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Goto-Kakizaki (GK) rat, a rodent model of spontaneously occurring non-insulin
dependent diabetes mellitus (NIDDM), exhibits impaired glucose-stimulated insulin
secretion. To explore the background of the B-cell dysfunction in NIDDM, we investigated
whether and how the expression pattern of factors that would potentially be involved in the
glucose-stimulated insulin secretion machinery is changed in GK rats. Using quantitative
reverse transcription-PCR (RT-PCR) method, we found that the gene expression of CD38, a
type 2 membrane protein which has ADP-ribosyl cyclase activity, is reduced by
approximately 50% in islets of GK rats. Despite previous studies showing reduction in the
FAD-linked mitochondrial glycerol-3-phosphate dehydrogenase (mGPDH) activity in GK
rats, the mGPDH mRNA amounts were equal to those in the control Wistar rats,
suggesting a difference that arose post-transcriptionally. These observations support the
idea that multiple defects of the glucose-responsive insulin secreting machinery are
involved in the development of diabetes in GK rats. o 1995 acagemic press,inc.

In NIDDM patients, glucose-stimulated insulin secretion is impaired from the early
stage of the disease. To date, various factors have been shown to be involved in the glucose-
stimulated insulin-secreting machinery in pancreatic p-cells. Among them are GLUTZ, a
high-Km facilitative glucose transporter; glucokinase, the key enzyme located at the
entrance of the glucose metabolism (1); mGPDH, the key enzyme of the glycerol phosphate
shuttle (2); and CD38, a type 2 membrane protein with ADP-ribosyl cyclase activity (3,4).
However, the pathological significance of the individual factors in causing p-cell defects
observed in NIDDM is not known.

The Goto-Kakizaki (GK) rat, a model of spontaneously occurring non-obese NIDDM,
is characterized by impaired glucose-stimulated insulin secretion (5,6). The etiology of GK

rats is thought to be genetic, because they resulted from repetitive selective breeding of
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Wistar rats with abnormal glucose tolerance and became stably diabetic after several
generations (7). To date, this animal model has provided useful information regarding
various pathological aspects of NIDDM and its complications, such as impaired function of
the ATP-sensitive K+ channel in pancreatic f cells in NIDDM (8) and reduced sodium-
potassium ATPase activity that may cause diabetic neuropathy (9).

As a step toward elucidating pancreatic f-cell defects in NIDDM, we examined
whether and how expression of the potential regulators of glucose-stimulated insulin
secretion is modified in islets of GK rats. The results of our present studies revealed that
multiple defects in the signaling machinery for glucose-stimulated insulin secretion may

underlie the impaired 8 cell function in GK rats.

MATERIALS AND METHODS

Pancreatic islet isolation - Four male 8-week-old Goto-Kakizaki rats were used
together with four male age-matched Wistar rats as control. After 24-hour fasting, islets
were isolated by collagenase digestion and Ficoll gradient as described elsewhere (10).

Reverse transcription - Total RNA was extracted from pancreatic islets by the
guanidinium thiocyanate-phenol/chloroform procedure. Extracted RNA (100 ng) was
reverse-transcribed at 42 C for 1 hr in a 30-ul reaction mixture containing 1.0 mM TrisCl
(pH 8.4), 50 mM KCl, 1.5 mM MgClg, 5 units of ribonuclease inhibitor, 1 mM each of dNTP,
50 uM of each RT primer (for p-actin, GLUTZ, glucokinase, mGPDH, CD38, and insulin
genes; shown in Fig. 1), and 10 units of AMV reverse transcriptase. The reaction was
terminated by heating at 95 C for 5 min, and then 1% of the sample was used for the
competitive PCR.

Competitive PCR - Competitor DNA fragments, which were designed to be
amplified by the same set of primers as were the original first strand cDNAs and were
shorter than the cDNAs by 72-200 bp, were produced by the procedure described previously
(Fig. 1; ref.11). All the PCR primers were designed to bypass at least one intron so that
amplification of genomic DNA could be avoided (Fig. 1). The first strand cDNA synthesized
as described above was amplified together with a pre-estimated number of copies of the
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Fig. 1. Competitive RT-PCR strategy.

Panel a, oligonucleotide primers designed for the f-actin, GLUT-2, glucokinase, mGPDH,
and CD38 genes. Panel b, insulin gene. The nucleotide numbers located at the 5'-end of
each primer were as follows: -actin (24), primer A, nucleotide 629, B, 382, C, 231, D,132;
GLUT-2 (25), A, 1657, B, 1353, C, 1063, D, 951, glucokinase (26), A, 635, B, 442, C, 233, D,
161; mGPDH (27), A, 1733, B, 1592, C, 1207, D, 1061; CD38 (28), A, 542, B, 502, C, 310, D,
170; insulin (29), A, 386, B, 352, C, 213, D, 13. First strand cDNAs were synthesized using
all the A primers together. The competitors were synthesized using each set of B and C
primers, and, as a template, the first strand cDNA (11). The 5'-half (20 nucleotides) of the
C primers were designed to correspond to the sequences of the D primers, so that both the
competitors and original cDNAs could be amplified with the same primers (11).
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competitor (12,13). Two products, one derived from the original cDNA and the other from
the competitor, were separated on an agarose gel, and the point of equivalence, i.e. where
the ratio of the band intensity derived from ¢cDNA to that of the competitor is closest to 1,
was determined.

RESULTS

Animal data - The background data of GK and Wistar rats used in the experiments
are shown in Table 1. There is no significant difference in body weight, fasting plasma
glucose, immunoreactive insulin (IRI), glucagon, or free fatty acid (FFA) level between the
two strains. The intraperitoneal glucose tolerance test indicated that glucose-stimulated
insulin secretion was blunted in GK rat (Fig. 2), in agreement with previous reports (5,6).

Establishment of a quantitative RT-PCR method for pancreatic islets - We
utilized the quantitative RT-PCR strategy (12,13) to investigate gene expression of factors
that could potentially be involved in the glucose-stimulated insulin secretion machinery.
The genes examined were GLUTZ, glucokinase, mGPDH, CD38, insulin, and p-actin genes.
To examine the sensitivity of the method, B-actin mRNA that was contained in 1 ng or
0.5 ng of pancreatic islet total RNA of a GK rat was quantified by this method. The results
indicated that the 1 ng total RNA contained twice as many copies of f-actin mRNAs as
those contained in 0.5 ng total RNA (1x 104 copies vs. 0.5x 104 copies, data not shown),
providing support for the high sensitivity of the method that can distinguish a twofold
difference.

Quantification of mRNA amounts in pancreatic islets of GK rats - As
described above, the amount of p-actin mRNA was 1x 104 copies per ng total RNA in
pancreatic islet of GK rats, and the same result was obtained for the control Wistar rats.

Insulin mRNA amounts were not different between GK and Wistar rats (4.6 x 107
copies per ng islet total RNA (data not shown); Fig. 5). Although glucose-responsive insulin
secretion is blunted in 8-week-old GK rats, insulin biosynthesis seemed to be intact at least
at the level of gene transcription. Similarly, there was no difference observed for
glucokinase mRNA amounts (2.2 x 102 copies per ng islet total RNA (data not shown);

Fig. 5).

Despite previous reports showing reduced enzymatic activity of mGPDH in
pancreatic islets of GK rats (14), we detected no difference in mGPDH mRNA amounts
between GK and Wistar rats. The copy numbers of the mGPDH mRNA in both animals

Table 1. Background of GK and Wistar rats

Body weight FPG IRI Glucagon FFA
(g) (mg/dl) (nUiml) (pg/ml) (mEg/ 1)

GK rat
(5;2‘) 260.0 £7.1 1422 +21.3 6.4 +1.0 79.5+95 0.90 £0.22

Wistar rat

(n=4) 24751431253 £177 7.4 +t14 640 +76 0.61 £0.08
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Fig. 2. Intraperitoneal glucose tolerance tests in GK and control rats.

Plasma glucose (panel a) and immunoreactive insulin (IRI; panel b) concentrations before
and after intraperitoneal administration of glucose (2 g / kg body weight) in GK rats ( [,
n=4) and Wistar rats ( A, n=4). The rats were fasted for 24 hrs before the tests. Values are
expressed as mean + SEM. Significant differences (p< 0.05) from the value for control rats
are indicated by asterisks.

were identical at 4.4 x 10 copies per ng islets total RNA (Fig. 3 & Fig. 5), revealing a
discrepancy between the mRNA amounts and the enzymatic activities of mGPDH.

In contrast, reduction in the mRNA amounts in GK rats was observed in two of the
six genes that were investigated. One is the GLUT2 mRNA, for which 50% reduction was

observed in the pancreatic islets of GK rats (8 x 103 vs. 1.6 x 104 copies per ng islet total
RNA in GK and Wistar rats, respectively, data not shown; Fig. 5).

The other mRNA that was decreased in pancreatic islets of GK rats was CD38
mRNA; the gene expression was reduced by approximately 50% in comparison with the
control rats. The copy number of the mRNA in GK rats was 4 x 10 copies per ng islet total
RNA, whereas it was 8 x 10 copies in Wistar rats (Fig. 4 & Fig. 5).

DISCUSSION

NIDDM is characterized by impaired glucose-stimulated insulin secretion and
insulin resistance. The glucose sensing of p cells is mediated via a complex signal
transduction pathway (1), starting with glucose uptake into p cells by GLUT2, a high-Km
facilitative glucose transporter. It has been reported that GLUT2 was decreased, in terms
of activity, in some NIDDM model animals such as db/db (15) and ZDF (16), and, in terms
of mRNA expression, in GK rats (17). The last observation, which was obtained by in situ
hybridization, was supported by the data from our present RT-PCR experiments. Since the
magnitude of the underexpression of GLUT2 alone may be insufficient to explain the
reduced glucose-stimulated insulin secretion in GK rats (17), the pathological significance

of the reduction remains obscure.
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Fig. 3. Competitive RT-PCR for mGPDH mRNA.

Expression of mGPDH mRNA in the pancreatic islets was compared between GK (n=4; GK-
1~4) and control rats (n=4; Wistar-1~4). Copy numbers of the competitors added to each
sample are indicated below each lane. The upper bands (532 bp) correspond to amplified
original cDNAs and the lower bands (406 bp) to amplified competitors. Asterisks indicate
points of equivalence.

Glucose phosphorylation by glucokinase appears to be a rate-limiting step for
glucose metabolism of B cells (1,18), and glucokinase therefore has been suggested as the
glucose sensor. Physiological significance of this enzyme has been supported by the fact
that some MODY or NIDDM cases are caused by the defects in the glucokinase gene (19).
The results of the present study, revealing no difference in mRNA amounts of glucokinase
between GK and normal rats, suggest that GK rats have no major rearrangements or loss
of the glucokinase gene, and are consistent with the previous observation that the enzyme
activity of glucokinase was not impaired in GK rats (8).

It has been suggested that approximately 24 to 40% of glucose-stimulated ATP
production in the pancreatic f§ cell depends on the glycerol phosphate shuttle, a
mitochondria-linked pathway that facilitates conversion of NADH to NADY in cytoplasm
and that of FAD to FADH 9 in mitochondria (20). Accordingly, mGPDH, the key enzyme of
this shuttle, may account for the preferential alteration of the B-cell insulin secretory
response to glucose. Reduced activity of mGPDH was recently observed in islets at least in
two models of inherited diabetes, GK rat (14) and db/db mouse (21). The results of the
present study, detecting no difference between GK and the control in terms of the mGPDH
mRNA amount (Fig. 3 & Fig. 5), suggest that the reduction of the enzyme activity may be a
post-transcriptional event. Further studies are necessary to determine the exact cause of

the reduced enzyme activity and to clarify the physiological significance of the reduction.
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Fig. 4. Competitive RT-PCR of CD38 mRNA.

Expression of CD38 mRNA in the pancreatic islets was compared between GK (n=4; GK-
1~4) and control rats (n=4; Wistar-1~4). Copy numbers of the competitors added to each
sample are indicated below each lane. The upper bands (333 bp) correspond to amplified
original cDNAs and the lower bands (213 bp) to amplified competitors. Asterisks indicate
points of equivalence.
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Fig. 5. Amount of mRNA in pancreatic islets of GK and Wistar rats.

Copy numbers of g-actin, GLUTZ, glucokinase, mGPDH, CD38, and insulin mRNAs
expressed in the pancreatic islets of GK rats and Wistar rats are illustrated. Each open
circle and square represents a datum of a GK rat and a Wistar rat, respectively.
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Cyclic ADP-ribose (cADPR) is a recently described second messenger that induces
calcium release from the endoplasmic reticulum (3,22). CD38, a type 2 membrane protein
first recognized as a surface antigen of T lymphocytes, has both ADP-ribosyl cyclase
activity and cADPR-hydrolyzing activity (4). With the latter enzyme activity being
suppressed by ATP, cADPR accumulation was observed in response to ATP. Accordingly,
CD38 has been suggested to be a putative second messenger for glucose-stimulated insulin
secretion (4). The 50% reduction in the CD38 gene expression observed in this study
therefore suggests that the bluntness of the glucose-responsive cADPR accumulation that
would be induced by the reduced CD38 expression may partially explain the impaired
insulin secretion in GK rats. It should be noted that there is a previous report of no
difference in the CD38 mRNA between GK and Wistar rats (23). Although the exact cause
of this discrepancy is not known, it is conceivable that differences in the experimental
design, such as the use of a competitor in our PCR experiments but not in theirs (23), may
have caused a difference in the sensitivity of the experiments.

In conclusion, our present observations support the idea that multiple defects of the
glucose-responsive insulin-secreting machinery are involved in the development of diabetes
in GK rats.
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