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Objective: Nicotinamide rescues b-cell damage and diabetes in rodents, but a large-scale clinical trial
failed to show the benefit of nicotinamide in the prevention of type 1 diabetes. Recent studies have
shown that Sirt1 deacetylase, a putative protector of b-cells, is inhibited by nicotinamide. We investi-
gated the effects of isonicotinamide, which is a derivative of nicotinamide and does not inhibit Sirt1,
on streptozotocin (STZ)-induced diabetes in mice.
Research design and methods: Male C57BL/6 mice were administered with three different doses of STZ
(65, 75, and 100 mg/kg BW) alone or in combination with subsequent high-fat feeding. The mice were
treated with isonicotinamide (250 mg/kg BW/day) or phosphate-buffered saline for 10 days. The effects
of isonicotinamide on STZ-induced diabetes were assessed by blood glucose levels, glucose tolerance test,
and immunohistochemistry.
Results: Isonicotinamide effectively prevented hyperglycemia induced by higher doses of STZ (75 and
100 mg/kg BW) alone and low-dose STZ (65 mg/kg BW) followed by 6-week high-fat diet in mice. The
protective effects of isonicotinamide were associated with decreased apoptosis of b-cells and reductions
in both insulin content and insulin-positive area in the pancreas of STZ-administered mice. In addition,
isonicotinamide inhibited STZ-induced apoptosis in cultured isolated islets.
Conclusions: These data clearly demonstrate that isonicotinamide exerts anti-diabetogenic effects by pre-
venting b-cell damage after STZ administration. These findings warrant further investigations on the pro-
tective effects of isonicotinamide and related compounds against b-cell damage in diabetes.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction betes has been an issue of intense investigation for decades, but
Diabetes develops when pancreatic b-cells no longer function
properly or have been destroyed. Irreversible damage and death
of b-cells play a key role in the pathogenesis of type 1 and type 2
diabetes, both of which are characterized by the progressive loss
of functional b-cell mass. Development of preventive and/or ther-
apeutic strategies to protect b-cells from damage and death in dia-
still remains a major challenge in the field.
The protective effects of nicotinamide have been studied in pa-

tients with, and rodent models of, type 1 diabetes. Previous studies
have shown that treatment with nicotinamide prevents or amelio-
rates streptozotocin (STZ)-induced diabetes [1] and progression of
diabetes in non-obese diabetic mice [2,3]. Small-scale clinical trials
demonstrated the beneficial effects of nicotinamide on metabolic
outcome in newly diagnosed type 1 diabetes patients [3–6] and
the prevention of type 1 diabetes in individuals at high risk [7,8].
A previous study has shown that pretreatment of islet grafts with
nicotinamide prevents early graft failure after islet transplantation
in mice [9]. A large-scale randomized clinical trial, however, failed
to show the benefit of nicotinamide in the prevention of diabetes in
islet cell antibody-positive first degree relatives of patients with
type 1 diabetes [10].

The inhibition of poly(ADP-ribose) polymerase (PARP) activity
by nicotinamide is considered as an important contributor to the
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protective effects of nicotinamide against b-cell damage [11,12].
PARP activation, which is triggered by DNA damage, consumes nic-
otinamide adenine denucleotide (NAD+), leading to NAD+ deple-
tion. This in turn causes death of b-cells. PARP-1 knockout mice
are resistant to STZ-induced diabetes [13,14]. On the other hand,
nicotinamide also serves as a precursor of NAD+, as well as an
inhibitor of PARP. NAD+ is biosynthesized from nicotinamide by
the nicotinamide phosphoriborsyl transferase (also known as visf-
atin and pre-b cell colony enhancing factor) pathway [15].

Nicotinamide has been identified as an end-product inhibitor of
Sirt1, a NAD+-dependent deacetylase and the closest mammalian
homologue of the putative yeast longevity gene, Sir2 [16]. A recent
study has shown that activation of Sirt1 protects b-cells from cyto-
kine-induced damage [17]. b-Cell-specific Sirt1 overexpressing
transgenic mice exhibit enhanced insulin secretion and improved
glucose tolerance [18], while insulin secretion is blunted in Sirt1
knockout mice [19]. These findings suggest that Sirt1 inhibition
by nicotinamide might hamper the beneficial effects of nicotin-
amide in diabetes, and contribute to the failure to show the benefit
in the large-scale clinical trial. One can speculate, therefore, that
derivatives of nicotinamide, which do not interfere with Sirt1
activity, could be a new class of reasonable drug candidate to pro-
tect b-cells in diabetes. Isonicotinamide is such a derivative of nic-
otinamide, as it does not inhibit Sirt1 activity but antagonizes the
inhibition of Sirt1 by nicotinamide [20]. These recent findings
motivated us to study the effects of isonicotinamide on diabetes in-
duced by different doses of STZ in combination with and without
high-fat diet in mice.

2. Materials and methods

2.1. Animals

Male C57BL/6 mice were purchased from The Jackson Labora-
tory (Bar Harbor, ME). The Institutional Animal Care Committee
approved the study protocol. The animal care facility is accredited
by the Association for Assessment and Accreditation of Laboratory
Animal Care. At 7 weeks of age mice were administered with strep-
tozotocin (STZ) dissolved in citrate buffer (pH = 4.5) (65, 75, or
100 mg/kg BW, IP, Sigma, St. Louis, MO) twice with an interval of
2 days. Treatment with isonicotinamide (250 mg/kg BW, IP, once
daily, Sigma) or phosphate-buffered saline (PBS) was initiated at
1 h prior to the first STZ injection and continued for 10 days. Blood
glucose levels were measured by a blood glucose meter, CONTOUR
(Bayer, Pittsburgh, PA), under fed condition, unless otherwise
indicated.

2.2. Glucose tolerance test

At 26 days after the last injection of low-dose STZ (65 mg/kg
BW), the mice received a peritoneal injection of glucose (2 g/kg
BW) after 4-h fasting. Blood glucose levels and plasma insulin con-
centrations were measured just before and at 15, 30, 60, 90, and
120 min after the glucose injection. Plasma insulin concentrations
were measured by ELISA kit (ALPCO, Salem, NH).

2.3. High-fat diet

The mice administered with low-dose STZ (65 mg/kg BW) were
fed high-fat diet (D12451, Research Diet, New Brunswick, NJ) for
6 weeks starting at 28 days after the last injection of STZ.

2.4. Immunohistochemical analysis

Pancreas was collected under anesthesia with pentobarbital so-
dium (50 mg/kg BW) from low-dose (65 mg/kg BW), medium-dose
(75 mg/kg BW), and high-dose (100 mg/kg BW) STZ-administered
mice at 10 weeks, 28, and 7 days after the last STZ injection,
respectively. Pancreata were fixed in 4% paraformaldehyde and
embedded as paraffin blocks. Paraffin sections were cut (5-lm
thickness, 100-lm interval) and processed for immunohistochem-
istry as previously described [21]. The sections were stained with
anti-insulin (Dako, Carpinteria, CA) and anti-glucagon (Millipore,
Billerica, MA) antibodies. Insulin-positive, glucagon-positive and
islet areas were evaluated from 4 non-continuous pancreatic sec-
tions, each of which contains more than 30 islets, using a Nikon
Eclipse TE2000-U microscope (Nikon Instruments, Melville, NY)
and camera, and measured using Image J software (NIH, Bethesda,
MD). The percentages of insulin- or glucagon-positive area per islet
and per section area were calculated [21].

2.5. Insulin content

Whole pancreata were removed under anesthesia at 7 days
after the last STZ injection or from naïve mice at 8 weeks of age.
Insulin in the pancreata was extracted as previously described
[22], and measured by ELISA kit.

2.6. Culture of isolated islets

Islets were isolated from male C57/BL6 mice by collagenase
digestion followed by centrifugation over a Histopaque (Sigma)
gradient, as previously described [23]. Isolated islets were incu-
bated overnight with RPMI1640 supplemented with 10% fetal bo-
vine serum and 1% penicillin/streptomycin at 37 �C in atmosphere
of 5% CO2 in humidified air. Then, the islets were treated with and
without STZ (0.8 mM) in the presence and absence of isonicotina-
mide (0.3 mM). Isonicotinamide was added to the culture at 2 h
prior to STZ treatment. 50 islets per well were incubated in 24-well
plates for 8 h after the addition of STZ, and then fixed in paraformal-
dehyde. The fixed islets were frozen in Tissue-Tek O.C.T. compound
(SAKURA Fineteck, Torrance, CA) and apoptosis was evaluated by
TdT-mediated dUTP Nick-End Labeling (TUNEL) staining in frozen
section using a kit (Promega, Madison, MI). To assess islet cell
death, the islets were incubated in 96-well plates for 24 h after
the addition of STZ and fluorescence intensity of Sytox (Invitrogen,
Carlsbad, CA) staining was quantified using Image J.

2.7. Statistical analysis+

Statistical analysis was performed by Student’s t-test or one-
way ANOVA followed by Bonferroni post hoc analysis. The effect
of isonicotinamide on the development of diabetes was also ana-
lyzed by v2 test. A value of p < 0.05 was considered statistically sig-
nificant. Data are expressed as means ± SEM.
3. Results

3.1. Isonicotinamide treatment prevented high- and medium-dose
streptozotocin-induced diabetes in mice

After two injections of high-dose streptozotocin (HD-STZ,
100 mg/kg BW), all of the mice developed diabetes (blood glu-
cose > 300 mg/dL) when treated with PBS. Isonicotinamide treat-
ment significantly reduced the incidence of HD-STZ-induced
diabetes based on the statistical analysis by v2 test (p < 0.05 vs.
PBS) (Four out of eight mice became diabetic after HD-STZ injec-
tions when treated with isonicotinamide.) (Fig. 1A). At 7 days after
the last injection of HD-STZ, robust hyperglycemia following 4-h
fasting was observed in PBS-treatment mice, which was markedly
ameliorated by isonicotinamide treatment (Fig. 1B).
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Fig. 1. Isonicotinamide inhibited the development of overt diabetes induced by high-dose STZ in mice. Mice were administered with high-dose STZ (100 mg/kg BW) and
treated with isonicotinamide (ISO, 250 mg/kg BW) (n = 8) or PBS (n = 8) for 10 days. Isonicotinamide significantly protected the mice from high-dose STZ-induced overt
diabetes, as reflected by blood glucose levels under fed (A) and fasted (B) conditions. Isonicotinamide prevented STZ-induced decrease in insulin content at 7 days after the
last injection of STZ (C). The ratio of insulin-positive area to glucagon-positive area, and insulin-positive area were significantly greater in isonicotinamide (ISO)-treated mice
than PBS-treated mice (D and E). At 1 day after the last STZ injection, the percentage of TUNEL-positive nuclei in total DAPI-positive nuclei was profoundly decreased in the
mouse islets by isonicotinamide compared with PBS (F). ⁄p < 0.05 vs. PBS.
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Induction of overt diabetes by HD-STZ was associated with re-
duced insulin content in the pancreas at 7 days after the last HD-
STZ injection. Isonicotinamide significantly increased insulin con-
tent in HD-STZ-administered mice (Fig. 1D and E). When treated
with isonicotinamide, insulin content in HD-STZ-administered
mice was restored to the level comparable to that observed in
naïve mice (Insulin content [pg/pancreas]: Naïve [n = 8]:
4985 ± 1685 [mean ± SEM]; HD-STZ + ISO [n = 4]: 5622 ± 1764;
HD-STZ + PBS [n = 4]: 1153 ± 95.12). HD-STZ administration in-
creased apoptosis in the islets of PBS-treated mice, as judged by
TUNEL staining. Isonicotinamide decreased apoptosis in the islets
in HD-STZ-administered mice (Fig. 1F). There were trends of in-
creases in insulin-positive area and islet area, and decrease in glu-
cagon-positive area in the pancreas of isonicotinamide-treated
mice, as compared with PBS. There were, however, no significant
differences. On the other hand, the ratio of insulin-positive area
to glucagon-positive area, and insulin-positive area per islet were
significantly greater in isonicotinamide-treated mice than in PBS-
treated mice after HD-STZ administration (Fig. 1D and E). Body
weight was also significantly greater in isonicotinamide-treated
mice than in PBS-treated mice at 7 days after HD-STZ injections
(Supplementary Fig. 1A), presumably secondary to the ameliora-
tion of diabetes by isonicotinamide.

Similarly, isonicotinamide prevented medium-dose streptozo-
tocin (MD-STZ, 75 mg/kg BW)-induced increase in blood glucose
levels, as compared with PBS (Fig. 2A). At 28 days after MD-STZ
injections, insulin-positive area and islet area in the pancreas,
and the ratio of insulin-positive area to glucagon-positive area
were significantly greater in isonicotinamide-treated mice than
in PBS-treated mice (Fig. 2B and C). There were trends of decreased
glucagon-positive area and increased insulin-positive area per islet
in isonicotinamide-treated mice relative to PBS, but no significant
differences were found. Body weight did not differ between the
two groups at 28 days after MD-STZ injections (Supplementary
Fig. 1B), possibly because mild hyperglycemia did not significantly
affect body weight. We did not observe any adverse effects of treat-
ment with isonicotinamide (250 mg/kg BW) for up to 10 days in
naïve or STZ-administered mice, including body weight gain and
food intake (data not shown).

3.2. Isonicotinamide treatment inhibited the development of diabetes
by low-dose STZ followed by high-fat diet in mice

Low-dose streptozotocin injections (LD-STZ, 65 mg/kg BW) did
not significantly increase blood glucose levels in either PBS- or iso-
nicotinamide-treated mice up to 28 days after LD-STZ injections
(Fig. 3A and data not shown). At 26 days after the last LD-STZ injec-
tion, glucose tolerance test revealed that PBS-treated mice were
more glucose-intolerant than isonicotinamide-treated mice
(Fig. 3B). Prior LD-STZ administration abrogated increase in plasma
insulin concentration during glucose tolerance test in PBS-treated
mice, which was restored by isonicotinamide.
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Fig. 3. Protective effects of isonicotinamide in low-dose STZ-administered mice. Mice were administered with low-dose STZ (60 mg/kg BW) and treated with isonicotinamide
(ISO, 250 mg/kg BW) (n = 8) or PBS (n = 8) for 10 days (A). Blood glucose levels did not significantly increase up to 28 days after the last injection of low-dose STZ regardless of
the treatment (A and data not shown). On day 26 post-STZ injections glucose tolerance test showed that plasma insulin concentration did not increase after glucose injection
(2 g/kg BW) in PBS-treated mice, while blood glucose levels were greater in PBS-treated mice than isonicotinamide-treated mice (B). In contrast, isonicotinamide-treated
mice responded to glucose load with over 2-fold increase in plasma insulin concentration (C). At 4 weeks after the low-dose STZ administration, high-fat diet was initiated
and continued for 6 weeks. High-fat diet induced hyperglycemia in PBS-, but not isonicotinamide-, treated mice (D). Insulin-positive area was greater in isonicotinamide-
treated mice than PBS-treated mice after 6-week high-fat diet (E and F). ⁄p < 0.05 vs. PBS.
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Fig. 2. Protective effects of isonicotinamide against medium-dose STZ-induced diabetes. Mice were administered with medium-dose STZ (75 mg/kg BW) and treated with
isonicotinamide (ISO, 250 mg/kg BW) (n = 6) or PBS (n = 6) for 10 days. Medium-dose STZ administration increased in blood glucose levels in PBS-treated mice, which was
prevented by isonicotinamide. Insulin-positive area and islet area in the pancreas, and the ratio of insulin-positive area to glucagon-positive area were significantly greater in
isonicotinamide (ISO)-treated mice than in PBS-treated mice (B and C). ⁄p < 0.05 vs. PBS.
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Starting at 28 days after LD-STZ injections (viz., 21 days after
the last isonicotinamide injection), the mice were fed high-fat diet
for 6 weeks. High-fat diet induced hyperglycemia in PBS-, but not
isonicotinamide-, treated mice (Fig. 3D).

Consistently, insulin-positive area in the pancreas, the ratio of
insulin-positive area to glucagon-positive area, and insulin-posi-
tive area per islet were significantly greater in isonicotinamide-
treated mice than in PBS-treated animals after 6-week high-fat
feeding (Fig. 3E and F). Islet area in the pancreas tended to be
greater in isonicotinamide-treated mice relative to PBS, but there
was no significant difference. Glucagon-positive area did not differ
between isonicotinamide- and PBS-treated mice. There was no dif-
ference in food intake between the two groups (Food intake during
high-fat diet [g/day]: Isonicotinamide: 2.1 ± 0.2; PBS: 1.9 ± 0.2).
Body weight was, however, greater in isonicotinamide-treated
mice than in PBS-treated mice after 6-week high-fat diet (Supple-
mentary Fig. 1C), presumably reflecting hyperglycemia-associated
body weight loss in PBS-treated mice.

3.3. Isonicotinamide protected against STZ-induced apoptosis in
isolated islets

To further investigate the protective effects of isonicotinamide
against STZ-induced b-cell damage, we treated cultured isolated is-
lets with or without STZ (0.8 mM) in the presence and absence of iso-
nicotinamide (0.3 mM). Consistent with previous studies [24], STZ
induced apoptosis and death of islet cells. Isonicotinamide was effec-
tive to inhibit STZ-induced apoptosis and cell death in cultured islets,
as judged by TUNEL and Sytox staining, respectively (Fig. 4).

4. Discussion

Here, we demonstrate that isonicotinamide effectively pre-
vented diabetes induced by three different doses of STZ alone or
in combination with high-fat diet. The protective effects of isonic-
otinamide against STZ-induced diabetes were associated with pre-
vention of b-cell damage, as reflected by reduction in apoptosis in
the islets and restoration of insulin content in the pancreas. More-
over, isonicotinamide inhibited STZ-induced apoptosis and cell
death in cultured isolated islets (Fig. 4). These findings indicate
that isonicotinamide can directly protect b-cells from STZ-induced
damage.

STZ dose-dependently induced hyperglycemia when mice were
treated with PBS. LD-STZ failed to cause overt hyperglycemia
regardless of treatment with isonicotinamide or PBS (Fig. 3A). Of
note, isonicotinamide preserved b-cell function in LD-STZ-adminis-
tered mice, as indicated by glucose tolerance test (Fig. 3B). The LD-
STZ-administered mice were treated with isonicotinamide or PBS
for 10 days, and 3 weeks later high-fat feeding was initiated and
continued for 6 weeks. Isonicotinamide prevented high-fat diet-in-
duced hyperglycemia along with greater b-cell mass (Fig. 3D–F).
These findings indicate that LD-STZ elicited irreversible or persis-
tent inhibitory effects in b-cells, which was blocked by isonicotina-
mide. Capacity of adaptive expansion of b-cell mass in response to
high-fat diet was lost by LD-STZ, but isonicotinamide restored it.

In contrast to the protective effects in b-cells, high-dose nicotin-
amide induces insulin resistance in individuals at high risk of
developing type 1 diabetes [5], although the molecular mechanism
is unknown. The insulin-desensitizing effect has been thought as a
potential limitation of nicotinamide treatment in diabetes
[5,25,26]. It should be noted that activation of Sirt1 improves insu-
lin sensitivity in rodent models of obesity-induced diabetes
[27,28], as well as promotes insulin secretion and b-cell survival
in cell culture [17]. Together, it is conceivable that the inhibition
of Sirt1 might underlie the insulin-desensitizing effect of nicotin-
amide. Recent studies have demonstrated that insulin resistance
is an independent risk for the progression of type 1 diabetes
[29,30]. In aggregate, one can speculate that the inhibition of Sirt1



M. Fukaya et al. / Biochemical and Biophysical Research Communications 442 (2013) 92–98 97
by nicotinamide might be a contributor to the failure in the large-
scale clinical trial by impairing insulin sensitivity and/or inhibiting
the protective effects of Sirt1 in b-cells. It is reasonable to speculate
that anti-diabetogenic actions of nicotinamide-related compounds
might deserve reappraisal in case these limitations could be
overcome.

A previous study has shown that endogenous levels of nicotin-
amide limit Sir2 activity in yeast cells [20]. The inhibition of Sir2 by
nicotinamide is antagonized by isonicotinamide, leading to activa-
tion of Sir2 in vitro and in intact cells [20]. Isonicotinamide has
been recently used as a Sirt1 activator in mouse mesenchymal
stem cells [31] and human osteosarcoma cells [32]. A recent study
has show that isonicotinamide represses the transcription of phos-
phoenolpyruvate carboxykinase (PEPCK), the rate-limiting enzyme
of gluconeogenesis, by activating Sirt1 in cultured hepatocytes,
while nicotinamide increases mRNA expression of PEPCK [33]. In
early studies, isonicotinamide (250 mg/kg BW) attenuated iron-in-
duced renal damage in rats although the mechanisms were un-
known [34], and the safety of long-term administration of
isonicotinamide was studied in mice [35]. A lifelong administration
of isonicotinamide as 1% solution continuously in drinking water
did not affect the lifespan or tumorigenesis as compared with un-
treated control mice (the average intake of isonicotinamide was
approximately 100 mg/day) [35]. Collectively, our results suggest
that isonicotinamide and its related compounds, which preserves
or activates Sirt1, may represent a novel group of small molecules
as a drug candidate to prevent and/or reverse diabetes by protect-
ing b-cells from damage and death. This possibility is arguably
worthy of further investigation.

Acknowledgments

We thank Mr. M. Kobayashi and Ms. C. Osawa (Gunma Univer-
sity) for their superb technical assistance. This work was supported
by research Grants to M.K. from the National Institutes of Health
(R01 DK05827) and American Diabetes Association (7-08-RA-77),
and to the Microscopy and Image Analysis Core of Massachusetts
General Hospital (P30NS045776) from the National Institutes of
Health.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbrc.2013.11.024.

References

[1] P.S. Schein, D.A. Cooney, M.L. Vernon, The use of nicotinamide to modify the
toxicity of streptozotocin diabetes without loss of antitumor activity, Cancer
Res. 27 (1967) 2324–2332.

[2] H. Nakajima, K. Yamada, T. Hanafusa, H. Fujino-Kurihara, J. Miyagawa, A.
Miyazaki, R. Saitoh, Y. Minami, N. Kono, K. Nonaka, et al., Elevated antibody-
dependent cell-mediated cytotoxicity and its inhibition by nicotinamide in the
diabetic NOD mouse, Immunol. Lett. 12 (1986) 91–94.

[3] B.A. O’Brien, B.V. Harmon, D.P. Cameron, D.J. Allan, Nicotinamide prevents the
development of diabetes in the cyclophosphamide-induced NOD mouse model
by reducing beta-cell apoptosis, J. Pathol. 191 (2000) 86–92.

[4] A. Crino, R. Schiaffini, P. Ciampalini, M.C. Suraci, S. Manfrini, N. Visalli, M.C.
Matteoli, P. Patera, R. Buzzetti, C. Guglielmi, S. Spera, F. Costanza, E. Fioriti, D.
Pitocco, P. Pozzilli, A two year observational study of nicotinamide and
intensive insulin therapy in patients with recent onset type 1 diabetes
mellitus, J. Pediatr. Endocrinol. Metab. 18 (2005) 749–754.

[5] C.J. Greenbaum, S.E. Kahn, J.P. Palmer, Nicotinamide’s effects on glucose
metabolism in subjects at risk for IDDM, Diabetes 45 (1996) 1631–1634.

[6] P. Pozzilli, P.D. Browne, H. Kolb, Meta-analysis of nicotinamide treatment in
patients with recent-onset IDDM. The nicotinamide trialists, Diabetes Care 19
(1996) 1357–1363.

[7] R. Manna, A. Migliore, L.S. Martin, E. Ferrara, E. Ponte, G. Marietti, F. Scuderi, G.
Cristiano, G. Ghirlanda, G. Gambassi, Nicotinamide treatment in subjects at
high risk of developing IDDM improves insulin secretion, Br. J. Clin. Pract. 46
(1992) 177–179.
[8] P.R. Olmos, M.I. Hodgson, A. Maiz, M. Manrique, M.D. De Valdes, R. Foncea,
A.M. Acosta, M.V. Emmerich, S. Velasco, O.P. Muniz, C.A. Oyarzun, J.C. Claro,
M.J. Bastias, L.A. Toro, Nicotinamide protected first-phase insulin response
(FPIR) and prevented clinical disease in first-degree relatives of type-1
diabetics, Diabetes Res. Clin. Pract. 71 (2006) 320–333.

[9] D.Y. Jung, J.B. Park, S.Y. Joo, J.W. Joh, C.H. Kwon, G.Y. Kwon, S.J. Kim, Effect of
nicotinamide on early graft failure following intraportal islet transplantation,
Exp. Mol. Med. 41 (2009) 782–792.

[10] E.A. Gale, P.J. Bingley, C.L. Emmett, T. Collier, European nicotinamide diabetes
intervention trial (ENDIT): a randomised controlled trial of intervention before
the onset of type 1 diabetes, Lancet 363 (2004) 925–931.

[11] H. Kolb, V. Burkart, Nicotinamide in type 1 diabetes. Mechanism of action
revisited, Diabetes Care 22 (Suppl. 2) (1999) B16–B20.

[12] E.F. Lampeter, Intervention with nicotinamide in pre-type 1 diabetes: the
deutsche nikotinamid interventionsstudie-DENIS, Diabete Metab. 19 (1993)
105–109.

[13] M. Masutani, H. Suzuki, N. Kamada, M. Watanabe, O. Ueda, T. Nozaki, K.
Jishage, T. Watanabe, T. Sugimoto, H. Nakagama, T. Ochiya, T. Sugimura,
Poly(ADP-ribose) polymerase gene disruption conferred mice resistant to
streptozotocin-induced diabetes, Proc. Natl. Acad. Sci. USA 96 (1999) 2301–
2304.

[14] A.A. Pieper, D.J. Brat, D.K. Krug, C.C. Watkins, A. Gupta, S. Blackshaw, A. Verma,
Z.Q. Wang, S.H. Snyder, Poly(ADP-ribose) polymerase-deficient mice are
protected from streptozotocin-induced diabetes, Proc. Natl. Acad. Sci. USA 96
(1999) 3059–3064.

[15] J.R. Revollo, A.A. Grimm, S. Imai, The NAD biosynthesis pathway mediated by
nicotinamide phosphoribosyltransferase regulates Sir2 activity in mammalian
cells, J. Biol. Chem. 279 (2004) 50754–50763.

[16] S. Imai, C.M. Armstrong, M. Kaeberlein, L. Guarente, Transcriptional silencing
and longevity protein Sir2 is an NAD-dependent histone deacetylase, Nature
403 (2000) 795–800.

[17] J.H. Lee, M.Y. Song, E.K. Song, E.K. Kim, W.S. Moon, M.K. Han, J.W. Park, K.B.
Kwon, B.H. Park, Overexpression of SIRT1 protects pancreatic beta-cells
against cytokine toxicity by suppressing the nuclear factor-kappaB signaling
pathway, Diabetes 58 (2009) 344–351.

[18] K.A. Moynihan, A.A. Grimm, M.M. Plueger, E. Bernal-Mizrachi, E. Ford, C. Cras-
Meneur, M.A. Permutt, S. Imai, Increased dosage of mammalian Sir2 in
pancreatic beta cells enhances glucose-stimulated insulin secretion in mice,
Cell Metab. 2 (2005) 105–117.

[19] L. Bordone, M.C. Motta, F. Picard, A. Robinson, U.S. Jhala, J. Apfeld, T.
McDonagh, M. Lemieux, M. McBurney, A. Szilvasi, E.J. Easlon, S.J. Lin, L.
Guarente, Sirt1 regulates insulin secretion by repressing UCP2 in pancreatic
beta cells, PLoS Biol. 4 (2006) e31.

[20] A.A. Sauve, R.D. Moir, V.L. Schramm, I.M. Willis, Chemical activation of Sir2-
dependent silencing by relief of nicotinamide inhibition, Mol. Cell 17 (2005)
595–601.

[21] T. Kitamura, Y.I. Kitamura, M. Kobayashi, O. Kikuchi, T. Sasaki, R.A. Depinho, D.
Accili, Regulation of pancreatic juxtaductal endocrine cell formation by FoxO1,
Mol. Cell. Biol. 29 (2009) 4417–4430.

[22] M. Kobayashi, H. Ohnishi, H. Okazawa, Y. Murata, Y. Hayashi, H. Kobayashi, T.
Kitamura, T. Matozaki, Expression of Src homology 2 domain-containing
protein tyrosine phosphatase substrate-1 in pancreatic beta-cells and its role
in promotion of insulin secretion and protection against diabetes,
Endocrinology 149 (2008) 5662–5669.

[23] T. Kitamura, Y. Kido, S. Nef, J. Merenmies, L.F. Parada, D. Accili, Preserved
pancreatic beta-cell development and function in mice lacking the insulin
receptor-related receptor, Mol. Cell. Biol. 21 (2001) 5624–5630.

[24] E.M. Carrington, M.D. McKenzie, E. Jansen, M. Myers, S. Fynch, C. Kos, A.
Strasser, T.W. Kay, C.L. Scott, J. Allison, Islet beta-cells deficient in Bcl-xL
develop but are abnormally sensitive to apoptotic stimuli, Diabetes 58 (2009)
2316–2323.

[25] D.K. McCulloch, S.E. Kahn, M.W. Schwartz, D.J. Koerker, J.P. Palmer, Effect of
nicotinic acid-induced insulin resistance on pancreatic B cell function in
normal and streptozocin-treated baboons, J. Clin. Invest. 87 (1991) 1395–
1401.

[26] N. Visalli, M.G. Cavallo, A. Signore, M.G. Baroni, R. Buzzetti, E. Fioriti, C.
Mesturino, R. Fiori, L. Lucentini, M.C. Matteoli, A. Crino, S. Corbi, S. Spera, C.
Teodonio, F. Paci, R. Amoretti, L. Pisano, C. Suraci, G. Multari, N. Sulli, M.
Cervoni, G. De Mattia, M.R. Faldetta, B. Boscherini, P. Pozzilli, et al., A multi-
centre randomized trial of two different doses of nicotinamide in patients with
recent-onset type 1 diabetes (The IMDIAB VI), Diabetes Metab. Res. Rev. 15
(1999) 181–185.

[27] J.C. Milne, P.D. Lambert, S. Schenk, D.P. Carney, J.J. Smith, D.J. Gagne, L. Jin, O.
Boss, R.B. Perni, C.B. Vu, J.E. Bemis, R. Xie, J.S. Disch, P.Y. Ng, J.J. Nunes, A.V.
Lynch, H. Yang, H. Galonek, K. Israelian, W. Choy, A. Iffland, S. Lavu, O.
Medvedik, D.A. Sinclair, J.M. Olefsky, M.R. Jirousek, P.J. Elliott, C.H. Westphal,
Small molecule activators of SIRT1 as therapeutics for the treatment of type 2
diabetes, Nature 450 (2007) 712–716.

[28] T. Yoshizaki, S. Schenk, T. Imamura, J.L. Babendure, N. Sonoda, E.J. Bae, Y. Oh da,
M. Lu, J.C. Milne, C. Westphal, G. Bandyopadhyay, J.M. Olefsky, SIRT1 inhibits
inflammatory pathways in macrophages and modulates insulin sensitivity,
Am. J. Physiol. Endocrinol. Metab. 298 (2010) E419–E428.

[29] P.J. Bingley, J.L. Mahon, E.A. Gale, Insulin resistance and progression to type 1
diabetes in the European nicotinamide diabetes intervention trial (ENDIT),
Diabetes Care 31 (2008) 146–150.

http://dx.doi.org/10.1016/j.bbrc.2013.11.024
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0005
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0005
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0005
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0010
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0010
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0010
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0010
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0015
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0015
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0015
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0020
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0020
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0020
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0020
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0020
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0025
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0025
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0030
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0030
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0030
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0035
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0035
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0035
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0035
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0040
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0040
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0040
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0040
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0040
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0045
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0045
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0045
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0050
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0050
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0050
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0055
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0055
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0060
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0060
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0060
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0065
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0065
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0065
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0065
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0065
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0070
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0070
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0070
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0070
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0075
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0075
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0075
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0080
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0080
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0080
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0085
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0085
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0085
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0085
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0090
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0090
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0090
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0090
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0095
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0095
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0095
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0095
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0100
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0100
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0100
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0105
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0105
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0105
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0110
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0110
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0110
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0110
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0110
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0115
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0115
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0115
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0120
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0120
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0120
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0120
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0125
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0125
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0125
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0125
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0130
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0130
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0130
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0130
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0130
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0130
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0130
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0135
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0135
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0135
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0135
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0135
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0135
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0180
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0180
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0180
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0180
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0145
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0145
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0145


98 M. Fukaya et al. / Biochemical and Biophysical Research Communications 442 (2013) 92–98
[30] S. Fourlanos, P. Narendran, G.B. Byrnes, P.G. Colman, L.C. Harrison, Insulin
resistance is a risk factor for progression to type 1 diabetes, Diabetologia 47
(2004) 1661–1667.

[31] C.M. Backesjo, Y. Li, U. Lindgren, L.A. Haldosen, Activation of Sirt1 decreases
adipocyte formation during osteoblast differentiation of mesenchymal stem
cells, J. Bone Miner. Res. 21 (2006) 993–1002.

[32] Y. Li, C.M. Backesjo, L.A. Haldosen, U. Lindgren, Resveratrol inhibits
proliferation and promotes apoptosis of osteosarcoma cells, Eur. J.
Pharmacol. 609 (2009) 13–18.
[33] J. Yang, X. Kong, M.E. Martins-Santos, G. Aleman, E. Chaco, G.E. Liu, S.Y. Wu, D.
Samols, P. Hakimi, C.M. Chiang, R.W. Hanson, Activation of SIRT1 by
resveratrol represses transcription of the gene for the cytosolic form of
phosphoenolpyruvate carboxykinase (GTP) by deacetylating hepatic nuclear
factor 4alpha, J. Biol. Chem. 284 (2009) 27042–27053.

[34] T. Kawabata, T. Ogino, M. Mori, M. Awai, Effects of nicotinamide and its
isomers on iron-induced renal damage, Acta Pathol. Jpn. 42 (1992) 469–475.

[35] B. Toth, Lack of carcinogenicity of nicotinamide and isonicotinamide following
lifelong administration to mice, Oncology 40 (1983) 72–75.

http://refhub.elsevier.com/S0006-291X(13)01906-2/h0150
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0150
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0150
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0155
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0155
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0155
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0160
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0160
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0160
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0165
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0165
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0165
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0165
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0165
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0170
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0170
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0175
http://refhub.elsevier.com/S0006-291X(13)01906-2/h0175

	Protective effects of a nicotinamide derivative,
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 Glucose tolerance test
	2.3 High-fat diet
	2.4 Immunohistochemical analysis
	2.5 Insulin content
	2.6 Culture of isolated islets
	2.7 Statistical analysis+

	3 Results
	3.1 Isonicotinamide treatment prevented high- and medium-dose streptozotocin-induced diabetes in mice
	3.2 Isonicotinamide treatment inhibited the development of diabetes by low-dose STZ followed by high-fat diet in mice
	3.3 Isonicotinamide protected against STZ-induced apoptosis in isolated islets

	4 Discussion
	Acknowledgments
	Appendix A Supplementary data
	References


