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Type 2 diabetes is a metabolic and inflammatory disease characterized by deteriorating islet function and increased
levels of inflammatory cytokines. The inflammatory milieu induced in type 2 diabetes exacerbates islet dysfunction and
insulin resistance, and therapies that target inflammation can improve glycemic control in patients with type 2 diabetes.
Inflammation in type 2 diabetes may be the result of the stimulation of Toll-like receptors (TLRs), one of the many
mediators of inflammation.

TLRs can be activated by both exogenous and endogenous ligands, and are responsible for activating NFkB and in-
terferon-inducible inflammatory gene expression. We examined the role of the TIR-domain containing adaptor-inducing
interferon-f (TRIF or TICAM-1), a major signaling molecule for TLR3 and TLR4, in 3-cell function and glucose homeostasis
by examining mice lacking TRIF (Trif”), TLR3 (T/r37) or TLR4 (TIr4").

Male, 10-week old Trif~ mice exhibit a moderate but significant increase in fasting blood glucose compared to C57BL/6
controls (12.0 £ 0.9 vs. 9.7 £ 0.4 mM; p < 0.05) as well as impaired glucose tolerance revealed by IPGTT (AUC: 2850 + 236
vs. 2050 + 108; p < 0.005) whereas TIr37 and TIr4”- mice have normal glucose tolerance. Interestingly, Trif” mice have
normal insulin sensitivity yet have increased plasma insulin levels (180 £ 22 vs. 89 + 24 pM; p < 0.05). Islets isolated from
Trif~ mice have impaired glucose-stimulated insulin secretion, with a diminished first-phase insulin response to glucose.
Immunobhistological analysis revealed that age-matched Trif” and control mice have normal islet morphology, although
Trif” mice have increased B-cell mass (3.5 = 0.9 vs. 1.7 £ 0.2 mg; p < 0.05). In summary, mice lacking TRIF have hyperg-
lycemia associated with B-cell dysfunction that may be partly compensated for by increased B-cell mass. These studies
suggest a role for TLR signaling in glucose homeostasis, and raise the possibility that TRIF signaling is required for normal

-cell function.

Introduction

Type 2 diabetes (T2D) affects millions of people worldwide and
is characterized by a progressive loss of -cell function and mass,
impaired glucose tolerance, fasting hyperglycemia and insulin
resistance.” T2D is also an inflammatory disease, characterized
by high levels of circulating inflammatory cytokines, such as
TNFa and IL-6. Inhibitors of inflammation such as salicylates
have been shown to reverse insulin resistance in diet-induced
obesity as well as improve glycemic control.®’

Toll-like receptors (TLRs) have been implicated in mediating
chronic inflammatory disease, including obesity and diabetes.®
Toll-like receptors are part of the innate immune system and rec-
ognize exogenous pathogen-associated molecular patterns. They
also recognize endogenous ligands such as saturated fatty acids and
necrotic cell products.”'! There are 11 TLRs in mammals, of which
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TLRs 1-9 are conserved between humans and mice.”” They are
expressed on a range of cell types including macrophages, dendritic
cells, endothelial and epithelial cells and pancreatic islets.”*'* TLRs
signal via two downstream molecules, MyD88 and TRIF; MyD88
is used by all TLRs with the exception of TLR3, which signals
solely through TRIE. Upon TLR ligation, downstream signaling
molecules upregulate NF«B or interferon (IFN)-inducible inflam-
matory gene expression, leading to an increase in inflammatory
chemokines and cytokines."> Glucose and saturated fatty acids can
contribute to TLR expression and activation in human monocytes,
as cell surface expression of TLR4 is upregulated in a high glu-
cose environment and saturated fatty acids can induce inflamma-
tory cytokine production via TLR4.”" Interestingly, lack of TLR4
protects mice from diet-induced obesity.” A recent study examined
the role of MyD88 in glucose homeostasis and reported that while
mice lacking MyD88 have normal glucose tolerance and fasting
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Figure 1. Mice lacking TRIF, but not TLR3 or TLR4, are glucose intolerant. (A) Trif (n = 8; WT: n = 10) mice have significantly impaired glucose tolerance
compared to wild-type controls, whereas (B) Tlr3” (n = 8; WT: n = 8) and (C) TIr4” mice (n = 5; WT: n = 8) have normal glucose tolerance. Comparison of
AUC values was used to determine significance. TIr47- mice have slightly improved glucose clearance with significantly lower blood glucose levels

30 minutes post injection, compared to wild-type controls. Male, age-matched mice were fasted for four hours prior to the start of the IPGTT. Mice
were injected with 50% dextrose and monitored over 120 minutes. (**p < 0.005, *p < 0.05).

blood glucose levels, they have decreased B-cell mass compared to
wild-type controls.' These findings provide evidence that TLR
signaling may be important in the generation and/or replication
of B-cells. Interestingly, this group also reported that when treated
with a multiple low-dose streptozotocin (STZ) regimen to induce
B-cell death, mice lacking MyD88 developed glucose intolerance.
This finding points to a role for TLRs in preventing B-cell inflam-
mation, dysfunction and apoptosis. As MyD88 is also the major
signaling molecule for the IL-1 receptor, it remains to be deter-
mined whether these findings reflect loss of TLR signaling, or if
they are a result of loss of action of other inflammatory receptors.””
Given that TLRs appear to be important in mediating inflamma-
tion in diabetes and obesity, and may play a role in B-cell homeo-
stasis, we sought to understand how TLR signaling via TRIF may
impact B-cell function and glucose homeostasis in vivo. To this
end, we examined B-cell function and glucose homeostasis in mice
lacking TRIF, or either of the two TLRs that utilize TRIF for
downstream signaling, TLR3 or TLR4.

Results

Trif - mice are glucose intolerant. To determine how lack of
TRIF signaling may impact glucose tolerance, we performed
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intra-peritoneal glucose tolerance tests (IPGTTs) on mice lacking
TRIEF, as well as mice lacking TLR3 or TLR4. After a four-hour
fast, Trif " animals had significantly increased blood glucose
levels compared to wild-type, age-matched controls (12.0 £ 0.9
vs. 9.7 £ 0.4 mM respectively; p < 0.05). In 774f" mice, blood
glucose levels remained significantly higher than wild-type mice
60 (p < 0.05) and 120 (p < 0.005) minutes following glucose
administration (Fig. 1A). However, glucose tolerance in both
Tlr3" and Tlr4” mice was similar to wild-type controls, and
interestingly, 7/r4” mice had significantly lower blood glucose
levels 30 minutes after glucose administration, indicating mod-
erately improved glucose clearance (Fig. 1B and C). Therefore, a
significant impairment in glucose tolerance was only apparent in
mice lacking TRIF.

Trif "~ and Tlr3”" mice are insulin sensitive. To understand
the mechanism underlying the decreased glucose tolerance exhib-
ited by 7rif " animals, we assessed insulin sensitivity by insulin
tolerance test (ITT). Despite significantly higher fasting blood
glucose levels at the start of the test, 77if " mice had similar
insulin sensitivity compared to controls, with significantly lower
glucose levels 30 minutes after insulin administration. Similarly,
Tlr3" (Fig. 2B) and T/r4" (data not shown) mice were also
insulin sensitive. Interestingly, 77if " mice (n = 10) had elevated
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Figure 2. Lack of TRIF or TLR3 signaling in mice does not affect insulin sensitivity. (A) Male, Trif” mice (n = 9; WT n = 7) and (B) male, Tlr3” mice (n=7;
WT n = 7) have similar insulin sensitivity to wild-type control mice. Trif mice have moderately albeit significantly improved blood glucose levels 30
minutes after insulin administration (*p < 0.05). AUC values were used to determine significance (p = NS). All mice were fasted for four hours prior to
the start of the insulin tolerance test and injected with 0.75 units of insulin per kilogram of body weight.

plasma insulin levels compared to wild-type controls (n = 6)
(180 £ 22 vs. 89 £ 24 pM; p < 0.05), while 7/37 mice (n = 5)
had similar plasma insulin levels to wild-type controls (122 £
17 vs. 89 = 24 pM; p = NS). These findings suggest that despite
high plasma insulin levels, 774/ mice are insulin sensitive and
therefore glucose intolerance in 77if~ mice is not likely to be
due to reduced insulin sensitivity but rather changes in B-cell
mass or function.

Trif  mice have increased [-cell mass. To determine if the
observed phenotype in mice lacking TRIF in vivo was associated
with changes in B-cell mass and/or a defect in B-cell function, we
next quantified B-cell mass in 77if and wild-type animals (Fig.
3A). Surprisingly, B-cell mass was increased in 77if 7 animals
(n = 6) compared to wild-type (n =7) (3.5 £ 0.9 vs. 1.7 £0.2
mg; p < 0.05). Immunostaining with antibodies to insulin and
glucagon showed that 77if" islets have normal islet architecture,
with insulin-producing B-cells in the islet core and glucagon-pro-
ducing alpha-cells in the periphery (Fig. 3B). Islet morphology in
Tlr3"" and Tlr4" mice also appeared normal (data not shown).
These data suggest that defects in B-cell mass cannot explain the
impairment in glucose tolerance in mice lacking TRIF and point
to a defect in B-cell function.
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Trif " islets have impaired first-phase insulin secretion. We
examined glucose-stimulated insulin secretion in static incuba-
tions of islets isolated from 77if” (n = 3) and wild-type (n = 3)
mice (Fig. 4A). At basal glucose levels (1.67 mM), T7if 7" islets
had significantly lower insulin secretion than wild-type controls.
When stimulated with high glucose (16.67 mM), Trif " islets
responded with a three-fold increase in insulin secretion, whereas
wild-type islets secreted eight-fold more insulin. Insulin content
was similar in both groups (data not shown). Thus when normal-
ized to insulin content, glucose-stimulated insulin secretion was
significantly higher in wild-type islets compared to 77if " islets.
These data suggest that B-cells lacking TRIF have a functional
impairment. In contrast, 7/73” islets have normal function, as
they have similar static glucose stimulated insulin secretion com-
pared to wild-type islets (Fig. 4B).

To understand further the defect in glucose-stimulated
insulin secretion, we performed perifusion studies on isolated
islets to assess dynamics of insulin secretion. Islets from 7rif
(n = 6) mice exhibited reduced first-phase insulin response to
glucose compared to wild-type (n = 5) mice (Fig. 4C); AUC val-
ues for the first-phase insulin response (0 to 20 minutes after
glucose stimulation) from wild-type islets were significantly
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Figure 3. Trif” mice have increased -cell mass. (A) Male, 10-week old Trif” mice (n = 6) have significantly increased -cell mass compared to wild-type
(n=7) controls (*p < 0.05). (B) Trif~ islets have similar morphology to wild-type islets revealed by insulin (red) and glucagon (green) immunostaining

(scale bar: 100 um).

higher compared to 7rif™" islets (Fig. 4C inset). By contrast, sec-
ond phase glucose-stimulated insulin secretion remained intact.
Insulin secretion in response to the non-glucose PB-cell secret-
agogues KCl and arginine was similar in wild-type and TRIF-
deficient islets (Fig. 4D). These findings suggest that the B-cell
exocytotic machinery required for insulin secretion is intact, and
that the defect in glucose-stimulated insulin secretion in 774f "
islets lies upstream of membrane depolarization, insulin granule
docking and exocytosis. Together, these data raise the possibility
that TRIF plays a previously unexpected role in glucose-sensing
in the B-cell.

Discussion

Type 2 diabetes is a metabolic and inflammatory syndrome,
and the inflammatory state of diabetes may in part be medi-
ated by TLR signaling. Inhibition of TLR activation has been
previously shown to improve insulin resistance and prevent
diet-induced obesity.”'*' In this study, we examined glucose
homeostasis and B-cell function in mice lacking the TLR adap-
tor molecule TRIF, a major signaling molecule for TLR3 and
TLR4 and compared their phenotype to wild-type mice and
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mice lacking TLR3 or TLR4. Interestingly, we observed that
TRIF deficiency induces decreased glucose tolerance and B-cell
dysfunction. Contrary to reports that TLR signaling is only
detrimental to islet function, our findings suggest that TLR
signaling via TRIF is required for normal B-cell function and
glucose tolerance. This finding is seemingly counterintuitive as
lack of TLR signaling and the subsequent prevention of inflam-
mation might be predicted to have a positive effect on B-cell
homeostasis. Although TLR pathways are known to be impor-
tant sensors of invading pathogens or “danger signals”, our data
indicate that an additional role for TLR signaling molecules
exists in regulation of B-cell mass and function. Our findings
share similarities to those in a recent study by Bollyky et al.
who observed that lack of MyD88 increased susceptibility to
STZ-induced apoptosis and caused a decrease in B-cell mass.'®
We report here that lack of the TLR signaling molecule TRIF
is similarly detrimental to the B-cell. Taken together, these data
point to an important role for TLR signaling in the mainte-
nance of B-cell mass and function.

Because we studied mice with global TRIF deficiency and
not mice with tissue specific deletion of TRIF, we cannot ascer-
tain the critical tissues in which TLR-signaling deficiency leads
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Figure 4. Trif” mice have impaired glucose-stimulated insulin secretion. (A) In a static incubation, Trif” islets secreted significantly less insulin com-
pared to wild-type islets in a low and high glucose environment. Islets from Trif” (n = 3) and wild-type (n = 3) donors were incubated at low glucose
(1.67 mM) for one hour prior to stimulation with high glucose (16.67 mM). Trif- and wild-type islets had similar insulin content. (B) Islets from T/r3”

(n = 3) and wild-type (n = 3) mice have similar glucose-stimulated insulin secretion in a static incubation. (C) Perifusion studies revealed that islets from
Trif~ mice (n = 6) have reduced first-phase insulin release but have similar second-phase insulin secretion compared to islets from wild-type mice
(n=5). (C:inset) AUC values comparing first-phase insulin release (0 to 20 minutes after glucose stimulation) show that wild-type islets secreted
significantly more insulin than Trif” islets. (D) Insulin secretion in response to KCl and arginine was similar with Trif” and wild-type islets. Basal media

to impaired glucose homeostasis. We observe B-cell dysfunc-
tion and glucose intolerance in the absence of insulin resistance;
however, further studies will be needed to elucidate the effect
of TRIF deficiency on other sites of glucose homeostasis such as
the liver and adipose tissue. Static incubation of isolated islets
from mice lacking TRIF revealed a marked defect in glucose-
stimulated insulin secretion. Subsequent perifusion experi-
ments using other secretagogues, and to examine the dynamics
of insulin secretion, confirmed the presence of this defect and
moreover showed that it is characterized by a specific loss of
first-phase insulin secretion in response to glucose. In this
regard, the B-cell defect in mice lacking TRIF resembles that
seen in patients with type 2 diabetes, who typically also have
impaired first phase glucose-stimulated insulin secretion.” The
impaired insulin secretion could not be attributed to a loss of
B-cell mass. In the absence of TRIF, islet morphology appeared
normal and B-cell mass was increased, not decreased, perhaps
as partial compensation for the insulin secretory defect.

Unlike TRIF-deficient animals, mice lacking TLR4 or TLR3
had normal glucose tolerance, even though these TLRs signal
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via TRIF. Although TLR4 could still signal via MyD88 in the
absence of TRIF, TLR3 signaling is thought to be completely
TRIF-dependent, and as a result lack of TLR3 would be expected
to induce the same effects as lack of TRIF. We found, however,
that this is not the case, as lack of TRIF, but not TLR3 or TLR4,
induces B-cell dysfunction and glucose intolerance. One possible
interpretation of these data is that other TLRs can compensate
for the deficiency in TLR3 or TLR4 signaling, and therefore
events downstream of TRIF signaling can still occur even in the
absence of TLR3 or TLR4. However, as our study and the recent
report by Bollyky et al. demonstrate, when TLR signaling mole-
cules are functionally impaired, B-cell function or survival can be
affected.!® Taken together these findings point to the importance
of the TLR adaptor molecules TRIF and MyD88 as important
regulators of B-cell mass and function.

Multiple molecules downstream of TRIF are known to play
established roles in not only inflammatory signaling, but also in
replication and cell survival, as well as cell function. TLR sig-
naling has been implicated in regulating cell cycle entry by tar-
geting cell cycle inhibitor p27.2%%' TRIF interacts with TBK-1
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(TANK binding kinase-1), a kinase essential in the activation
of IRF-3 (IFN regulatory factor 3) and subsequent production
of IFN, and TBK-1 has been reported to regulate p27 expres-
sion, an established regulator of B-cell proliferation.?***?* IRF-3
is capable of activating NF«B, which in turn can play a pro- or
anti-inflammatory role within the islet.?** In addition, TLR3
activation of TRIF has been shown to require activation of the
PI3K/Akt pathway to induce gene expression.?® Since Akt has
been shown to be an important regulator of B-cell function,
one possible mechanism is that TRIF deficiency leads to B-cell
dysfunction via decreased Akt signaling.”” Recently, CXCL10
activation of TLR4 was shown to lead to B-cell death by switch-
ing Akt signals from proliferation to apoptosis.”® Since B-cell
mass was increased in TRIF-deficient animals, and Akt activa-
tion is associated with B-cell proliferation, it seems unlikely that
loss of Akt signaling in TRIF-deficient animals could explain
the changes in B-cell mass, but it is possible that this pathway
underlies loss of glucose-sensing pathways, leading to B-cell dys-
function. Understanding the molecular mechanism underlying
the impaired glucose-stimulated insulin secretion and increased
B-cell mass in TRIF-deficient mice will require further study.

Despite glucose intolerance, 774f" mice are insulin sensitive.
This seems somewhat surprising given that plasma insulin levels
in T7if 7 mice.are significantly higher than wild-type controls;
and elevated fasting insulin levels are a marker of insulin resis-
tance. It is possible that differences in insulin sensitivity exist but
could not be detected due to the limited sensitivity of the insulin
tolerance test. Euglycemic clamp studies might reveal differences
in insulin sensitivity between genotypes. Interestingly, 77/r4"
mice are protected from diet-induced insulin resistance.” This
mechanism of protection potentially centers around the ability
of saturated fatty-acids to activate TLR4 signaling and may not
involve TRIF signaling, as TRIF only represents the latent, sec-
ond phase of TLR4 signaling.'?

Numerous reports indicate that TLR activation can lead to
peripheral insulin resistance as well as B-cell dysfunction and
death.?®%* Our surprising observations indicate that although
increased TLR signaling may be harmful to the B-cell during
inflammation, signaling through TRIF is essential for maintain-
ing glucose homeostasis under normal conditions. We therefore
propose a previously unrecognized role for TRIF in glucose
homeostasis and normal B-cell function. Further studies and cell-
specific knockout models should help determine the mechanism
behind the impaired glucose homeostasis and B-cell dysfunction
in TRIF-deficient mice.

Materials and Methods

Animals. C57Bl/6]-Ticami*?[] (Trif ), B6;129S1-Th3"!F[]
(Th37), C57BL/10ScN] (Tlr4”) and C57BL/6] (wild-type;
WT) breeder pairs and were purchased from The Jackson
Laboratory (Bar Harbor, Maine). 77if™", Tlr3"", Tlr4" and wild-
type mice were bred, and male offspring, aged 8—10 weeks were
used in the study. 7/73” mice were backcrossed with C57BL/6
mice for eight generations prior to use in study and genotyping
was performed according to the standard protocol and primers
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given by The Jackson Laboratory. All animals were housed and
maintained at the Child and Family Research Institute Animal
Care Facility in compliance with Canadian Council on Animal
Care guidelines.

In vivo metabolic testing. Age-matched T7rif -, Th3™,
Tlr4" and wild-type mice were fasted for four hours prior to
the start of all metabolic tests [intra-peritoneal (i.p.) glucose and
insulin tolerance tests] and measurements for blood glucose and
plasma insulin. Basal blood glucose measurements were made
using a glucometer (OneTouch, Burnaby, BC). Blood was col-
lected from the saphenous vein in EDTA-coated microvette
tubes (Sarstedt Inc., Montreal, QC) and plasma was extracted
after centrifugation. Insulin was quantified from plasma using a
rat insulin ELISA (Crystal Chem Inc., Downers Grove, IL). To
measure glucose tolerance, mice were injected with 50% dextrose
(Sigma Aldrich, St. Louis, MO) at a dose of 1.5 g dextrose/g of
body weight. Blood glucose levels were measured at 15, 30, 60 and
120 minutes post-injection and a blood sample was taken for mice
whose blood glucose rose above the sensitivity of the glucometer
(>34 mM). Blood glucose concentration was then confirmed by
assay (BioAssay Systems Inc., Hayward, CA). To test insulin tol-
erance, mice were injected with 0.33 U/mL insulin (Novolin® ge
Toronto; Novo Nordisk Canada, Mississauga, ON) at a dose of
0.75 U/kg of body weight.-Blood glucose levels were measured at
15, 30 and 60 minutes post injection. Blood glucose levels and
area-under-the-curve (AUC) values were used to compare groups
in both tests.

Islet isolation and glucose-stimulated insulin secretion.
Pancreata from euthanized islet-donor mice (7rif -, Tlr3" or
wild-type) were”perfused retrogradely via the pancreatic duct
with collagenase (1,000 U/mL type XI; Sigma Aldrich, St. Louis,
MO) dissolved in HBSS (Cat. 14185, Gibco, Invitrogen Canada,
Burlington, ON), followed by digestion in a 37°C water bath
(14 minutes static plus 1 minute of shaking by hand) and puri-
fication with a 70 wm nylon cell strainer (BD Biosciences,
Mississauga, ON). Islets were then hand-picked from the fil-
trate and contaminating exocrine tissue was removed. Islets were
then incubated overnight at 37°C in RPMI 1640 plus 10% fetal
bovine serum (Cat. 11875077, Gibco). Islets were plated in trip-
licate for each condition [low (1.67 mM) and high (16.67 mM)
glucose] with 20 islets/well in a 96 well plate. Islets were pre-
incubated in Krebs-Ringer bicarbonate (KRB) buffer containing
10 mM HEPES (pH: 7.4), 0.25% BSA and 1.67 mM glucose for
two hours at 37°C, followed by stimulation with KRB-1.67 mM
or KRB-16.67 mM for one hour at 37°C. Media and islets were
collected from each well to measure insulin secretion and con-
tent, respectively. Islets were lysed in 150 UL 5% acetic acid plus
1% BSA (Sigma) by boiling samples for 10 minutes, followed
by centrifugation for 10 minutes at 12,000 rpm at 4°C. Insulin
levels in islet extracts and media were determined using a mouse
insulin ELISA (ALPCO Diagnostics, Salem, NH). Three ani-
mals per genotype were pooled for each experiment; data shown
are representative of four experiments with 77if " islets and two
experiments with 77737 islets.

Insulin secretion analysis. The dynamics of insulin secre-
tion were measured from isolated mouse pancreatic islets using
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a standard perifusion protocol as described previously.?® Briefly,
islets were isolated from 77jf 7~ and wild-type mice as above,
and incubated overnight in RPMI 1640 plus 10% FBS (Gibco).
Groups of 100 size-matched islets were suspended with Cytodex
microcarrier beads (Sigma) in 300 pL plastic chambers of an
Acusyst-S perifusion apparatus (Endotronics, Minneapolis, MN).
Islets were perifused at 37°C and 5% CO, at 0.5 mL/min with
a KRB buffer containing: 129 mM NaCl, 5 mM NaHCO,, 4.8
mM KCl, 2.5 mM CaCl,, 1.2 mM MgSO,, 1.2 mM KH.PO,,
10 mM HEPES, 3 mM glucose and 5 g/L radioimmunoassay-
grade BSA (Sigma). Prior to sample collection, islets were equili-
brated in basal (3 mM glucose) conditions for 1 hour. Samples
were frozen prior to analysis of insulin levels by specific radioim-
munoassay (Millipore/Linco, Billerica, MA).

Histology and B-cell mass calculation. Pancreata from 77if
- and wild-type mice were fixed in Z-fix (Anatech Ltd., Battle
Creek MI) and processed for histology. Sections (5 \wm) were
deparaffinized in xylene and hydrated through 95% and 70%

ethanol to distilled water. Slides were immunostained with insu-

-/

lin, using a polyclonal antibody raised in guinea-pig (1:100,
A0564, Dako Canada, Mississauga, ON), and glucagon, using
a polyclonal antibody raised in rabbit (1:75, A0565, Dako).
Slides were then incubated with Alexa 594 goat anti-guinea-pig
and Alexa 488 goat anti-rabbit-secondary antibodies (1:200;
Molecular Probes; Invitrogen Canada). Sections were visualized
using a Leica DM4000B microscope and images were obtained
using a Qimaging Rettiga 1300i FAST camera and OpenLab
4.0.2 software (Improvision, Waltham, MA).

To calculate B-cell mass, extracted pancreata were weighed
prior to fixation. Serial sections were cut from five representa-
tive regions throughout the pancreas, separated by 100 pm.
Following deparaffinization, sections from each region were
immunostained with insulin antibody (1:500, Dako) followed
by incubation with a biotinylated anti-guinea pig secondary
antibody raised in goat (1:200; Jackson Immuno Research,
West Grove, PA). Insulin-positive tissue was visualized using
liquid DAB (BioGenex, San Ramon, CA), followed by a
counterstain with Zymed hematoxylin (Invitrogen Canada).
Sections were then visualized using an Aperio ScanScope GL
(Aperio Technologies Ltd., Vista, CA) and the insulin-positive
ratio (insulin positive pixels/total pixels) was calculated using
the Positive Pixel Algorithm with ImageScope software (Aperio
Technologies). The insulin positive ratio was then combined
with pancreas mass to determine -cell mass.

Data and statistical analysis. Data presented are mean =+
SEM (standard error of the mean). Statistical significance was
determined using the Student’s t-test; p < 0.05 was considered
statistically significant.
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