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Abstract

The effects of nicotinamide (NIC) on human fetal and adult
endocrine pancreatic cells were studied in tissue culture. Treat-
ment of the fetal cells with 10 mMNIC resulted in a twofold
increase in DNAcontent and a threefold increase in insulin
content. This was associated with the development of ft cell
outgrowths from undifferentiated epithelial cell clusters and an
increase in the expression of the insulin, glucagon, and somato-
statin genes. DNAsynthesis was stimulated only in the undif-
ferentiated cells. Half-maximal doses for the insulinotropic and
mitogenic effects of NIC were 5-10 and 1-2 mM, respectively.
Islet-like cell clusters cultured with NIC responded to glucose
stimulation with a biphasic increase in insulin release (fourfold
peak), whereas control cells were unresponsive to glucose.
Both control and NIC-treated cells developed into functional
islet tissue after transplantation into athymic nude mice. As
compared with adult islets, the insulinotropic action of NIC
could only be demonstrated in the fetal cells. Our results indi-
cate that NIC induces differentiation and maturation of human
fetal pancreatic islet cells. This model should be useful for the
study of molecular mechanisms involved in ,6 cell development.
(J. Clin. Invest. 1993. 92:1459-1466.) Key words: islets of
Langerhanse nicotinamide * tissue culture * cell differentiation.
transplantation

Introduction

Nicotinamide (NIC) treatment prevents the development of
diabetes in experimental animals following administration of
the # cell toxins streptozotocin and alloxan ( 1), as well as the
spontaneous diabetes of NODmice (2). The mechanism of
this effect has been attributed to inhibition of the nuclear en-
zyme poly(ADP-ribose) synthetase which, if activated during
DNArepair synthesis, could lead to a critical decrease in the
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NADlevel of the ,3 cells (3). Other mechanisms, however, may
be operative such as free oxygen radical scavenging (4) and
inhibition of MHCclass II antigen expression on the islet cells
(5). NIC also enhances the recovery from diabetes after 90%
pancreatectomy both in rats (6) and dogs (7), suggesting a
stimulatory effect on islet regeneration. Further studies have
confirmed that NIC promotes replication of mouse islet cells
both in culture (8) and after transplantation (9). The only
other study addressing the effects of NIC on human islets
showed a stimulatory effect on the formation of islet-like cell
clusters (ICC) in human fetal pancreatic cultures (10).

Although the results of clinical trials using NIC in newly
diagnosed type 1 diabetic patients have not been encouraging
(1 1-13), recent experience in prediabetic individuals suggests
that, when started early enough in the course of the disease,
NIC administration may delay or prevent the development of
type I diabetes ( 14). These observations have promoted several
prospective clinical studies that are currently in progress ( 15 ).
Considering the many potent actions of NIC on pancreatic islet
cells in animal models, as well as its use in clinical trials to
preserve (3 cell function, we have characterized the effects of
NIC on the function, growth, and differentiation of human
islets.

Methods

Tissue culture. Human fetal pancreases at 18-24 gestational weeks
were obtained through nonprofit organ procurement centers (Ad-
vanced Bioscience Resources, Oakland, CA, and International Insti-
tute for the Advancement of Medicine, Exton, PA). Patient consent for
tissue donation was obtained by the procurement centers. In addition,
our own Institutional Review Board had reviewed and approved the
use of fetal tissue for these studies. The pancreases, obtained by dilata-
tion and extraction, were shipped on ice in RPMI 1640 medium (Ir-
vine Scientific, Irvine, CA) containing 10% pooled normal human
serum and antibiotics ( 100 U/ml penicillin, 0.1 mg/ml streptomycin,
and 1 ttg/ml amphotericin B) and received in the laboratory within
18-24 h. Digestion and culture of the tissue was carried out essentially
as described previously ( 16). Briefly, the pancreases were dissected free
of surrounding tissue, weighed, and cut into 1-mm3 pieces. After wash-
ing in HBSScontaining 10 mMHepes (Sigma Immunochemicals, St.
Louis, MO), the fragments were digested for 15 min in a shaking water
bath (370C, 200 oscillations/min) in HBSS containing 5.5 mg/ml
collagenase P (Boehringer Mannheim Biochemicals, Indianapolis,
IN). Digested tissue was washed twice in cold HBSSand plated on
60-mm petri dishes (diSPo; Baxter, McGawPark, IL) in RPMI 1640
supplemented with 10% human serum and antibiotics. Various con-
centrations of NIC (Sigma Immunochemicals) were added to the cul-
ture medium from the beginning. The NIC content of the standard
medium without additions was 8 MiM. Medium was changed on the 4th
d of culture and every 2-3 d thereafter. ICCs were harvested from the
dishes after 4-1 1 d. To detect possible cytotoxic effects, lactate dehydro-
genase activity was measured in the culture medium with a commercial
kit (Sigma Immunochemicals).
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For monolayer culture, ICCs were transferred to tissue culture
dishes coated with bovine corneal endothelial cell matrix as described
previously ( 17). Nonattached cells were removed after 3 d.

Adult human islets were isolated with an automated method as
described previously (18) and shipped on ice. Dithizone staining was
used to determine the purity of the islet preparations ( 19). The same
method was used to detect insulin-containing cells in the fetal ICCs.

To quantitate the effect of NIC on the development of ICCs and the
(B cell mass after 7 d in culture, pieces of 10 consecutive pancreases were
blotted with filter paper to remove excess moisture, weighed, and
treated as above. After 7 d, all ICCs were harvested and counted, and
the results were correlated to the original tissue weight.

Immunohistochemistry. ICCs were incubated for 16 h with 0. 1 mM
bromodeoxyuridine (BrdU), fixed in 4%paraformaldehyde, and em-
bedded in paraffin. 10-,gm sections were stained using the immunoal-
kaline phosphatase technique (20) for insulin, glucagon and somato-
statin and the immunoperoxidase technique (21 ) for BrdU. Polyclonal
guinea pig antiporcine insulin (dilution 1:100) (Chemicon, El Se-
gundo, CA), rabbit antiglucagon ( 1:250) and rabbit antisomatostatin
( 1:150) (Biogenex Labs, San Ramon, CA) antibodies were used. Cell
nuclei which had incorporated BrdU during DNAsynthesis were iden-
tified by binding of mouse monoclonal anti-BrdU (1:20) (Dako, Car-
pintaria, CA). The surface area of insulin positive cells, as percent of
the total ICC area, was quantitated with a computerized image analyzer
(American Innovision, San Diego, CA). The same method was used
for the determination of BrdU labeling index.

DNA synthesis and insulin secretion. After various incubation
times in culture, ICCs were harvested in groups of 50 into 35-mm petri
dishes in 1 ml of medium containing 1 juCi of [methyl-3H]thymidine
(specific activity 5.0 Ci/mmol, Amersham Corp., Arlington, IL). After
an overnight (16-h) incubation at 370C the medium was collected for
insulin measurements by a solid-phase RIA (Diagnostic Products
Corp., Los Angeles, CA). The ICCs were washed twice in PBS, pH 7.4,
resuspended in 300 Ml of distilled water, and homogenized by sonica-
tion. DNAwas measured from the sonicate fluorometrically as de-
scribed (22). Insulin content was measured by RIA in dilutions
(> 1:20) of acid ethanol extracts. Incorporation of [ 3H ] thymidine was
determined by trapping 10% trichloroacetic acid precipitates of the
sonicates on glass fiber filters (Whatman GF/A, Maidstone, United
Kingdom), drying, and liquid scintillation counting in 4 ml of Beta-
Max (ICN, Irvine, CA).

Insulin release in response to glucose and glucose plus theophylline
was studied by perifusion as described previously (23). After 7 d in
culture, batches of 300-400 ICCs were loaded in perifusion chambers
filled with Bio-Gel P2 (Bio-Rad Laboratories, Richmond, CA) micro-
beads. Krebs-Ringer bicarbonate buffer supplemented with 20 mM
Hepes, pH 7.40, and 0.2% bovine serum albumin was pumped through
the chambers at 0.25 ml/min. Up to six chambers were perifused simul-
taneously (Superfusion 600; Brandel, Gaithersburg, MD).

Islet hormone gene expression. Islet hormone mRNAlevels were
measured with a ribonuclease protection assay (24). Total RNAwas
isolated (25) from fetal ICCs cultured in the absence or presence of 10
mMNIC for 7 d. RNA(400 ng) was hybridized for 18 h at 56°C with
32P-radiolabeled antisense probes specific for human insulin (262 nu-
cleotides [nt], cDNAprobe provided by Dr. P. Miettinen, University
of Helsinki, Finland), glucagon (389 nt, cDNA provided by Dr. D.
Drucker, Toronto General Hospital, Toronto, Ontario, Canada), or
somatostatin (236 nt, a subclone from the genomic sequence obtained
from American Type Culture Collection, Rockville, MD). Excess
probe and nonhomologous RNAsequences were removed by ribonu-
clease digestion. The protected, double-stranded hybrids were sepa-
rated by denaturing PAGE, followed by autoradiography to visualize
the target RNAs. Cyclophilin (135 nt, cDNA provided by Dr. D.
Bergsma, SmithKline Beecham Pharmaceuticals, King of Prussia, PA)
was used as an internal quantitative probe to ensure equivalent RNA
sampling. Probe-specific mRNAsignals were quantitated by scanning
densitometry (Ultroscan; LKB Instruments Inc., Bromma, Sweden),
and normalized to the cyclophilin signal. Yeast transfer RNA(10 g)

was used as a negative control. To allow for direct quantitation between
transcript levels, riboprobes were adjusted to 1,000 (insulin, glucagon,
and somatostatin) or 3,000 (cyclophilin) cpm per probe-specific uri-
dine residue per microliter.

Transplantation studies. 500 ICCs, cultured either in standard or 10
mMNIC medium for 7 d, were transplanted under the left kidney
capsule of 6-wk-old athymic nude (nu/nu) BALB/C mice. Five mice
were transplanted in each experimental group. After 3 mo, fasted mice
were given glucose intraperitoneally (3 g/kg) to release human C pep-
tide, which was measured with an RIA that does not cross-react with
mouse C peptide (DPC). After obtaining blood samples at 0 and 30
min, the animals were sacrificed and the grafts removed for histological
analysis.

Statistics. Statistical significances of observed differences were
tested with software for the MacIntosh (Statview II; Abacus Concepts,
Berkeley, CA). Student's unpaired t test was used when only two
groups were involved, and the variation of data was close to normal.
Mann-Whitney Utest was used when the data were skewed. Multiple
comparisons were done with one-way ANOVAand Fischer's protected
least significance difference (PLSD) test using 95% level as the limit of
significance.

Results

Culture characteristics. The digested tissue stayed free floating
in the form of numerous small cell clusters of 30-200 Mmin
diameter (ICCs). The number of ICCs increased during the
first 4 d in culture. In the control medium the ICCs remained
rounded and regularly shaped. In contrast, when cultured in
medium containing 10 mMNIC, several small outgrowths
were seen after 4 d. Whenstained with dithizone, the majority
of the cells within these buds were positive, indicating the pres-
ence of insulin-containing cells (Fig. 1). In the control cul-
tures, dithizone staining was seen weakly in small areas within
the ICCs, and budding cells were rare. When the ICCs were
plated on extracellular matrix-coated dishes, the majority of
them attached and spread out, forming monolayers as previ-
ously described ( 17). During the first 7 d, the monolayers con-
sisted mainly of epithelioid cells, but fibroblast overgrowth oc-
curred when the cultures were continued. This was more obvi-
ous in the presence of 10 mMNIC.

10 mMNIC induced a 48% increase in the number of ICCs
developing during culture. The DNAcontent of the individual
ICCs was not significantly affected. As a result, the total DNA
content of the 7-d cultured tissue was increased 2. 1-fold. In
comparison, the total insulin content was increased 3.3-fold,
suggesting preferential development, or survival, of #3 cells (Ta-
ble I).

Whenstained for the pancreatic hormones after 7 d in cul-
ture with 10 mMNIC, the majority of the outgrowing cells
stained positively for insulin. Many BrdU-labeled cells were
also present within the ICCs. As a rule, the hormone-positive
cells were BrdU-negative (Fig. 1). Only occasional cells posi-
tive for both insulin and BrdU were detected in both controls
and NIC-treated cultures. In four separate experiments, the
mean labeling index for BrdU-positive nuclei was three times
higher in NIC-treated cultures as compared with the controls
(3.6 vs 1.2%, P < 0.01). In the same tissue sections, there was
also a threefold increase in the cell surface area covered by
insulin-positive cells (9.3 vs 3.1%, P < 0.01, Fig. 2).

Insulin concentrations measured in the culture medium
between 4 and 13 d were significantly higher at all time points
in the presence of 10 mMNIC. This difference was probably
not caused by leakage from damaged cells, since the simulta-
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Figure 1. Dithizone staining of human fetal ICCs cultured for 7 d in control medium (A) or medium containing 10 mMNIC (B). Positively
stained (red) cells are budding out from the NIC-treated ICCs, whereas only weakly positive cells can be seen within the control ICCs. (C and
D) Sections of 7-d cultured ICCs from a 22-wk pancreas stained immunohistochemically for insulin (pink) and BrdU (dark brown). (C) Cul-
tured in standard medium; (D) cultured with 10 mMNIC. Increased BrdU labeling and outgrowths of insulin-positive cells are evident in the
NIC-treated ICCs. The cells that have incorporated BrdU during the 16-h incubation do not contain insulin (A and B, x306; Cand D, X733).

neously measured levels of lactate dehydrogenase were consis-
tently lower in the NIC-supplemented medium (Fig. 3).

DNAsynthesis and (3-cellfunction. Culture of ICCs for 7 d
with various concentrations of NIC led to a dose-dependent
increase in insulin content and basal insulin release. Conse-
quently, the ratio of insulin release to content remained un-
changed. The response was threefold at 20 mMNIC. At least 5

Table I. Effect of Nicotinamide on the Development of ICCs
during 7 d in Culture

Control Nicotinamide P

10mM

Number of ICCs/mg starting
tissue 14.7±2.1 21.8±1.4 0.01

Total DNA(gg)/mg starting tissue 0.40±0.04 0.83±0.10 0.001
DNA/ICC (ng) 28.7±2.5 39.2±5.6 0.11
Total insulin (pmol)/mg starting

tissue 0.96±0.36 3.19±0.70 0.009

Pieces of human fetal pancreas were weighed, digested, and cultured
as described in Methods. After 7 d, the ICCs were counted and har-
vested for measurement of insulin and DNAcontent. Data are the
means (±SEM) of 10 pancreases.

mMNIC was required for a significant effect on the insulin
levels (Fig. 4). DNAsynthesis was stimulated by NIC at a
lower concentration range; 1 mMconcentration was sufficient
for a significant increase, and the effect was maximal (2.4-fold)
at 5 mM. Higher concentrations did not further increase the
DNAsynthesis. In fact, thymidine incorporation was signifi-
cantly lower at 20 mM, as compared with 5 or 10 mMNIC
(Fig. 4).
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Figure 2. Morphometric analysis of immunohistochemically stained
ICC sections. Labeling index (percent of BrdU-labeled nuclei, A) and
surface area of insulin-positive cytoplasm (expressed as percent of to-
tal cell area, B) are shown for four separate experiments. At least
1,200 nuclei and 10 ICCs were evaluated for the determination of
each value.
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Figure 3. Content of in-
sulin (A) and lactate
dehydrogenase (B) in
the culture medium of
fetal ICCs during a 13-d
culture period in stan-
dard medium (open col-
umns) or with 10 mM
NIC (filled columns).
Data are the
mean±SEMfor five
groups of 50 ICCs cul-
tured in tissue culture
wells in 1 ml of medium
since day 2. Media were
changed at 2-3 d inter-
vals and frozen for in-
sulin and lactate dehy-
drogenase assays. The
ICCs attached to the
bottom of the dish and
started to form a mono-
layer by day 5. Fibro-
blast overgrowth was
evident after 11 d. In B,
the detection limit of
the LDHassay is de-
noted by the horizontal
line. *P < 0.05; **P
< 0.01; ***P < 0.001,
as compared with con-
trol using Mann-Whit-
ney Utest.
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In control cultures, monolayer formation was accompa-
nied by a marked increase in the rate of DNAsynthesis and a

decrease in the insulin release after 7 d (Table II). Insulin con-

tent was also decreased, but to a lesser extent. The presence of
contaminating fibroblasts hampers the interpretation of re-

sults. Nevertheless, it is evident that monolayer-cultured a cells
were in a different functional state, characterized by a 70%
lower fractional insulin release rate, as compared with the ICCs
(3.5 vs 12.3%, Table II). The fractional insulin release of mono-

layers cultured with NIC was closer to that of the ICCs (9.2 vs

12.1%), possibly reflecting preservation of a higher level of
cell differentiation (Table II). Contrary to the results in suspen-
sion culture, NIC mainly induced the growth of noninsulin
containing cells in the monolayer, as judged by a doubling of
the DNAcontent and a decrease in the insulin content per
DNA(Table II).

The acute insulin response of ICCs cultured for 7 d either in
control medium or with 10 mMNIC was tested in a perifusion
system. Insulin release from control ICCs was unresponsive to
glucose alone, whereas the combination of 16.7 mMglucose
and 10 mMtheophylline induced a prompt response (Fig. 5

A). In contrast, ICCs cultured with NIC had a significant four-
fold first-phase glucose response. Although attenuated, there
was also evidence of a second-phase response (Fig. 5 B).

To determine whether the effects of NIC could be repro-
duced with other poly(ADP-ribose) synthetase inhibitors, the
ICCs were cultured with 10 mMbenzamide or 10 mM3-amin-
obenzamide, in parallel with 10 mMNIC. Benzamide had an

even stronger stimulatory effect on the insulin levels than NIC,

Nicotinamkie (mM)

Figure 4. Response of insulin release (o) and content (., A) and
DNAsynthesis (B) to varying levels of NIC in the culture medium
during a 7-d culture period. Data are the mean±SEMof 10-15 repli-
cates from three separate experiments. Insulin release and thymidine
incorporation were measured during the last 16 h as described in the
Methods. *P < 0.05, as compared with the control medium (con-
taining 8 ,M NIC) using one factor ANOVAand Fisher's PLSD test.

whereas 3-aminobenzamide only stimulated the DNAsynthe-
sis but did not affect insulin content (Table III).

Islet hormone gene expression. Insulin and glucagon
mRNAswere abundantly present in the ICCs, whereas the
level of somatostatin mRNAwas clearly lower. The somato-
statin transcripts were seen as two protected bands. NIC in-
creased the transcriptional levels of all three hormones, but
there was no obvious regulation of cyclophilin mRNAby NIC
(Fig. 6). After normalization against cyclophilin expression,
the densitometrically determined mean fold increases were 1.8
(range = 1.4-2.8), 1.7 (range = 1.3-2.9), and 1.7 (range
= 1. 1-2.2) for insulin, glucagon and somatostatin, respectively
(P < 0.05 for all effects, Student's one-sample t test, n = 5).

Graft development. HumanC peptide could be detected in
the serum of nude mice 3-5 mo after transplantation of 500
control or NIC-treated ICCs under the kidney capsule. In ani-
mals receiving control ICCs, there was a 5.1-fold increase in the
C peptide level 30 min after an intraperitoneal glucose chal-
lenge. The difference in responses between animals receiving
control and NIC-treated ICCs was not statistically significant.
Basal Cpeptide levels were also similar in both groups (Fig. 7).
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Table H. Effect of Tissue Culture Method (ICC vs. Monolayer) and Nicotinamide on DNASynthesis and d Cell Function

Day 12, Day 12
Day 5 Day 12 monolayer, Day 12 monolayer,

ICCM, NIC- ICCs, NIC- NIC- ICCs, NIC+ NIC+

DNAcontent
(Cg) 0.65±0.05 0.31±0.03 0.53±0.05 0.34±0.04 1.20±0.15*$

3H-Thymidine incorporation
(103 cpm/dish) 3.2±0.2 1.1±0.3 9.9±1.5* 3.2±0.2* 20.3±3.7*$

3H-Thymidine incorporation
(103 cpm/jgg DNA) 5.1±0.5 3.8±0.9 18.9±3.4$ 10.7±1.8* 16.4±1.5$

Insulin release
(pmol/dish) 0.25±0.03 0.26±0.03 0.04±0.01$ 0.49±0.02* 0.16±0.02*$

Insulin release
(pmol/;ig DNA) 0.38±0.04 0.83±0.11 0.09±0.02* 1.62±0.21* 0.13±0.01*

Insulin content
(pmol/dish) 2.33±0.28 2.07±0.19 1.24±0.07* 4.27±0.40* 1.69±0.09$

Insulin content
(pmol/fg DNA) 3.62±0.45 7.03±0.93 2.57±0.41* 13.5±1.53* 1.53±0.15*

Insulin release percent of
insulin content 11.3±1.4 12.3±1.2 3.5±0.6* 12.1±1.0 9.2±1.0*t

After 4 d in culture, groups of 50 ICCs originating from three pancreases were collected either in culture well inserts, where they remained in
suspension, or on ECM-coated dishes to form a monolayer. Insulin release and thymidine incorporation were recorded during a 16-h incubation
either immediately (day 5) or 7 d later (day 12). Data are the mean±SEMfor eight replicates. Statistical significances using one-way ANOVA
and Fischer's PLSD test: * Significance level <95% when compared with the same culture method without NIC. * Significance level .95%
when compared with ICCs cultured in the same medium.

Grafts of NIC-treated and control ICCs were morphologically
similar, consisting of endocrine and ductal tissue. Wehave
shown previously that 85% of the surface area of histological
sections cut through the control grafts was immunoreactive
when exposed to a cocktail of antibodies against the four islet
hormones (insulin, glucagon, somatostatin, and pancreatic
polypeptide) (Beattie, G. M., F. Levine, M. I. Mally, T. Oton-
koski, J. S. O'Brien, and A. Hayek, manuscript submitted for
publication.)

Effects on adult human islets. The insulin content per cellu-
lar DNAof the adult islets was comparable to previously pub-
lished data (26). Whencultured for 7 d with 10 mMNIC, the
DNAcontent of the islets was increased by 62% (Table IV).
DNAsynthesis, as measured by [ 3H] thymidine incorporation,
was 30% of the level observed in fetal ICCs, and it tended to,
be increased by NIC. The insulin content per cellular DNAof
the adult islets was 40 times higher than in the fetal ICCs. In
contrast to the experiments with fetal cells, the insulin content

was similar in the two groups, and the insulin release was signifi-
cantly lower in islets cultured with 10 mMNIC (Table IV).

Discussion

Our experiments show that addition of NIC to the culture me-
dium of human fetal pancreatic cells both increases the total
cell number and the frequency of f cells. Thus, the total num-
ber of ( cells is increased by NIC. This could be caused either
by the formation of new ,3 cells through differentiation or by
increased survival of the 3 cells that were originally present.
Our morphological observations strongly support the former
possibility. The development of insulin-positive outgrowths
from the undifferentiated epithelial cell clusters closely resem-
bles the islet neogenesis that has been described in the rodent
pancreas both in vivo (27) and in vitro (28). The observed
increases in the transcription of the islet hormone genes by
NIC, and the NIC-induced maturation of glucose-induced in-

Table III. Effects of Poly (ADP-ribose) Synthetase Inhibitors on : Cell Function and DNASynthesis of Human Fetal Islet-like Cell
Clusters after 7 d in Culture

[3H]thymidine Insulin release
incorporation Insulin release Insulin content percent of content

cpm/Mg DNA pmol/lLg DNA pmol//lg DNA

Control 1,884±342 0.16±0.02 1.97±0.33 8.4±1.0
Nicotinamide 10 mM 5,016±205§ 0.35±0.08* 4.26±0.4* 8.0±1.1
Benzamide 10 mM 3,346±476* 0.72±0.13* 9.98±1.21§ 7.1±0.6
3-Aminobenzamide 10 mM 6,178±753* 0.51±0.1* 3.27±0.99 17.0±2.5*

Insulin release and thymidine incorporation were measured during the last 16 h. Data are the mean±SEMof four replicate groups of 50 ICCs.
* P < 0.05 vs control; * P < 0.01 vs control; § P < 0.001 vs control; two-tailed P values for unpaired Student's t test.
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Figure 5. Insulin release
in perifusion of adult
islets (0 ) or fetal ICCs
cultured for 7 d in stan-
dard medium (o) or 10
mMNIC medium (o).
A, expressed in absolute
units, shows the re-
sponse to sequential
stimulation with 16.7
mMglucose (G16.7)
and 10 mMtheophyl-
line (T1O). Insulin re-
lease from NIC-treated
ICCs is significantly
higher than in the con-
trol ICCs throughout
the experiment. B shows
only the glucose re-
sponse of the fetal ex-
periments expressed as
percent changes from
the prestimulatory basal
level. Data are the mean
of two separate experi-
ments with adult islets
and the mean±SEMof
six fetal experiments;
very small error bars are
not shown. *P < 0.05;
**p < 0.01; ***P
< 0.001, as compared
with control using Stu-
dent's two-sample t test.

sulin secretion, further support the view that NIC induces true
endocrine differentiation in the fetal pancreas. This is the first
clear evidence for neogenesis of human insulin-producing cells
in culture. Until now, it has not been possible to reproduce in
human tissue the proliferation, differentiation, and maturation
of , cells that occurs during culture of the fetal rodent pancreas
(29). The only previous study exploring the effects of NIC on
cultured human fetal islets suggested an increase in cell mass,
but no further conclusions could be drawn, possibly because of
poor tissue viability (10).

The marked NIC-induced improvement in the glucose sen-

sitivity of insulin release is interesting, because significant devel-
opment of a glucose-induced insulin response from human fe-
tal cells has been previously shown only after engraftment
into nude mice (30, 31). Unlike fetal rat islets (32), tissue
culture of the human fetal pancreas in the presence of high
glucose does not induce glucose sensitivity (33). Growth hor-
mone (34) and retinoic acid (35) may induce marginal im-
provement in the glucose sensitivity, but the effects have not
been nearly as marked as that of NIC observed in this study.

In accordance with previous studies ( 30, 31 ), transplanta-
tion of the ICCs under the kidney capsule of nude mice resulted
in maturation of glucose-induced insulin secretion, as judged
by the serum human Cpeptide concentrations measured 3 mo

after transplantation. However, the beneficial effect of NIC
could no longer be demonstrated in vivo at this time. Our re-

sults would thus suggest that NIC-pretreatment of fetal islet
cells for transplantation has only limited value in improving
the functional end result of the graft. However, our data do not
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Figure 6. RNAse protection analysis of hormone transcripts in ICCs
obtained from three pancreases and cultured for 7 d in the absence
(C) or presence (N) of 10 mMNIC. Total RNA(400 ng) was hy-
bridized simultaneously to riboprobes for insulin, glucagon, and cy-
clophilin, or to somatostatin and cyclophilin, for 18 h at 56°C, as
described in Methods. Yeast transfer RNA(10 sg) was used as a
negative control. Protected fragments for insulin (262 nt), glucagon
(389 nt), somatostatin (236 nt), and cyclophilin ( 135 nt) are indi-
cated. Exposure times were 3 h for insulin and glucagon and 8 h for
somatostatin and cyclophilin.

exclude the possibility that NIC-treated grafts would have
reached mature function earlier than the control grafts, as has
been recently shown for fetal porcine islets (36). It should also
be noted that we transplanted the same amount of control and
NIC-treated tissue. Considering the NIC-induced increase in
ICC formation, the total insulin-producing graft mass develop-
ing from a single pancreas may be increased by NIC pretreat-
ment.

1500- Figure 7. Basal and glu-

cose-stimulated serum
0 ns human C peptide levels
S i 1o0004 measured in nude mice

~~~~~~~~~~3-5mo after transplan-

0111 1 tation of 500 human
E 00

n. s. 10 1 fetal ICCs under the
Ti z z. kidney capsule. Before

|lucoseJ transplantation, the
0~ asaS ( Jlucos imulat ICCs were cultured for

7 d in the standard me-
dium (open columns) or medium containing 10 mMNIC (filled col-
umns). Data are the mean±SEMof five observations. HumanC
peptide was undetectable in mice that had not received human trans-
plants (not shown).
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Table IV. Effects of Nicotinamide on Adult HumanIslets

Control Nicotinamide P

DNAcontent (ng/islet) 21.3±2.8 34.6±2.9 0.003
Insulin release (pmol/islet) 0.21±0.01 0.18±0.02 NS
Insulin release (pmol/flg DNA) 11.3±1.3 5.7±0.8 0.001
Insulin content (pmol/islet) 1.54±0.20 2.05±0.23 NS
Insulin content (pmol/ug DNA) 82.7±11.3 66.6±10.7 NS
[3H]Thymidine incorporation

(cpm/islet) 16.8±2.8 31.2±5.7 NS
[3H]Thymidine incorporation

(cpm/Ag DNA) 911±181 982±180 NS

The islets were cultured for 7 d either in RPMI medium (5.6 mM
glucose and 10% human serum) alone, or with 10 mMnicotinamide.
Insulin release and [3H]thymidine incorporation were recorded dur-
ing the last 16 h. Data are the means (±SEM) of 15 replicates of 50
islets from three pancreases.

In contrast with the results of Simpson and Tuch (37), we
found that monolayer culture of the ICCs was associated with a
decrease, and not an increase, in insulin production. This is in
accordance with the general view that increased cell prolifera-
tion in vitro is inversely proportional to the stage of differentia-
tion, which is also true for insulinoma cell lines (38). It is
noteworthy that NIC treatment induced a simultaneous in-
crease in the rate of DNAsynthesis and the level of endocrine
differentiation. However, it is evident that the DNAsynthesis
was mainly stimulated in the undifferentiated cells, whereas
the BrdU labeling of hormone-containing islet cells was unde-
tectable. This would suggest that NIC triggered a process in the
uncommitted epithelial cells, which eventually resulted in the
expression of an islet cell phenotype. Thus, the observed insu-
linotropic effects of NIC would mainly be caused by prolifera-
tion and differentiation of precursor cells, rather than a mito-
genic effect on existing f cells. The functional maturation of
the cells also supports this view.

Based on these observations, the effects of NIC should be
different in the adult islets, because they consist mainly of fully
differentiated endocrine cells. In our experiments, the DNA
content of the adult islets was increased by NIC, suggesting a
stimulatory effect on cell proliferation. However, in contrast to
the fetal cells, this was accompanied by impairment of insulin
release. These results are in good agreement with previous stud-
ies on adult rat islets, where increased cell replication was asso-
ciated with adverse effects on ( cell function, specifically insu-
lin release (8). If the insulinotropic action of NIC was mainly
caused by differentiation of undifferentiated islet precursor
cells, which are presumably located within the ductal epithe-
lium (39), it would be understandable that this effect could not
be detected in the isolated islets. It is not clear, whether islet cell
neogenesis from such precursor cells could contribute signifi-
cantly to the islet cell mass in the adult pancreas. However, this
is one of the possible mechanisms to explain the beneficial
effects of NIC on the preservation of insulin secretion in experi-
mental diabetes and in prediabetic individuals.

The effects of NIC could be reproduced with two other
inhibitors of poly(ADP-ribose) synthetase, benzamide, and 3-
aminobenzamide (40), suggesting that decreased activity of
this enzyme was the direct cause of the observed changes. The
activity of poly(ADP-ribose) synthetase is linked with the level

of cellular differentiation in several cell types. Evidence for this
comes from experiments with preadipocytes (41), intestinal
epithelial cells (42), chondrocytes (43), teratocarcinoma cells
(44), and thymocytes (45). In all of these cells, the ADP-ribo-
sylating activity is lower in the more differentiated phenotype,
and morphological evidence of differentiation is preceded by
diminished activity of poly(ADP-ribose) synthetase. Further-
more, chondrocyte and teratocarcinoma cell differentiation
can be triggered by inhibitors of the enzyme, such as NIC and
3-aminobenzamide (44, 46). These effects are likely to reflect
changes in the ADPribosylation of nuclear proteins, resulting
in modifications in chromatin structure that enable the tran-
scription of previously masked regions of DNA. However, the
precise genes responsible for differentiation remain elusive.

In addition to insulin, the transcriptional levels of two other
islet hormones, glucagon and somatostatin, were also induced
by NIC. This is in accordance with an action on the putative
pluripotent islet stem cell. All four islet hormones are thought
to arise from a commonprecursor, as evidenced by cell lineage
analysis (47). Cells expressing insulin together with glucagon,
somatostatin, or pancreatic polypeptide can be detected after
day 10 of mouse fetal development (47), and such mixed cell
types have recently also been identified in the midgestational
human fetal pancreas (48).

In summary, we have shown that morphological and func-
tional differentiation of human pancreatic (3 cells can be in-
duced by NIC in tissue culture of human fetal pancreas rich in
undifferentiated cells. Thus, this tissue culture model may be
useful in further studies to dissect the molecular mechanisms of
islet cell differentiation. Although it is difficult to assess the
possible clinical implications of our in vitro findings, NIC
treatment of fetal islet cells intended for transplantation may
increase the functional graft mass. Also, increased neogenesis
of fl cells should be considered as a possible mechanism for the
reported beneficial effect of NIC on the preservation of insulin
secretion ( 14). Further studies in vivo are required to clarify
this issue.
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