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Abstract
Aims/hypothesis We have previously shown a negative
correlation between serum bilirubin levels and prevalence
of type 2 diabetes, suggesting that bilirubin inhibits
development of this disease. To confirm this hypothesis,
we investigated whether administration of biliverdin, the
precursor of bilirubin, protects against the deterioration of
glucose tolerance in db/db mice, a rodent model of type 2
diabetes.
Methods Biliverdin (20 mg/kg daily) was orally adminis-
tered to 5-week-old db/db mice for 4 weeks. After 4 weeks
of treatment, i.p. glucose tolerance and insulin tolerance
tests were performed. Insulin content was evaluated by
immunostaining and ELISA. Oxidative stress markers
(8-hydroxy-2′-deoxyguansosine and dihydroethidium stain-
ing) and expression of NADPH oxidase components Pdx1
and Bax were also evaluated in isolated islets.
Results Treatment with biliverdin partially prevented wors-
ening of hyperglycaemia and glucose intolerance in db/db
mice. This effect was accompanied by a significant increase
in insulin content and Pdx1 expression, and a significant

decrease of apoptosis and Bax expression in pancreatic
islets from db/db mice. At the same time, levels of
oxidative stress markers and NADPH oxidase component
production in islets were normalised. Biliverdin had little
effect on HOMA of insulin resistance or insulin resistance
evaluated by insulin tolerance tests.
Conclusions/interpretation Biliverdin may protect against
progressive worsening of glucose tolerance in db/db mice,
mainly via inhibition of oxidative stress-induced beta cell
damage.

Keywords Apoptosis . Beta cells . Islets . NAD(P)H
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Abbreviations
HOMA-IR HOMA of insulin resistance
IPGTT i.p. glucose tolerance test
ITT Insulin tolerance test
8-OHdG 8-Hydroxy-2′-deoxyguanosine
ROS Reactive oxygen species

Introduction

Accumulating evidence shows that oxidative stress is
increased in pancreatic beta cells in animal models of and
in patients with type 2 diabetes [1–3], implying that
oxidative stress contributes to progressive beta cell damage
in this condition. It has also been proposed that oxidative
stress is implicated in insulin resistance [4, 5]. In fact,
several antioxidants have been reported to improve beta cell
damage and insulin sensitivity in animal models of type 2
diabetes [4, 6, 7]. Taken together, these findings indicate
that oxidative stress is closely associated with the develop-
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ment of type 2 diabetes. However, the causative role of
oxidative stress remains controversial because there is little
evidence from humans showing the beneficial effects of
antioxidants on development of type 2 diabetes.

Bilirubin is an end-product of haem catabolism and has
long been used in clinical practice as a marker of
hepatobiliary and haematopoietic diseases. Recently, much
interest has been drawn to its antioxidative effect, particu-
larly in relation to atherosclerotic diseases and diabetic
vascular complications. Indeed, a number of studies have
shown that higher concentrations of serum bilirubin are
associated with decreased risk of coronary artery disease
and stroke [8–11]. We previously reported that the
prevalence of vascular complications, including retinopa-
thy, nephropathy and coronary artery disease, was markedly
lower in diabetic patients with Gilbert syndrome, a
congenital hyperbilirubinaemia [12]. The antioxidative
effect of bilirubin was first recognised in an in vitro
experiment showing it to be a scavenger of peroxyl radicals
and in which its activity was equal to or more potent than
that of α-tocopherol [13]. We therefore speculated that
bilirubin might protect against the development of type 2
diabetes. In this context, we recently found that serum
bilirubin concentrations were inversely associated with
HbA1c levels and high-sensitivity C-reactive protein levels,
and that higher concentrations of serum bilirubin were
associated with decreased prevalence of type 2 diabetes in a
large cross-sectional study of middle-aged and elderly
Japanese men and women (n=12,400) [14]. Similar find-
ings were also reported in a large cross-sectional study in a
Korean population (n=93,909) [15]. These findings suggest
that higher concentrations of bilirubin might confer protec-
tion against development of type 2 diabetes. However,
these association studies were not able to confirm a
causative role of bilirubin in the development of type 2
diabetes. Therefore, in this study, we investigated whether
administration of biliverdin, the precursor of bilirubin,
protects against the progressive deterioration of glucose
tolerance in db/db mice, a rodent model of type 2 diabetes.
We also explored the underlying mechanisms.

Methods

Animals Male C57BL/KsJ db/db mice and age-matched
lean littermate db/+ mice were purchased from Clea
(Tokyo, Japan). All mice were bred under pathogen-free
conditions at Kyusyu University Animal Center, Fukuoka,
Japan. The animals had free access to tap water and
standard chow (Clea). At 5 weeks of age, half of the db/db
(n=8) and half of the db/+ (n=8) mice were randomly
chosen to receive a powdered diet (Clea) supplemented
with biliverdin (20 mg/kg) (Frontier Scientific, Logan, UT,

USA) for 4 weeks, while the remaining mice received a
powdered diet without biliverdin over the same time period.
The diet was stored at 4°C and kept away from excessive
light. All protocols were reviewed and approved by the
Committee on the Ethics of Animal Experiments, Graduate
School of Medical Science, Kyushu University.

Measurement of blood glucose, and i.p. glucose tolerance
and insulin tolerance tests Blood samples were obtained
from the mouse tail vein. Plasma glucose concentrations
were determined by the glucose oxidase method and plasma
insulin concentrations by ELISA (Morinaga Institute of
Biological Science, Yokohama, Japan). After a 16 h fast,
glucose tolerance was assessed by an i.p. glucose tolerance
test (IPGTT). Briefly, under anaesthesia with 2% (vol./vol.)
isoflurane via facemask for 1.5 to 2 min, a glucose bolus
(0.5 g/kg i.p.) was injected and blood samples collected
from the tail vein at 0, 15, 30, 60, 90 and 120 min. This
method of anaesthesia allows mice to completely recover
between tail cuts and has minimal effects on glucose levels.
For the insulin tolerance test (ITT), the mice were injected
with 2 units/kg of human biosynthetic insulin (Novo
Nordisk, Bagsvaerd, Denmark) and blood samples were
collected at 0, 30, 60, 90, 120 and 150 min, as described
above. HOMA of insulin resistance (HOMA-IR) was
calculated as described by Matthews et al. [16]

Immunohistochemistry Immunostaining for 8-hydroxy-2′-
deoxyguanosine (8-OHdG), a marker of oxidative DNA
damage, and gp91phox, a major component of NADPH
oxidase, was carried out as previously described [17, 18].
Briefly, the pancreas was fixed in 10% (vol./vol.) formal-
dehyde and embedded in paraffin. Paraffin sections (3 μm)
were cut and deparaffinised. After inactivation of endoge-
nous peroxidase with 3% (vol./vol.) H2O2 in methanol for
15 min at room temperature, the sections were preincubated
for 30 min with 1% (wt/vol.) BSA in PBS. Samples were
incubated overnight at 4°C with anti-human 8-OHdG goat
polyclonal antibodies (0.2 μg/ml) (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA) or anti-human p91phox goat
polyclonal antibodies (0.2 μg/ml), washed in PBS and
probed with anti-goat peroxidase-labelled IgG antibodies
(Histofine Simple Stain MAX PO[G]; Nichirei, Tokyo,
Japan) for 30 min at room temperature. The primary
antibodies were replaced with normal goat serum as a
negative control. Sections were counterstained with haema-
toxylin and examined under a light microscope. Peroxidase
abundance was then visualised with diaminobenzidine. For
insulin staining, the samples were incubated with anti-
human insulin guinea pig polyclonal antibody (100 μg/ml)
(Wako Pure Chemical, Osaka, Japan).

Immunostaining images of five islets contained in five
consecutive cross-sections of the pancreas of each mouse
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were used for quantitative evaluation. Images were saved as
PICT images, converted to grey-scale images using Adobe
Photoshop (Adobe Systems, San Jose, CA, USA) and
staining intensities were quantitatively analysed using NIH
image software (http://rsbweb.nih.gov/ij/download.html).

Dihydroethidium staining To detect superoxide produc-
tion, pancreas tissue was stained with dihydroethidium
(Invitrogen, Carlsbad, CA, USA), as previously described
[19]. Briefly, mice were intravenously administered 1 ml
dihydroethidium (1 mg/ml in PBS) through the right
jugular vein under isoflurane anaesthesia. At 2 h after
injection, the mice were killed by transcardial perfusion
with 50 ml 4% (vol./vol.) formaldehyde in PBS. The
pancreas was frozen immediately in OCT compound
(Tissue-Tech II; Sakura Fine Chemical, Tokyo, Japan)
and sectioned (10 μm thick) on a cryostat. Nuclear
staining was then performed using Hoechst 33258 (Invi-
trogen) in PBS for 15 min in a dark chamber and sections
were mounted after rinsing in distilled H2O. Fluorescence
images were obtained using a fluorescence microscope
(BZ-9000; Keyence, Osaka, Japan). The relative fluores-
cence intensity in islets was quantified using Adobe
Photoshop (Adobe Systems). We manually selected islets
in all ×200 images and recorded the mean value of the
histogram on the red colour channel as the fluorescent
level of dihydroethidium in each islet. The average islet
fluorescence level in each image was compared between
groups.

Pancreatic islet isolation Islets were isolated from the
pancreas as previously described [20]. Briefly, diabetic
and control mice at 9 weeks of age were killed and the
pancreas was immediately dissected, placed in cold Hanks’
solution (Sigma Aldrich, St Louis, MO, USA) and cut into
small pieces. These pieces were transferred to vials
containing collagenase solution (Roche Molecular Bio-
chemicals, Mannheim, Germany). The digest was then
washed three times by filling the vial with Hanks’ solution.
The islets were then selected under a light microscope.
Insulin content in the islets was measured by ELISA as
described above and adjusted by DNA content.

Detection of superoxide using dihydroethidium in pancreatic
islets ex vivo Isolated pancreatic islets from male db/db
mice (Clea) were incubated at 37°C for 24 h in DMEM
containing 10% (vol./vol.) FBS and 25 mmol/l glucose,
with or without 1×10−6 mol/l biliverdin. The islets were
then loaded with 20 μmol/l dihydroethidium. After
30 min, fluorescence images were obtained using a
fluorescence microscope (Keyence). Fluorescence intensi-
ties were quantitatively analysed using Adobe Photoshop
(Adobe Systems).

RNA extraction and quantitative RT-PCR for gene
expression in islets Gene expression of insulin, Pdx1,
calcyclin, synaptosomal-associated protein of 25 kDa
(Snap25), Bax, activating transcription factor 3 (Atf3),
Fas, glutathione peroxidase-1 (Gpx [also known as
Gpx1]), gp91phox (also known as Cybb) and NA(D)PH
oxidase components in islet extract was determined by real-
time quantitative RT-PCR performed on a Chromo4 real-
time PCR detector (Bio-Rad Laboratories, Hercules, CA,
USA) with iQ SYBR Green Supermix reagent (Bio-Rad).
Total RNA was extracted from frozen pancreatic islet
samples using Isogen (Nippon Gene, Tokyo, Japan).
Extracted RNA (4 μg) was converted to single-stranded
cDNA using Superscript III reverse transcriptase (Invitrogen).
PCR reactions for each target cDNA were done at the
conditions shown in Electronic supplementary material
(ESM) Table 1 using specific primers. β-Actin was used as
internal control. The specificity of PCR amplification was
confirmed by melting curve analysis and agarose gel
electrophoresis.

Apoptosis detection Islet cell apoptosis was determined by
TUNEL staining using an in situ detection kit (Wako).
Pancreatic sections were also immunostained for insulin, as
described above. The results are expressed as the percent-
age of TUNEL-positive beta cells.

Statistical analysis Data are expressed as means±SE.
Differences between groups were analysed using two-
tailed Student’s t test. Multiple comparisons between
groups were conducted by one-way ANOVA with Fisher’s
probable least-squares difference test for post hoc analysis.
Values of p<0.05 were considered significant.

Results

Body weight and fasting glucose levels Biliverdin (20mg/kg
daily) was orally administered to 5-week-old db/db mice for
4 weeks. As shown in Fig. 1a, body weight and food intake
(ESM Table 2) in db/db mice were significantly greater at 0
and at 4 weeks of treatment than in age-matched db/+ mice
and were not significantly affected by biliverdin treatment.
Fasting glucose levels were significantly lower in biliverdin-
treated than in untreated db/db mice after 4 weeks of
treatment (Fig. 1b). There was no significant difference in
serum levels of bilirubin between the three groups at 0 and
4 weeks (ESM Table 2).

IPGTT, ITT and HOMA of insulin resistance IPGTTs were
performed after 4 weeks of treatment. After a bolus
injection of glucose (0.5 mg/kg i.p.), the blood glucose
level was significantly lower at 30, 60, 90 and 120 min
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(Fig. 2a) and the AUC was significantly lower in
biliverdin-treated than in untreated db/db mice (ESM
Fig. 1a). In contrast, plasma insulin levels were signifi-
cantly higher at 90 and 120 min (Fig. 2b) in biliverdin-
treated than in untreated db/db mice, as was the AUC
(ESM Fig. 1b).

In the ITT, insulin sensitivity was markedly worse in
db/db mice than in control db/+ mice. Biliverdin treatment
slightly, but significantly improved the insulin-induced
reduction of blood glucose levels at 60 min (Fig. 2c).
HOMA-IR was markedly increased in db/db mice and was
slightly, but not significantly reduced by biliverdin
treatment (ESM Fig. 1c).

Insulin content in pancreatic islets Insulin content in
pancreatic sections was evaluated by immunohistochemistry

and in isolated islets by ELISA. The immunostaining
intensities of insulin were decreased in islets from db/db mice
compared with db/+ mice. This decrease was significantly
reversed by biliverdin treatment (Fig. 3, ESM Fig. 2a).
Similarly, insulin content measured by ELISA was signifi-
cantly decreased in isolated islets from db/db mice and was
completely reversed by biliverdin treatment (ESM Fig. 2b).
mRNA expression of Pdx1 (a critical regulator of insulin
promoter activity), calcyclin (a Ca2+-binding protein), Snap25
(a t-SNARE protein) and Bax (a regulator of apoptosis) was
evaluated in isolated islets. Expression of transcription factors
or genes implicated in distal secretory mechanisms was not
altered or even increased in db/db mice, but was further
enhanced by biliverdin treatment (Fig. 4a–c). Bax mRNA
was significantly increased in db/db mice. This increase
was completely restored by biliverdin treatment (Fig. 4d).

Fig. 1 Changes in body weight
(a) and fasting glucose (b) after
4 weeks of treatment in db/db
mice (white circles), biliverdin-
treated db/db mice (black
triangles), db/+ mice (black
circles) and biliverdin-treated
db/+ mice (white triangles).
Results are expressed as means
±SE; n=8 mice/group, *p<0.05

Fig. 2 Effects of biliverdin on blood glucose and insulin resistance. a
Blood glucose levels after an IPGTT in db/db mice (white circles),
biliverdin-treated db/db mice (black triangles), db/+ mice (black
circles) and biliverdin-treated db/+ mice (white triangles). b Plasma
insulin levels after an IPGTT in mice as above (a). c Changes in blood

glucose levels after an ITT in mice as above (a), except biliverdin-
treated db/+ mice. Blood glucose levels are expressed as percentage of
basal blood glucose levels. Results (a–c) are expressed as means±SE;
n=8 mice/group; *p<0.05, **p<0.01
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Expression changes of other apoptosis-related (Atf3, Fas)
and oxidative stress-related genes (Gpx) were also
reversed by biliverdin treatment (Fig. 4e–g). Pancreatic
beta cell apoptosis was evaluated by TUNEL assay.
Approximately one to three TUNEL-positive cells were
observed in islets from db/db mice, while very few
TUNEL-positive cells were found in islets from control
mice or biliverdin-treated db/db mice (Fig. 4h).

Oxidative stress in islets Oxidative stress in islets was
evaluated by immunostaining with 8-OHdG. The immu-
nostaining intensity was significantly increased in db/db
mice, this increase being completely normalised by biliver-
din treatment (Fig. 5a, b). These findings were also
confirmed by dihydroethidium staining, a relatively specific
marker of superoxide production. The oxidised dihydroe-
thidium signals were much higher in db/db mice than in

Fig. 3 Representative photomicrographs of pancreatic islet sections
immunostained with anti-insulin antibody after 4 weeks of biliverdin
treatment. Scale bar 100 μm. Immunostaining images of five islets
contained in five consecutive cross-sections in the pancreas of each

mouse were used for quantitative evaluation. Results are expressed as
mean±SE percentages of the levels in control db/+ mice; n=8 mice/
group

Fig. 4 a mRNA expression levels of (a) Pdx1, (b) calcyclin, (c)
Snap25, (d) Bax, (e) Atf3, (f) Fas and (g) Gpx in isolated islets. Total
RNA was extracted from islets isolated from db/+, db/db and
biliverdin-treated db/db mice after 4 weeks of treatment. mRNA
levels were measured by real-time RT-PCR and adjusted for the levels

of β-actin. Results are expressed as mean±SE percentages of the
levels in control db/+ mice; n=8 mice/group; *p<0.05, **p<0.01 and
***p<0.001. h Representative photomicrographs of apoptotic cells in
islets from mice as labelled, assessed by TUNEL assay after 4 weeks
of treatment. Apoptotic cells are indicated by red arrows
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Fig. 5 a, b Effect of biliverdin
on 8-OHdG accumulation. Rep-
resentative photomicrographs
(a) and immunostaining intensi-
ty (b) of pancreatic islet sections
from animals as labelled,
immunostained with anti-8-
OHdG antibody after 4 weeks of
biliverdin treatment. Scale bar
(a) 100 μm. Immunostaining
images of five islets contained in
five consecutive cross-sections
in the pancreas of each mouse
were used for quantitative eval-
uation (b). Results (b) are
expressed as mean±SE percen-
tages of the levels in control db/+
mice; *p<0.05 and **p<0.01 vs
db/db mice. c Detection of su-
peroxide using dihydroethidium
staining in situ. Images are rep-
resentative photomicrographs of
pancreatic islet sections stained
with dihydroethidium. Scale bar,
100 μm. Red, dihydroethidium
fluorescence; blue, Hoechst
33258 (nuclear). d Effect of
biliverdin treatment on super-
oxide production evaluated by
dihydroethidium staining in
pancreatic islets ex vivo. Scale
bar, 100 μm. Representative
photomicrographs are shown,
with (e) relative fluorescence
intensity of isolated pancreatic
islets. Data (e) are expressed as
mean percentage of control±
SE; n=15; ***p<0.001
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control mice. Biliverdin treatment appeared to completely
normalise oxidised dihydroethidium signals in the islets of
db/db mice to the control levels (Fig. 5c). In an ex vivo
experiment using isolated islets, biliverdin treatment (1×
10−6 mol/l) also significantly inhibited the oxidised dihy-
droethidium signals induced by 25 mmol/l glucose levels
(Fig. 5d, e).

NAD(P)H oxidase gp91phox has been reported to be
produced in pancreatic beta cells and is a major source of
superoxide production in islets. In this study, we evaluated
the abundance of gp91phox. The immunostaining intensity
of gp91phox was significantly increased in islets from db/db
mice, an increase completely normalised by biliverdin
treatment (Fig. 6). In parallel, gp91phox mRNA levels were
significantly increased in isolated islets from db/db mice.
Here, too, this increase was normalised by biliverdin
treatment (ESM Fig. 3a). Similar changes were observed
for mRNA expression of other NAD(P)H oxidase compo-
nent genes (Nox4, p47phox [also known as Ncf1], p22phox
[also known as Cyba]) (ESM Fig. 3b–d).

Discussion

There is increasing evidence that oxidative stress is closely
associated with the development of type 2 diabetes [1–3].
However, there is very little evidence showing the
beneficial effects in humans of antioxidants on the
development of type 2 diabetes. We and others have found

that higher concentrations of serum bilirubin are associated
with decreased prevalence of type 2 diabetes in large cross-
sectional studies [14, 15], suggesting that bilirubin is an
effective antioxidant that can protect against the develop-
ment of type 2 diabetes. In the present study, we
investigated this hypothesis and found that administration
of biliverdin to 5-week-old db/db mice partially prevented
the progressive deterioration of glucose tolerance. Geneti-
cally, db/db mice lack the leptin receptor and exhibit severe
leptin resistance. This model resembles human type 2
diabetes with peripheral insulin resistance and progressive
pancreatic beta cell deterioration. In fact, both HOMA-IR
and ITT demonstrated marked insulin resistance in db/db
mice. Reactive oxygen species (ROS) have been reported to
activate multiple serine kinase cascades. For example, an
increase in serine phosphorylation of the insulin receptor
substrate proteins IRS-1 and IRS-2 by ROS decreased the
extent of tyrosine phosphorylation, thereby attenuating
insulin action [21]. In this study, biliverdin treatment
improved insulin sensitivity in db/db mice, albeit by a
small magnitude. We also measured serum adiponectin
levels, but the decreased levels of serum adiponectin in
db/db mice were not significantly affected by biliverdin
treatment (data not shown). On the other hand, biliverdin
significantly increased the insulin content in islets from
db/db mice to near control levels. Simultaneously, biliver-
din induced a significant increase in Pdx1 expression and
a significant decrease in Bax expression in islets from db/db
mice. Whereas chronic oxidative stress has been reported to

Fig. 6 a Representative photo-
micrographs and (b) relative
immunostaining intensity of
pancreatic islet sections as
labelled, immunostained with
anti-gp91phox antibody after
4 weeks of biliverdin treatment.
Scale bar, 100 μm. Immunos-
taining images of five islets
contained in five consecutive
cross-sections in the pancreas
of each mouse were used for
quantitative evaluation (b).
Results are expressed as
mean±SE percentages of the
levels in control db/+ mice;
n=8 mice/group; ***p<0.001
vs db/db mice
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decrease insulin gene expression via downregulation of
PDX1 and to accelerate beta cell apoptosis [1], the present
findings suggest that the beneficial effects of biliverdin on
glucose intolerance in db/db mice may be due to the
inhibition of oxidative stress and the subsequent increase of
insulin synthesis by upregulation of Pdx1 expression and/or
the suppression of beta cell apoptosis. This is consistent with
a previous finding that the reduction of beta cell oxidative
stress induced by overexpression of glutathione peroxidase-1
is protective in db/db mice [22]. However, various insulin
secretory genes are also known to be altered in db/db mice
[23]. In fact, this study showed that biliverdin treatment
affected expression of exocytosis genes as well as transcrip-
tion genes, suggesting that biliverdin treatment might
restore such secretory dysfunction in db/db mice (Fig. 4).
Further studies should be done to clarify these mechanisms
in detail.

In the present study, mice were orally treated with
biliverdin rather than bilirubin, because biliverdin is more
readily water-soluble than bilirubin. Serum biliverdin can
quickly enter cells and is converted to bilirubin by
biliverdin reductase [24]. Therefore, it is likely that the
beneficial effects of biliverdin are mediated by increased
intracellular bilirubin levels generated from exogenously
administered biliverdin, rather than from increased serum
biliverdin levels. We recently showed that biliverdin
administration for 8 weeks starting at 12 weeks of age
normalised renal function and histological abnormalities in
kidneys from db/db mice by reducing oxidative stress in
renal tissues [19]. In that study, there was no significant
increase in serum bilirubin levels. Increased mitochondrial
superoxide production has been suggested to be the main
source of ROS in diabetic beta cells [25]. The present study
suggests that increased intracellular bilirubin levels may
inhibit ROS production via its strong radical scavenging
activity. In diabetic vasculature tissues, we and other
investigators have suggested that NAD(P)H oxidase may
be an important source of increased oxidative stress [26–
28]. Several studies have demonstrated the presence of the
NAD(P)H oxidase components gp91phox and NAD(P)H
oxidase 4, and of other cytosolic regulatory components in
rat pancreatic islets [29]. Other emerging evidence shows
that inappropriate activation of NAD(P)H oxidase may
damage pancreatic beta cells, leading to progressive
deterioration of glucose tolerance in type 2 diabetes [30,
31]. We previously reported high glucose levels and
glibenclamide-stimulated ROS production in the pancre-
atic beta cell line MIN6, via protein kinase C-dependent
activation of NAD(P)H oxidase [32]. Increased levels of
NAD(P)H oxidase have also been shown in several animal
models of type 2 diabetes [18]. Collectively, these results
suggest that NAD(P)H oxidase plays critical roles in
increased oxidative stress in diabetic islets. However,

NAD(P)H oxidase is not the sole source of oxidative stress
in db/db mice islets, and alterations of antioxidant gene
expression, e.g. Gpx, may also play an important role.
Therefore, normalisation of NAD(P)H oxidase by biliver-
din treatment may at least in part account for the strong
antioxidative effect and protective effect of biliverdin on
the deterioration of glucose tolerance.

In conclusion, we have shown for the first time that
biliverdin administration partially protects against the
deterioration of glucose tolerance in db/db mice, mainly
via inhibition of oxidative stress and subsequent protection
of pancreatic beta cells. Taken together with evidence from
humans showing a negative correlation between serum
bilirubin levels and the prevalence of type 2 diabetes, the
present findings reveal a potential inhibitory effect of
bilirubin on the development of type 2 diabetes. Thus,
serum bilirubin levels may be used as a predictor of
development of type 2 diabetes. More interestingly, com-
pounds with similar properties to bilirubin may lead to a
new class of therapeutic agents capable of protecting
against the development of type 2 diabetes.
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