intensities of Nile red for lipid 
accumulation and DyLight 647 for insulin, respectively, of 15–20 islet sections per condition from three different experiments.
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the islet architecture is perturbed under these conditions, result-
ing in the translocation of α-cells to the center of the islet (data 
not shown).

Specific molecular mechanisms involved in nutrient-medi-
ated ectopic lipid accumulation in β-cells have not been clearly 
understood. Our study demonstrates that mTORC1 exerts a 
pivotal role in lipid droplet formation in rat and human pan-
creatic β-cells. In support of a major role for mTORC1 in this 
process, β-cell specific accumulation of lipid droplets was sig-
nificantly blocked by rapamycin. In addition, elevated glucose in 
combination with FFAs potentiated mTORC1 activation, based 
on S6 phosphorylation, in a manner that mirrored the degree of 
increase in ADRP expression and lipid droplet accumulation in 
β-cells. Thus, it appears that mTORC1, a nutrient sensor, plays 
a role in storing excess nutrients in the form of neutral lipid TG 
inside lipid droplets in the β-cell by upregulating the expression 

In this study, we provide quantitative evidence of time- and 
dose-dependent lipid droplet formation in primary rat β-cells in 
response to chronic nutrient overload. To our knowledge, it is 
the first in-depth study of time-dependent lipid droplet forma-
tion in primary β-cells using photomicroscopy and an immu-
nohistochemical approach. Intriguingly, lipid droplet formation 
occurred exclusively in β-cells in an mTORC1-dependent man-
ner. Selective β-cell loss but α-cell expansion have been associ-
ated with T2DM,31,32 suggesting that α- and β-cells respond 
differently to local environments such as excess nutrients. The 
mechanisms responsible for sparing α-cells from the effects of 
excess nutrients are unknown. In comparison to β-cells, α-cells 
may express reduced FFA transporters, undergo β-oxidation at a 
higher rate, or lack enzymes that are required for the biogenesis of 
lipid droplets. Figure 5A, g shows lipid droplets in the periphery 
of an islet. However, these are not localized in the α-cells because 

Figure 6. (A) Dose-dependent effects of nutrients on ADRP expression. Rat islets (100) were cultured for 4 d in cCMRL-1066 containing 5.6 mM glucose, 
10 mM glucose + 240μM FFAs, or 25 mM glucose + 500 μM FFAs. Samples were processed for Western blotting and quantitated by densitometry. 
β-actin was used as a protein loading control. Data are the means ± SEM of n = 3 experiments. (B) Glucose and FFAs synergize in increasing mTORC1-
mediated ADRP expression. Rat islets (100) were cultured for 4 d in cCMRL-1066 under various conditions as indicated. Samples were processed for 
western blotting and quantitated by densitometry. β-actin was used as a protein loading control. Data are the means ± SEM of n = 3 experiments.  
(C) ADRP expression and insulin content in single β-cells determined by immunohistochemistry. Dispersed rat islet cells (105) were cultured for 4 d in 
cCMRL-1066 containing 5.6 mM glucose, 25 mM glucose + 500 μM FFAs, or 25 mM glucose + 500μM FFAs + 25 nM rapamcyin. After treatment, cells 
were processed for immunostaining. Representative images of β-cells under the three conditions are shown [insulin (green), nuclei (blue) and ADRP 
(red)]. (D) The bar graph shows the average intensities of DyLight 647 for insulin and DyLight 488 for ADRP, respectively, of a total of ~80 β-cells per 
condition from three independent experiments.
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to apoptosis.34,35 Recent evidence indicates that oleate attenuate 
palmitate-induced endoplasmic reticulum stress and β-cell apop-
tosis.36 Our present study, however, shows that an increase in tri-
glyceride pool is associated with β-cell dysfunction. It is possible 
that oleate rescues β-cells from palmitate-induced apoptosis but 
is unable to prevent β-cell dysfunction caused by metabolic per-
turbation associated with chronic nutrient overload.

Rat islet cell expansion under nutrient overload appears to be 
due primarily to hypertrophy (Fig. 7A and C) rather than hyper-
plasia. Although a combination of nutrients caused a significant 
increase in [3H]thymidine incorporation, the extent to which 
β-cell proliferation occurs under these conditions is unknown. 
Islet size did not increase significantly under 5.6 mM glucose and 
240 μM (data not shown), yet [3H]thymidine incorporation was 
substantially elevated. This suggests that the elevated DNA syn-
thesis activity represents a small percentage of the islet cell popu-
lation or islet cells in S phase that did not complete the cell cycle 
to produce two new daughter cells. Our previous studies have also 

of ADRP which stabilizes lipid droplets. De novo synthesis of 
TG must be also elevated under nutrient overload through the 
stimulation of the esterification pathway. Interestingly, suppres-
sion of ADRP expression by rapamycin was sufficient to reduce 
the level of TG in the β-cell. Whether destabilizing lipid droplets 
by insufficient amounts of ADRP facilitates lipolysis of TG into 
intermediate lipid species such as diacylglycerols, lysophospha-
tidic acid, etc. is under investigation. If this hypothesis is true, 
rapamycin is anticipated to cause toxic effects rather than pre-
serving β-cell function although it blocks lipid droplet forma-
tion. Our data showing that rapamycin did not preserve insulin 
content under nutrient overload supports this hypothesis.

The causal relation between lipid accumulation and β-cell 
function is complex. Numerous in vitro studies33-36 have shown 
that the saturated FFA palmitate is highly toxic, whereas the 
monounsaturated FFA oleate is not. Unsaturated fatty acids are 
thought to rescue palmitate-induced apoptosis by channeling 
palmitate into triglyceride pool and away from pathways leading 

Figure 7. (A) mTORC1-dependent increase in rat islet size under nutrient overload. Phase contrast images of rat islets (40) before and after the 4 d 
incubation period under various conditions as indicated were acquired using a 20× objective. The diameter of each islet was computed by converting 
pixels to μm using the Metamorph image analysis software. The white and the black bars indicate the sizes of the islets before and after the treatment, 
respectively. Data are the means ± SEM of n = 3 experiments. (B) mTORC1-dependent new DNA synthesis in rat islets under nutrient overload. Rat 
islets (100) were cultured for 4 d under various conditions as indicated. [3H]thymidine was added to each dish 24 h prior to the end or the 4-d period. 
Data are the means ± SEM of n = 3 experiments. dpm, disintegrations per minute. (C) Islet cell expansion under nutrient overload determined by im-
munohistochemistry. Rat islets (50) were cultured for 4 d in cCMRL containing 5.6 mM glucose, 25 mM glucose + 500 μM FFAs, or 25 mM glucose + 500 
μM FFAs+25 nM rapamycin. Frozen sections (10 μm) of islets were processed for immunostaining (insulin [red], nuclei [blue] and phalloidin [green]). 
Images were rescaled using Adobe Photoshop software. (D) The bar graph shows the average area of intra-islet cells determined using the Meta-
morph image analysis software. Data are the means ± SEM of ~250 cells obtained from 10–15 islet sections per condition.
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In summary, we studied multifactorial β-cell responses to 
chronic nutrient overload in rat and human islets using bio-
chemical and microscopic methodologies. We provide clear evi-
dence that excess nutrients cause lipid droplet formation in both 
rat and human islets in an mTORC1-dependent manner. We 

shown that the enhanced [3H]thymidine incorporation observed 
under conditions of prolonged elevated glucose was not trans-
lated to an increase in cell proliferation.37 Recent evidence indi-
cates that activation of mTORC1 increased mitochondrial DNA 
synthesis,38 suggesting that the increase in new DNA synthesis 
observed in Figure 7B may reflect mitochondrial DNA synthesis. 
The regulation of human islet cell growth seems to be different 
from rodents since nutrient activation of mTORC1 failed to pro-
mote hypertrophy in human islets (Figs. 9C and 10A). Although 
experimental data are limited, increased β-cell mass in obesity 
has been observed in morphometric analyses of human pancre-
atic tissues obtained at autopsy.39,40 The extent of this adaptive 
increase (~0.5-fold), however, was modest compared with that in 
obese rodents (~10-fold). Moreover, the increased β-cell mass in 
humans is thought to occur through new islet formation rather 
than hypertrophy or replication of existing β-cells.39 The results 
of our in vitro studies are consistent with this hypothesis. The 
impact of nutrient overload associated with obesity in β-cell 
defects in humans is yet to be elucidated.

It is noteworthy that islet cell expansion was correlated 
with a significant reduction of insulin content as shown in  
Figures 7C and 8B under both high and moderate concentra-
tions of nutrients. Other evidence indicated that an increase in 
β-cell mass was not always correlated with an enhanced β-cell 
function.12,15-17,41 These findings are important in that they 
challenge a well-accepted view that β-cell mass expansion and 
enhanced β-cell function under insulin resistance and nutrient 
overload provide compensatory responses that lead to hyper-
insulinemia. Perhaps, hypersecretion of insulin under nutrient 
overload is not the consequence of increased β-cell mass and/or 
enhanced β-cell function but an unsustainable response leading 
to depletion of insulin stores. The findings of the present study 
support rat islet cell expansion under nutrient overload as indica-
tive of metabolic distress rather than compensatory enhancement 
of β-cell function.

Continuous prolonged exposure of both rat and human islets 
to elevated nutrients caused over-secretion of insulin into the cul-
ture media, as expected. Interestingly, there was no significant dif-
ference in the amount of insulin released into the media between 
a combination of nutrients (10 mM glucose and 240 μM FFAs)  
and glucose (10 mM) alone over a 4-d incubation period. 
Moreover, rapamycin had no effect on nutrient-mediated insulin 
release by rat islets (Fig. 8A). Insulin content in rat islets after 
the 4-d treatment, however, differed strikingly depending on 
the experimental conditions. The reduction in insulin content 
in islets treated with the combination of nutrients as compared 
with glucose alone was apparently due to a decrease in insulin 
biosynthesis (Fig. 8D). Unlike rat islets, human islets did not 
show islet cell expansion under nutrient overload. Furthermore, 
insulin content in human islets treated with the combination of 
nutrients was not significantly different from islets treated with 
glucose alone (Fig. 10C). Therefore, the 50% reduction of insu-
lin content in rat islets may be due to marked islet cell expansion. 
The idea that dedifferentiation or immaturity of newly expanded 
β-cells16,17 under nutrient overload causes the reduction of insulin 
content supports these findings.

Figure 8. (A) Insulin release into the culture medium under nutrient 
overload. Islets (35) were cultured in 2 ml cCMRL containing 10 mM 
glucose or 240 μM FFAs alone or in combination in the absence and 
presence of 25 nM rapamycin. Cultured medium (50 μl) was removed at 
the indicated times and the amount of insulin released into the culture 
medium was determined by radioimmunoassay. Data are the means ± 
SEM of n = 3 experiments. (B) Insulin content in islets after 4 d treatment 
under nutrient overload. After treatment, islets were washed and re-
suspended in 500 μl of 0.1% BSA in PBS, followed by sonication using a 
microtip probe. Insulin content was determined by radioimmunoassay. 
Data are the means ± SEM of n = 3 experiments with triplicate samples 
in each experiment. (C) Pro-insulin levels in islets after 4 d treatment 
under nutrient overload. After treatment, islets were washed and 
resuspended in 200 μl of 0.1% BSA in PBS, followed by sonication using 
a microtip probe. Pro-insulin levels were determined as described in the 
Methods section. Data are the means ± SEM of n = 3 experiments.
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function. Lipid droplet formation in both rat and human β-cells 
in response to high nutrients also appears to be correlated with 
β-cell dysfunction or perturbed metabolic state. As future 
directions, we are planning to study the effects of other phar-
macological agents (i.e., acyl CoA:diacylglycerol acyltransferase 
1 inhibitor) to further study the causal relationship between 

have observed a striking difference in the metabolic responses 
of rat and human islets to nutrient overload. Unlike rat islets, 
human islets did not exhibit islet cell expansion. We believe that 
islet cell expansion under nutrient overload represents a facet 
of metabolic perturbation that leads to impaired β-cell func-
tion rather than a compensatory response that enhances β-cell 

Figure 9. (A) Time course of lipid droplet formation in dispersed human β-cells. Dispersed human islet cells (105) were treated for the indicated time 
periods with 25 mM glucose and 500 μM FFAs. After treatment, cells were processed for immunostaining. The average Nile red intensity for a total of 
~80 clusters of insulin-positive cells per time point from three independent experiments is shown. (B) Nutrient-mediated activation of mTORC1. Hu-
man islets (100) were treated for 4 d as indicated. Samples were processed for Western blotting and quantitated by densitometry. Data are the means 
± SEM of n = 3 experiments. (C) Human islets (50) were cultured for 4 d in cCMRL containing 5.6 mM glucose, 25 mM glucose + 500 μM FFAs or 25 mM 
glucose + 500 μM FFAs + 25 nM rapamycin. Frozen sections (10 μm) of islets were processed for immunostaining [insulin (green), nuclei (blue) and Nile 
red (red)]. Images were rescaled using Adobe Photoshop software. (D) The bar graph shows the average intensities of Nile red for lipid accumulation 
and DyLight 647 for insulin, respectively, of 15–20 islet sections per condition from three different experiments is shown.
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insulin antibody (3014S) and monoclonal rabbit p-S6 antibody 
(4856S) were purchased from Cell Signaling. Polyclonal rab-
bit ADRP antibody was generated in Dr Andrew Greenberg’s 
laboratory. Monoclonal mouse actin antibody (A3853) and 
monoclonal mouse anti-glucagon antibody (G2654) were from 
Sigma. The secondary antibodies, peroxidase-conjugated don-
key anti-rabbit IgG (711-035-152), peroxidase-conjugated don-
key anti-mouse IgG (715-035-150), DyLight 649-conjugated 
donkey anti-rabbit IgG (711-495-152), Alexa 488-conjugated 
donkey anti-mouse antibody (715-545-150) were obtained from 
Jackson ImmunoResearch Laboratories. Alexa 488 donkey 
anti-rabbit IgG (A21206), Alexa 647 donkey anti-mouse IgG 
(A31571), Alexa 488 phalloidin (A12379), and 4'-6-diamidino-
2-phenylindole (DAPI) (D3571) were obtained from Invitrogen.  
[3H]thymidine (ART 0178H) was obtained from American 
Radiolabeled Chemicals, Inc. Rat insulin RIA kit (RI-13K) 
and human insulin RIA kit (HI-11K) were from Millipore. Rat 
(80-PINRT-E01) and human (80-PINHU-E01.1) pro-insulin 

β-cell adaptive responses and β-cell defects under chronic nutri-
ent overload.

Materials and Methods

Male Sprague-Dawley rats were purchased from Harlan Sprague-
Dawley. Collagenase type XI (C9263), Hanks’ balanced salt solu-
tion (H1387), palmitic acid (# P0500), oleic acid (O3880), Nile 
red (N3013), and fibronectin (F1141) were obtained from Sigma. 
Infinity Triglyceride Reagent (TR-22421), Triglyceride Standard 
(TR22923), fetal bovine serum (SH3007003), Penicillin-
streptomycin (ICN1670049), and West Pico Chemiluminescent 
Substrate (34080) were from Fisher Scientific. Hybond ECl 
(RPN3032D) was obtained from GE Healthcare Life Sciences. 
Tissue culture medium, CMRL-1066 (11530037), and trypsin-
EDTA (25200072) were from Invitrogen. BSA (fraction V, fatty 
acid-free, 08823234) was from ICN Biomedical. Rapamycin 
(BML-A275) was obtained from Biomol. Monoclonal rabbit 

Figure 10. (A) Absence of human islet cell growth under nutrient overload. Phase contrast images of human islets (40) before and after the 4-d 
incubation period under various conditions as indicated were acquired using a 20× objective. The diameter of each islet was computed by converting 
pixels to μm using the Metamorph image analysis software. The white and the black bars indicate the sizes of the islets before and after the treatment, 
respectively. Data are the means ± SEM of n = 3 experiments. (B) Insulin release into the culture medium under nutrient overload. Human islets (30) 
were cultured in 2 ml cCMRL containing 10 mM glucose or 240 μM FFAs alone or in combination of the two nutrients. Cultured medium (50 μl) was re-
moved at the indicated times and the amount of insulin released into the culture medium was determined by radioimmunoassay. Data are the means 
± SEM of n = 3 experiments. (C) Insulin content in human islets after 4-d treatment under nutrient overload. After treatment, islets were washed and 
resuspended in 500 μl of 0.1% BSA in PBS, followed by sonication using a microtip probe. Insulin content was determined by radioimmunoassay. Data 
are the means ± SEM of n = 3 experiments with triplicate samples in each experiment. (D) Pro-insulin levels in islets after 4-d treatment under nutrient 
overload. After treatment, islets were washed and resuspended in 200 μl of 0.1% BSA in PBS, followed by sonication using a microtip probe. Pro-insulin 
levels were determined as described in the Methods section. Data are the means ± SEM of n = 3 experiments.
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After incubation, cells were fixed with 4% paraformaldehyde 
in PBS for 20 min, followed by incubation in permeabilization 
solution (0.1% Triton X-100) for 20 min. Cells were then incu-
bated in blocking solution (0.2% BSA in PBS) for 20 min, fol-
lowed by treatment with primary rabbit anti-insulin antibody 
(1:300 dilution in blocking solution) for 20 min at 37°C. Cells 
were washed and incubated for 20 min at 37°C with secondary 
DyLight 647-conjugated donkey anti-rabbit IgG (1:300), DAPI 
(1:5000) for nuclear staining, and Nile red (5 μM) for neutral 
lipid staining. Cells were washed twice in PBS and mounted on 
slides. Using a 63× objective in a Leica DMI inverted fluores-
cent microscope, insulin staining cells were selected and images 
of Nile red staining were captured. Average Nile red intensity 
was determined for ~80 clusters of insulin-positive cells per con-
dition. Background, taken as an average intensity of cells not 
stained with Nile red, was subtracted from the total intensity. 
For quantitation of lipid droplets in α-cells, monoclonal donkey 
anti-mouse antibody (1:300) and Alexa 488-conjugated donkey 
anti-mouse IgG (1:300) were used as a primary and secondary 
antibody, respectively.

Western blot analysis. Proteins were separated by polyacryl-
amide gels and transferred to Hybond ECL. For p-S6 and ADRP 
detection, monoclonal rabbit p-S6 antibody (1:1000) and anti-
ADRP (1:1000) antibodies, respectively were used as primary 
antibodies. HRP-conjugated donkey anti-rabbit IgG was used 
as a secondary antibody. Detection was performed using West 
Pico Chemiluminescent Substrate and p-S6 and ADRP were 
quantitated by Biorad ChemiDoc XRS Image Lab Software. 
The Hybond membranes were stripped and reblotted for β-actin 
using monoclonal mouse anti-β-actin antibody and HRP-
conjugated donkey anti-mouse IgG as a primary and a secondary 
antibody, respectively. The ratio of p-S6/β-actin or ADRP/β-
actin was obtained by first determining the relative increase over 
the control condition (lane 1) for p-S6, ADRP, or β-actin, then 
calculating the ratio of the respective pair.

Quantitation of TG content in islets. Rat islets (150/condi-
tion) were incubated in cCMRL supplemented with 25 mM glu-
cose and 500 μM FFAs in the absence and presence of 25 nM  
rapamycin as indicated in the figure. After 48 h, islets were 
rinsed once with PBS, resuspended in 200 μl of 2:1 (v/v) 
chloroform:methanol, and sonicated until no intact islet struc-
ture was visible by light microscopy. Solvents were evaporated 
to dryness in an Eppendorf Vacufuge at 45°C. The amount of 
TG was quantitated by an enzymatic colorimetric assay based on 
lipase-mediated glycerol production.

Quantitation of ADRP expression and insulin content by 
immunohistochemistry. After treatment, dispersed islet cells 
were fixed, permeabilized, and treated with monoclonal rab-
bit anti-insulin antibody (1:300 dilution in blocking solution) 
and mouse anti-ADRP monoclonal antibody (Progen) as pri-
mary antibodies. Cells were washed and treated with second-
ary antibodies Cy5-conjugated donkey anti-rabbit IgG (1:300) 
and Alexa 488-conjugated anti-mouse IgG (1:300), and DAPI 
(1:5000) for nuclear staining. Using a 63× objective in a Leica 
DMI inverted fluorescent microscope, insulin staining cells were 
selected and images of ADRP staining were captured. Average 

ELISA kits were obtained from ALPCO. All other chemicals 
were from commercially available sources.

Rat islet isolation and culture. Islets were isolated from male 
Sprague-Dawley rats (250–270 g) by collagenase digestion. 
Pancreases were inflated with 15 ml of Hank’s balanced salt solu-
tion (HBSS) containing 0.5 mg/ml collagenase, isolated, minced, 
and incubated for 5 min at 37°C while shaking. The tissue was 
washed two times with HBSS and resuspended in 20 ml of HBSS. 
The cell suspension was filtered through a 70 μm cell strainer 
and washed with 20 ml of HBSS to remove acinar cells. Islets 
and remaining tissue were transferred to a Petri dish by invert-
ing the cell strainer and washing it with 20 ml of CMRL-1066. 
Islets were hand-picked under a stereomicroscope and cultured in 
an atmosphere of 95% air, 5% CO

2
 in “complete” CMRL-1066 

tissue culture medium (cCMRL) containing 5.6 mM glucose,  
2 mM L-glutamine, 10% (v/v) heat-inactivated fetal bovine 
serum, 100 units/ml penicillin and 100 μg/ml streptomycin. 
These studies were approved by the Southern Illinois University 
Edwardsville Institutional Animal Care and Use Committee.

Human islets. Human islets (13 shipments) were obtained 
from six different islet centers through Integrated Islet 
Distribution Program (IIDP) from January 2011 to January 
2012. We restricted the donor selection criteria as BMI < 32 and 
no type 2 diabetes to obtain intact and healthy islets. The range 
of donor age, gender, and BMI are as follows: age (19–58), gender 
(6 males, 4 females, 3 unknown), BMI (19–31.3).

Fatty acid preparation. Fatty acid supplemented medium 
was prepared as described previously.42 Briefly, a 20 mM solu-
tion of fatty acid dissolved in 0.01 M NaOH was incubated at 
70°C for 30 min with intermittent mixing. The fatty acid soaps 
were complexed with 5% fatty acid-free BSA in PBS. The BSA 
complexed fatty acid was added to the 10% serum-containing 
cell culture medium to achieve the desired total fatty acid con-
centrations at a 3:1 fatty acid to BSA molar ratio. The pH of the 
medium containing complexed fatty acids was adjusted to 7.4. 
For all experiments, oleate and palmitate were prepared sepa-
rately and combined to achieve the desired concentration with 
a 1:1 ratio.

Time lapse studies. Rat islets (50) were dispersed into single 
cells by incubation in 0.05% Trypsin/0.53 mM EDTA in HBSS 
for 4 min at 37°C while shaking. Dispersed islet cells were washed 
once with cCMRL and resuspended in 2 ml of cCMRL supple-
mented with 25 mM glucose and 500 μM FFAs (oleate:palmitate 
= 1:1v/v). The cell suspension was placed in a Petri dish  
(35 × 10 mm) with glass bottom coated with fibronectin. The 
dish was placed on the stage of a Leica DMI inverted microscope. 
Using the Delta T system (Bioptechs, Inc.) chamber temperature 
was held at 37°C and infused with humidified 5% CO

2
 to main-

tain a suitable environment for a long-term, live cell imaging. 
Phase contrast digital images were acquired at 30 min intervals 
for 40 h using a 20× objective. Images were rescaled using Adobe 
Photoshop software.

Quantitation of lipid droplets by immunohistochemistry. 
Dispersed rat islet cells (105 cells/dish) were cultured on fibro-
nectin coated coverslips in Petri dishes (35 × 10 mm) under vari-
ous experimental conditions as indicated in the figure legends. 
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were fixed and permeabilized in 4% paraformaldehyde and 1% 
Triton-X 100 in PBS. Tissues were washed in PBS to remove the 
residual glutaraldehyde, blocked in 2% BSA in PBS, and treated 
with appropriate primary and secondary antibodies, DAPI for 
nuclear staining, and Alexa 488 phalloidin for actin staining as 
indicated in the figure legend. Fluorescent images were obtained 
using a 63× objective in a Leica DMI inverted fluorescent micro-
scope. Images were rescaled using Adobe Photoshop software.

[3H]thymidine incorporation. Rat islets (100/condition) 
were counted into Falcon Petri dishes (35 × 10 mm) and were cul-
tured for 4 d as indicated in the figure legends. During the final 
24 h of the 96 h incubation, 10 μCi of [3H]thymidine was added 
to each dish. [3H]thymidine incorporation was determined by 
trichloroacetic acid extraction and scintillation counting.37

Statistics. Results are expressed as mean ± SEM. Differences 
between means were evaluated using ANOVA or the Student’s 
t-test as appropriate. Significant differences are indicated by  
*p < 0.05, **p < 0.01, ***p < 0.001.
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intensity of Dylight 649 for insulin and Alexa 488 for ADRP 
was determined for a total of ~90 cells per condition from three 
independent experiments.

Insulin secretion and content. Islets were treated for 4 d 
under various conditions as indicated in the figures. Triplicates of 
five islets for each treatment group were preincubated in CMRL-
1066/0.1% BSA containing 3 mM glucose for 30 min. Culture 
medium was replaced with CMRL-1066 containing either 3 mM 
or 20 mM glucose and further incubated for 1 h. Supernatants 
were assayed for insulin secretion by radioimmunoassay (RI-13K 
for rat islets and HI-14K for human islets, Millipore). Islets were 
washed and resuspended in 500 μl of 0.1% BSA in PBS, fol-
lowed by sonication using a microtip probe. Insulin content in 
rat or human islets was determined by radioimmunoassay using 
the kits from Millipore.

Determination of pro-insulin level. Islets were treated for 4 d 
under various conditions as indicated in the figures. After treat-
ment, triplicates of five islets were washed and resuspended in  
200 μl of 0.1% BSA in PBS, followed by sonication using a micro-
tip probe. Pro-insulin levels in rat and human islets were deter-
mined using pro-insulin ELISA kits following the manufacturer’s 
instructions. Data are the means ± SEM of n = 3 experiments.

Determination of islet size. Rat or human islets (30–50 islets/
condition) with similar sizes were placed in Falcon Petri dishes 
(35 × 10 mm). Phase contrast images of islets using a 20× objec-
tive were acquired before and after treatment as indicated in the 
figure. Using MetaMorph image analysis software (Molecular 
Devices), the diameter of each islet was determined.

Frozen sectioning and immunohistochemistry. After treat-
ment, islets were washed and resuspended in 100 μl of Cryo-Gel 
embedding medium, snap-frozen in liquid nitrogen, and stored 
at -70°C until use. Frozen sections of 10 μm thickness were pre-
pared using a Vibratome and transferred to coverslips. Tissues 
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