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Mitochondrial adenosine triphosphate (ATP) generation plays a major role in insulin secretion in pancreatic islet B cells. The
relationship between age and nutritional status of the islet and mitochondrial gene messenger RNA (mRNA) expression was
investigated. Three animal groups were studied: infant (12-day-old) rats fed either mother’s milk or a high carbohydrate (HC)
diet; young (2 to 4-month-old) rats; and old (12 to 14-month-old) rats. The expression of mitochondrial cytochrome oxidase
(CYO) (subunits I, Il, and Ill), B-nicotinamide adenine dinucleotide, reduced form dehydrogenase subunit 4 (NADH-DH4), and
ATP synthase (subunit 6) (ATP-SYN6) mRNAs was characterized by semiquantitative reverse-transcriptase polymerase chain
reaction (RT-PCR). The mitochondrial gene mRNAs were identified in each of the groups of rat islets and in RINm5F cells.
CYO-Il mRNA expression in young and old rat pancreatic islets was 12.7- and 8.2-fold higher, respectively, compared with the
level in infant rat islets. The expression of NADH-DH4 and ATP-SYN6 mRNAs was 47% and 40% lower, respectively, in young
rat islets compared with the level in infant rat islets. CYO-I, CYO-lll, and cytoplasmic glyceraldehyde-3-phosphate dehydro-
genase (GPDH) mRNA expression did not differ between experimental groups. Artificial rearing of infant rat pups on a HC diet
for 8 days lead to a 3.3-fold increase in islet CYO-Il mRNA expression compared with mother-fed pups. However, glucose (11
mmol/L) stimulation of cultured isolated islets from young and old rats for 4 days failed to affect the expression level of
mitochondrial gene mRNAs. Thus, aging affected the differential expression of CYO-ll, NADH-DH4, and ATP-SYN6 mRNAs in
rat islets. CYO-Il mRNA expression was modulated only in infant rat islets after in vivo administration of carbohydrate.
Copyright © 2001 by W.B. Saunders Company

ITOCHONDRIA CONTAIN closed circular, double- cle-stimulating hormone (FSH) and estrogen, and vitamin D

stranded DNA with a size of 14 to 39 kb depending on regulate the expression of these gehés.
the animal species. Both strands of the mitochondrial DNA Glucose is the primary stimulus regulating insulin secretion
(mtDNA) are transcribed. The heavy strand encodes genes fdn islet 8 cells, and intracellular C& levels play a major role
12 polypeptides, 12s and 16s mitochondrial ribosomal ()RNA,in mediating insulin secretioh? This process requires glucose
and 14 transfer (t)RNAs, while the light strand encodes 1metabolism and mitochondrial oxidative phosphorylation lead-
polypeptide and 8 tRNAs. The mitochondrial polypeptides areind to generation of ATP. ATP closes ATP-sensitive han-
cytochrome oxidase (CYO) (subunits I, II, and 1|snicotin-  Nels leading to depolarization of tifecell membrane, opening
amide adenine dinucleotide, reduced form dehydrogenas@f voltage-dependent Ca channels, C&" influx, and insulin
(NADH-DH) (subunits 1, 2, 3, 4, 4L, 5, and 6), and adenosinese‘?ret'omo'll Although 2 main processes, glycolysis anql oxi-
triphosphate (ATP) synthase (ATP-SYN) (subunits 6 ané 8). dative phosphorylation, are responsible for ATP synthesis from

Full-length mtDNA sequences of these genes have been reglucose metab(_)lism, oxi_datiye phosphorylation is the major
ported for human, cow, mouse, and ¥afThe polypeptides are pathway!2 Insulin secretion induced by other secretagogues

translated by mitochondrial ribosomes, and their integrity isSUCh as leucine and glyceraldghyde 'S _also r_ned_lated by the
; o . . . production of ATPt3.14 Thus, mitochondrial oxidative phos-
required to maintain cellular function. Mitochondrial polypep-

. horylation plays an important role in the insulin secretor
tides transport electrons from NADH to molecular oxygen andp y play P y

te ATP th h oxidati taboli Fig 1), ATp Process in3 cells.
generag roug . oxica |v.e metabo |sm' (Fig 1). In contrast to acute glucose-stimulated insulin secretory re-
generation plays a major role in the regulation of glucose-

- ] i e e X sponses, the prolonged exposure of islets to elevated glucose
stimulated insulin secretion in pancreatic ietells. Previous . . entrations both in vivo and in vitro has been shown to
studies have shown that mtDNA is required for the regulationimlc)e“r glucose-stimulated insulin secretitrit” In an in vitro
of glucose-stimulated insulin secretion, and that the expressiogodel of glucose desensitization of insulin secretion, which
of mitochondrial enzymes is regulated with long-term glucoseyses isolated islets cultured for up to 7 days at 11 mmol/L
stimulation and aging=* In addition, hormones, such as folli- glucose (desensitized islets};cell sensitivity to glucose is
reduced-®.18|n addition, feeding a high carbohydrate (HC) diet
to young rats during the sucking period results in an elevated
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late mitochondrial gene mRNA expression in pancreatic isletsTotal RNA Isolation and cDNA Synthesis
Because both age and dietary changes affected specific mito- o151 RNA was extracted from rat pancreatic islets and RINMSF

chondrial_ enzyme MRNA ex_pression levels, it i_s likely that celis using TRIzol. First strand cDNA was synthesized from @g5of
changes in oxidative metabolism enzyme expression play a rolétal RNA by using random hexamer and SuperScript Il ribonuclease

in the insulin secretory response. H™ RT.2223
Polymerase Chain Reaction Amplification and Quantitation
MATERIALS AND METHODS of Mitochondrial Gene Transcript Levels
Materials Polymerase chain reactions (PCRs) were performed as described

Trypsin (249 U/mg) was from Worthington Biochemical (Freehold, Previously?* The sequences of primer pairs for mitochondrial genes,
NJ). Bovine serum albumin (BSA) fatty acid free, fraction V, and GPDH, andB-actin used in this study are shown in Table 1. Amplifi-
RPMI-1640 medium were from Sigma Chemical (St Louis, MO). cation primers for mitochondrial gene analysis were selected to be
Collagenase (type P) was from Boehringer Mannheim (Indianapolis distinct for each subunit based on the reported DNA sequences of the
IN). Fetal bovine serum was from Atlanta Biologicals (Norcross, GA). rat mitochondrial CYO-|, -II, and -Ill, NADH-DH4, and ATP-SYN6
Random hexamer, SuperScript Il ribonucleaserklverse transcriptase  (Table 1). The PCR products corresponded with the expected base pair
(RT), TRIzol, and CMRL-1066 medium were from GIBCO/Life Tech- Product size (Table 1). PCR was performed for 23 cycles under the
nologies (Grand Island, NY).

Table 1. Oligonucleotide Primers for Mitochondrial DNA,

Feeding a HC Formula During Suckling Period GPDH, and p-Actin

Newborn rat pups were pooled and assigned to each nursing mother Products
(11 pups/dam) and were left with the mothers until postnatal day 4. On  genes Sequences (bp)
postnatal day 4, pups were assigned randomly to control and experi=

mental groups. In the milk-fed (MF) control group, pups were reared by CYo- , ,
their nursing mothers. Pups in the experimental group were reared ' orward 5,'CATCTTCTCTCACTGCCA'3 ,
artificially on a HC formula by intragastric cannula, as described ~_ heverse  5-GTAGTGTAGCGAGTCAGCTG-3 407
previously2? On postnatal day 12, the rats were killed by decapitation, cvo-i , ,
and the pancreas was processed for the isolation of islets. All animal ~Forward ?CTCATCAGCTCCCTAGTAC'S ,
procedures were approved by the Institutional Animal Care and Use _ everse  5-GACCTGGTCGGTTTGATGTG-3 475
Committee. cvo-
Forward 5'-GAACATACCAAGGCCACCAC-3’
Reverse 5'-CGTGGAGGCCATGAAATC-3' 429
Isolation and Culture of Rat Islets and RINm5F Cells NADH-DH
. . Forward 5'-GAGGCAACCAAACAGAACGC-3’
Pancreatic islets from infant (12-day-old), young (2 to 4-month-old) Reverse 5'-CGTAGGCAGATTGAGCTAG-3' 496
male, and old (12 to 14-month-old) male Sprague-Dawley rats were ATP-SYNG
olated ets were ather used immeclaioly as heshly isaated (reshy MRS 8 CAGCARCCGACTACACTC S
islets, or they were cultured at 35°C for 4 days in CMRL-1066 culture G::;:;erse 5'-GTCGTACTGCTAGTGCTATCG-3 355
medium containing 5.5 or 11 mmol/L glucose, as described previous-
ly.2! Islets culturegd for RNA extracti%n also included the pmitotic Forward  5"-GTTGCCATCAACGACCCCTTC-3'
S ) . . . . Reverse 5'-GGATGCAGGGATGATGTTCTG-3’ 592
inhibitor, cytosine arabinoside, which was reported previously to re- p-actin
duce nonspecific changes in mRNA expression during long-term islet
culture2? CF()E”S of the rgt insulinoma cerl)l line RINm5IEg we?'e main- Forward 5'-CTACAGATCATGTTTGAGACC-3'
' ’ Reverse 5'-GAAGGAAGGCTGGAAGAGAGC-3’ 441

tained in RPMI-1066 medium at 35°C, as described previotsly.
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following conditions: denaturation for 1 minute at 94°C, annealing for
1 minute at 60°C, and extension for 1 minute at 72°C with the final
extension for 7 minutes. Preliminary studies established the linearity o
amplification rates under the conditions used for these experiments
Polymerization reactions were performed in a Sprint thermalcycler
(Hybaid, Franklin, MA) using 1QwL 1:1 dilution cDNAs (forB-actin),

1:2 dilution cDNAs (for CYO-I and GPDH), 1:4 dilution cDNAs (for
CYO-Il), 1:16 dilution cDNAs (for CYO-III), or 1:32 dilution cDNAs
(for NADH-DH4 and ATP-SYNG6) as templates in a 28- reaction
volume for which amplification was in the exponential phase. The
amplimers were separated by electrophoresis in a 1.5% agarose ge
The gel was stained by ethidium bromide and viewed by Gel Doc 100C
(Bio-Rad, Hercules, CA). The density of each PCR fragment was
analyzed by Molecular Analyst software (Bio-Rad, Hercules, CA). The
image densities of PCR products for mitochondrial-encoded genes an
GPDH were compared with the density of coamplififeactin to
determine the ratio of expression. Values are expressed as relativ
levels of mitochondrial gengfactin mRNA or GPDHB-actin mRNA
after correcting for the dilution factors.

Statistical Analysis

Values are means: SE. Significant differences between treatment
groups were determined by Studerittest (2-tailed) or 1-way analysis
of variance (ANOVA) with post hoc analysis using Student/Newman-
Keuls multiple comparison test. Values Bf< .05 were considered
significant.

RESULTS

Age-Related Changes of Mitochondrial Gene mRNA Levels
in Rat Pancreatic Islets

RT-PCR amplification using islet cDNA showed the expres-
sion of mitochondrial gene mRNAs for CYO-I, -Il, and -lIl,
NADH-DH4, and ATP-SYN6 mRNA (Fig 2). In contrast to the
heterogeneous population of cells in the islet, RINm5F cells,
representative of a homogeneous populatiorgatells, also
expressed each of the mitochondrial gene mRNAs (data nc
shown). Age-related changes in the levels of mitochondrial
gene mRNAs (CYO-I, -Il, and -lll, NADH-DH4, and ATP-
SYNG6) were determined in infant, young, and old rat pancreatic
islets. The relative abundance of each mitochondrial gene suk
unit mMRNA was determined by comparing the amount of
amplification product for each gene with amplification@éc-
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tin mRNA expressed in the same sample. Although the relative fig 3.  Age-dependent mitochondrial gene and GPDH mRNA ex-

levels of CYO-I and CYO-IIl mRNAs were not different

pression in rat pancreatic islets. cDNAs from isolated infant (CJ),

among the experimental age groups (Fig 3A and B), the levelgoung adult (s), and old adult (N) rat islets were amplified by PCR for

Fig 2.
B-actin mRNAs from rat pancreatic islets. cDNA was amplified with
primers specific for CYO-I, -Il, and -1ll, NADH-DH4, ATP-SYN6, GPDH,
and B-actin; the sizes of the products are listed in Table 1.

PCR amplification of mitochondrial genes, GPDH, and

mitochondrial and cytoplasmic mRNAs as indicated. Values are
means = SE of mitochondrial-encoded gene and GPDH mRNAs rel-
ative to B-actin mRNA expression, for 3 to 10 independent determi-
nations. Significant differences between groups were determined by
1-way ANOVA followed by Student-Newman-Keuls multiple-com-
parison test. *P < .01 v infant rat islets.

of CYO-Il, NADH-DH4, and ATP-SYN6 mRNA levels were
significantly different (Fig 3A and B). The levels of CYO-II
mMRNA in infant rat islets was 13 1-fold and 8+ 3-fold lower
than in young rat and old rat islets, respectively (Fig 3A). The
level of ATP-SYN6 mRNA in infant rat islets was approxi-
mately 47% higher than the level in young rat islets, but was
not significantly different from the level in old rat islets (Fig
3B). The level of NADH-DH4 mRNA in infant rat islets was
approximately 40% higher than the level in young rat islets, but
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was not significantly different from that of old rat islets (Fig — MF rat
3B). Cytoplasmic GPDH mRNA was quantitated for compar- am HC rat
ison with the mitochondrial gene mRNAs. The relative level of
GPDH mRNA was not different among the 3 different age
groups of rat islets (Fig 3A).

(&)

Effects of Dietary Carbohydrate Feeding on Mitochondrial
Gene mRNA Expression in Infant Rat Islets

After feeding 4-day-old infant rats a HC formula for 8 days,
the mitochondrial gene mRNA levels were compared with the
age-matched MF rats. The relative level of CYO-Il mMRNA in
HC rat islets was increased to 3.3-fold of the level in MF rat @
islets (Fig 4). However, the expression levels of CYO-I and &
CYO-IIl mRNAs in HC rat islets remained unchanged at
92% =+ 7% and 96%+ 7%, respectively, of the levels in MF
rat islets (Fig 4). The expression of NADH-DH4 and ATP-
SYN6 mRNAs in HC rat islets was 101% 12% and 98%+
9%, respectively, of the levels in MF rat islets. Relative GPDH 0
MRNA levels were also unchanged between HC rat and MF rat CYO-l CYO-lI GPDH
islets (Fig 4).

ative levels
(specific mMRNA/B-actin mMRNA)

e
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In previous studies, the culture of islets in vitro for 4 days or
longer at a physiologically relevant hyperglycemic concentra-
tion of glucose (11 mmol/L) showed that chronic glucose
stimulation alters glucose-stimulated insulin secretion, as well
as the mRNA levels for specific gen¥22The 4-day culture of ®
isolated islets from young rats and old rats in the presence ot°>’
basal glucose (5.5 mmol/L) or a stimulatory glucose concen-&
tration (11 mmol/L) was performed to determine the effect of 2
chronic glucose stimulation on mitochondrial gene mRNA lev- &5
els. Culture of young rat islets with 11 mmol/L glucose did not ‘©
evoke any significant change in the relative levels of CYO-I o 20 4
(99% = 4% of control), -l (95%=* 2% of control), and -llI
(103%= 10% of control), NADH-DH4 (110%t* 6% of con- 10 4
trol), ATP-SYN6 (111%+* 2% of control), and GPDH
(118%= 12% of control) mRNA. Relative basal levels of 0
mitochondrial gene mRNA and GPDH mRNA after islet cul- CYO-Ill NADH ATP
ture at 5.5 mmol/L glucose for 4 days were similar to the levels -DH4 -SYNG6
in fresh islets (Figs 3A-B and 4).

Culture of old rat islets in the presence of 11 mmol/L glucose Fig 4. ~ Mitochondrial and cytoplasmic mRNA expression in infant
did not induce any significant changes in the relative levels of 2t iSiets: Four-day-old rats were either reared for 8 days on mother's

milk (MF, [J) or fed a HC, formula. mRNA expression was deter-
CYO-I (124%= 24% of control), -1l (126%* 22% of cON-  mined by RT-PCR. Values are means = SE of mitochondrial or cyto-
trol), and -lll (132%z= 42% of control), NADH-DH4  plasmic mRNAs, relative to p-actin mRNA, for 3 to 4 independent
(125% =+ 16% of control), and ATP-SYNG6 (139% 28% of determinations. Significant differences between groups were deter-
control) mRNAs. However, the expression of GPDH mRNA mined by unpaired Student’s t test. *P < .05 v infant MF rat islets.
was significantly increased to 197% 21% of control

(P <.01) in islets cultured with 11 mmol/L glucose compared cpongrial DNA are the subunits of mitochondrial respiratory
with basal 5.5 mmol/L glucose (3:20.3 GPDHB-actin chain complexes (Fig 1), with the CYO mitochondrial-encoded
MRNA). subunits forming the catalytic core of that enzyme, and ATP-
SYN being the final step in the generation of ATP. Normal
DISCUSSION mitochondrial function mediates glucose-induced signaling in
The results of this study indicate that mitochondrial-encodedB cells by increasing the cytosolic ATP:ADP ratio, which is
gene mRNAs (CYO-I, -Il, and -lll, NADH-DH4, and ATP- followed by depolarization of the plasma membrane anéi'Ca
SYNG6) are expressed in rat pancreatic islets adczll line, influx.1° The subsequent increase in cytosoli¢Cis the main
and the expression of specific mMRNAs is regulated by agingrigger of insulin exocytosi$10.24Increases in cytosolic &
and carbohydrate stimulation. The proteins encoded by mitoalso lead to increased mitochondrial®Cdevels that stimulate

(specific mMRNA/B-actin mRNA)
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mitochondrial metabolism through the activation ofCasen shift in the insulin secretory response to gluc&sduring
sitive NADH-DH.25-27 |t is likely that mitochondrial gene reg- differentiation, the rapidly replicating cells require high lev-
ulation and protein synthesis regulate ATP synthesis and hencgls of cytosolic nicotinamide adenine dinucleotide phosphate
insulin secretion in pancreatgcells#24Changes in mitochon- (NADPH) and ATP for the synthesis of nucleic acids. This
drial gene expression have been reported for skeletal muscléemand is supplied by constitutively enhanced glucose phos-
from patients with type 2 diabetes mellitus that showed in-phorylation rates by hexokinase and increased mitochondrial
creased expression of CYO-I, CYO-IIl and NADH-DH4 mR- oxidative phosphorylation. The infant HC rat islet also shows
NAs 28 an elevation in hexokinase activify that complements the
This study shows for the first time that the levels of specificincreased CYO-Il mRNA expression, and possibly increased
mitochondrial gene mRNAs in islets are sensitive to aging andCYO activity, in the present study.
carbohydrate availability. The stimulatory effect of a HC diet The mitochondrial genome @ cells and other cell types can
on infant ratB-cell CYO-Il mRNA suggests that carbohydrate be regulated by different physiologic modulators such as glu-
metabolism influences mitochondrial gene transcription in thecose, estrogen, and FS#.” The regulation of mitochondrial
developing pancreas. CYO is a complex enzyme composed gjene transcription also has a potential role in the development
13 subunits, 3 of which (I, Il, and lll) are coded by the of diabetes mellitug?42 In the present study, the levels of
mitochondrial genome and the other 10 by the nuclear geCYO-I, -Il, and -Ill, NADH-DH4, and ATP-SYN6 mRNAs in
nome2® Mitochondria contain all of the elements allowing young adult and old rat islets were not modified by an elevated
transcription and translation responsible for mitochondrialconcentration of glucose in long-term culture, suggesting that
DNA replication2? and mitochondrial DNA replicate indepen- the transcriptional activity of these genes in adult gatell
dently and at a much higher rate than the corresponding eventsitochondria is most likely not glucose sensitive. In islets
in the nucleu$? Little is known about the coordinate synthesis cultured over the long-term at an elevated glucose concentra-
of the various CYO subunits. However, it has been postulatedion (11 mmol/L) physiologically relevant to the hyperglycemia
that the mitochondrial CYO-I, -1, and -Ill mRNA levels could associated with diabetes mellitus, the ability of the cells to
be affected by increased levels of the nuclear-encoded sullenerate ATP in response to glucose is comproniigég-How
units7-32:33 Proteins potentially involved in initiation of mito- glucose desensitization affects metabolism to reduce ATP gen-
chondrial transcription are mitochondrial transcription factor A eration is not entirely known, but it does not appear that
and RNA polymerase¥:37 Differences in mitochondrial changes in3-cell mitochondrial mMRNA for the genes investi-
steady state mRNA levels can also result from differences irgated in this study accounts for the desensitization. Similarly,
mMRNA stability. the levels of GPDH mRNA were neither different among
The differentiation of pancreatic islets during the late intra- infant, young, and old rat islets, nor in infant HC versus MF rat
uterine and suckling periods modulates the insulin secretoryslets, confirming similar findings reported previously that the
responses to glucosd During growth, increased glucose-sen- level of GPDH mRNA is not altered in glucose-stimulated
sitive insulin secretion is paralleled by a large increase inyoung adult rat isletd However, chronic glucose stimulation in
mitochondrial oxidation without a significant alteration in the vitro did increase GPDH mRNA levels in aged rat islets in the
rates of glycolysi$? CYO-Il plays an important role in the present study. In the rg@-cell line INS-1, glucose stimulation
oxidative pathway because it carries the metal center, which islso increased GPDH mRNA levetsin comparison to mRNA
the initial electron acceptor from cytochrome c. In the presentievels, GPDH activity was reported previously to be increased
study, an increase in CYO-Il mMRNA was observed in youngin islets from young rats chronically stimulated by glucose in
and old rat islets compared with infant rat islets, which corre-vitro*®and in islets from infant HC ra®. These results suggest
lates with the increased oxidative activity reported duringthat transcriptional and translational regulation of GPDH are
growth. Interestingly, when infant rats were fed a HC diet theirindependent, and that enzyme activity is related to posttran-
CYO-Il mRNA increased significantly within 8 days. The scriptional events. One explanation for the results is that cyto-
increase in CYO-Il mMRNA in HC rat islets was not, however, plasmic GPDH gene transcription is not modulated by carbo-
at levels comparable to adult rat islets. In the HC rat model hydrate-stimulation except in aged rat islets. Alternatively, islet
enzymes associated with glycolysis are increased in act¥ity, cytoplasmic and mitochondrial mRNA stability may differ
however, mitochondrial-encoded genome enzyme activity haamong these age-group models and account for the relative
not been determined. The elevated levels of CYO-Il mRNA in mRNA levels in this study.
infant HC rat and adult rat islets raise the possibility that Our data indicate that biphasic changes in NADH-DH4 and
increased translation of certain enzymes may be associate®lTP-SYN6 mRNA expression occurred during cell differenti-
with the state of differentiation and functional activity. In fact, ation and aging in pancreatic islets. The expression of NADH-
CYO activity in mouse brain increases progressively up to 5DH4 and ATP-SYN6 mRNA levels were lower in young adult
months after birth and is followed by a gradual decrease withrat islets compared with the levels in infant and old rat islets.
aging4® An increased CYO-IIl mRNA level correlates with An elevated NADH-DH4 and ATP-SYN6 mRNA expression
increased CYO activity in the hippocampt3hus, it is pos- in infant rat islets may be important for glucose oxidation and
sible that an increased level of CYO-Il mRNA in this model differentiation in the early stage of development because the
mediates the increase in CYO levels and activity during differ-activity of CYO may be low as related to the expression of
entiation of the pancreas, and that feeding the HC formulaCYO-Il mMRNA during this period. Insulin secretion is greater
during the suckling period hastens this process. This possibilityn aged rats than in young adult r&fssuggesting that the
is supported by the finding that HC rat islets show a leftwardelevated NADH-DH4 and ATP-SYN6 mRNA expression in
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aged rat islets may contribute to the activity of glucose oxida-and ATP-SYN6 mRNA are regulated by aging and at least
tion, ATP production (Fig 1), and insulin secretion. However, CYO-Il appears to be regulated by aging and the metabolic
there is an inconsistent report that glucose oxidation is lower irresponses in the infant rgtcell. Changes in the mRNA levels
aged rat isletd? In fact, regulation of the oxidative enzyme of this gene during the suckling period suggest that CYO-II
pathway is complex, with posttranslational proteolytic process-mRNA expression may mediate changeginell responsivity
ing of CYO-Il, and perhaps other enzyme proteins, playing ato certain secretagogues and has the potential to be affected by
role28 Thus, the functional implication of the mMRNA levels in hyperglycemic concentrations during pancreatic development.
the present study remains to be determined. The changes in CYO-Il mMRNA levels could be a response of
In summary, islets and insulinoma cells from the rat expresgpancreaticg cells to a demand for ATP during islet develop-
mitochondrial gene mRNA. The level of CYO-Il, NADH-DH4, ment.

REFERENCES

1. Gadaleta G, Pepe G, De Candia G, et al: The complete nucleotidgzation of insulin secretion in fully in vitro systems. Endocrinology
sequence of the Rattus norvegicus mitochondrial genome: Cryptid22:1801-1808, 1988
signals revealed by comparative analysis between vertebrates. J Mol 19. Laychock SG, Vadlamudi S, Patel MS: Neonatal rat dietary
Evol 28:497-516, 1989 carbohydrate affects pancreatic islet insulin secretion in adults and
2. Cantatore P, Saccone C: Organization, structure and evolution gbrogeny. Am J Physiol 269:E739-E744, 1995
mammalian mitochondrial genes. Int Rev Cytol 108:149-206, 1987 20. Aalinkeel R, Srinivasan M, Kalhan SC, et al: A dietary inter-
3. Svensson C, Welsh N, Krawetz SA, et al: Exhibition of specific vention (high carbohydrate) during the neonatal period causes islet
alterations in activities and mRNA levels of rat islet glycolytic and dysfunction in rats. Am J Physiol 277:E1061-E1069, 1999
mitochondrial enzymes in three different in vitro model systems for 21. Lee B, Laychock SG: Regulation of inositol trisphosphate re-
attenuated insulin release. Diabetes 40:771-776, 1991 ceptor isoform expression in glucose-desensitized rat pancreatic islets:
4. Kennedy ED, Maechler P, Wollheim CB: Effects of depletion of Role of cyclic AMP and calcium. Endocrinology 141:1394-1402, 2000
mitochondrial DNA in metabolism secretion coupling in INS-1 cells.  22. Lee B, Jonas J-C, Weir GC, et al: Glucose regulates expression
Diabetes 47:374-380, 1998 of inositol 1,4,5-trisphosphate receptor isoforms in isolated rat pancre-
5. Tsuruzoe K, Araki E, Furukawa N, et al: Creation and character-atic islets. Endocrinology 140:2173-2182, 1999
ization of a mitochondrial DNA-depleted pancreagecell line: Im- 23. Lee B, Bradford PG, Laychock SG: Characterization of inositol
paired insulin secretion induced by glucose, leucine, and sulfonylureasl,4,5-trisphosphate receptor isoform mRNA expression and regulation
Diabetes 47:621-631, 1998 in rat pancreatic islets, RINm5F cells ag#C9 cells. J Mol Endocri-
6. Ku CY, Lu Q, Ussuf KK, et al: Hormonal regulation of cyto- nol 21:31-39, 1998
chrome oxidase subunit messenger RNAs in rat sertoli cells. Mol 24. Maechler P, Kennedy ED, Pozzan T, et al: Mitochondrial acti-
Endocrinol 5:1669-1676, 1991 vation directly triggers the exocytosis of insulin in permeabilized
7. Bettini E, Maggi A: Estrogen induction of cytochrome c oxidase pancreatig3-cells. EMBO J 16:3833-3841, 1997
subunit |1l in rat hippocampus. J Neurochem 58:1923-1929, 1992 25. Rutter GA, Theler JM, Murgia M, et al: StimulatedCanflux
8. Hellman B, Glyfe E, Grapengiesser E, et al: Cytoplasmié'Ca raises mitochondrial free 4 to supramicromolar levels in a panere
oscillations in pancreati@-cells. Biochim Biophys Acta 1113:295- atic B-cell line: Possible role in glucose and agonist induced insulin
305, 1992 secretion. J Biol Chem 268:22385-22390, 1993
9. Wollheim CB, Sharp GWG: Regulation of insulin release by 26. McCormack JG, Halestrap AP, Denton RM: Role of calcium
calcium. Physiol Rev 61:914-973, 1981 ions in regulation of mammalian intramitochondrial metabolism.
10. Laychock SG: Glucose metabolism, second messengers anhysiol Rev 70:391-425, 1990
insulin secretion. Life Sci 47:2307-2316, 1990 27. Civalek VN, Deeney JT, Shalosky NJ, et al: Regulation of
11. Valdeomillos M, Nadal A, Contreras D, et al: The relationship pancreatic8-cell mitochondrial metabolism: Influence of €a sub
between glucose-induced *KATP channel closure and the rise in strate and ADP. Biochem J 318:615-621, 1996
[Ca*]; in single mouse pancreati:cells. J Physiol (Lond) 445:173- 28. Antonetti DA, Reynet C, Kahn CR: Increased expression of
186, 1992 mitochondrial-encoded genes in skeletal muscle of humans with dia-
12. Erecinska M, Bryla J, Michalik M, et al: Energy metabolism in betes mellitus. J Clin Invest 95:1383-1388, 1995
islets of Langerhans. Biochim Biophys Acta 1101:273-295, 1992 29. Freedman JA, Chan SH: Interactions in cytochrome oxidase:
13. Malaisse WJ: Branched-chain amino acid and keto acid metabFunctions and structure. J Bioenerg Biomembr 16:75-100, 1984
olism in pancreatic islets. Adv Enzyme Regul 25:203-217, 1986 30. Anderson S, Bankier AT, Barrell BG, et al: Sequence and
14. McClenaghan NH, Barnett CR, O’'Harte FPM, et al: Mecha- organization of the human mitochondrial genome. Nature 290:457-465,
nisms of amino acid-induced insulin secretion from the glucose-responi1981
sive BRIN-BD11 pancreatic B-cell line. J Endocrinol 151:349-357, 31. Shoffner JM, Wallace DC: Oxidative phosphorylation diseases:
1996 Disorders of two genomes. Adv Hum Genet 19:267-330, 1990
15. Leahy JL, Weir GC: Evolution of abnormal insulin secretory = 32. Dowhan W, Bilbus CR, Schatz G: The cytoplasmically made
responses during 48-h in vivo hyperglycemia. Diabetes 37:217-222subunit IV is necessary for assembly of cytochrome c oxidase in yeast.

1988 EMBO J 4:1979-1984, 1985

16. Xia M, Laychock SG: Insulin secretiomyecinositol transport, 33. Poyton RO, Trueblood CE, Wright RM, et al: Expression and
and Na -K*-ATPase in glucose-desensitized rat islets. Diabetes 42function of cytochrome c oxidase subunit isologues: Modulators at
1392-1400, 1993 cellular energy production? Ann NY Acad Sci 550:289-307, 1988

17. Anello M, Rabuazzo AM, Degano C, et al: Fast reversibility of ~ 34. Chang DD, Clayton DA: Identification of primary transcrip-
glucose-induced desensitization in rat pancreatic islets. Diabetes 45ional start sites of mouse mitochondrial DNA: Accurate in vitro
502-506, 1996 initiation of both heavy- and light-strand transcripts. Mol Cell Biol

18. Bolaffi JL, Bruno L, Heldt A, et al: Characteristics of desensi- 6:1446-1453, 1986



206 LEE ET AL

35. Fisher RP, Clayton DA: A transcription factor required for  42. Conget I, Barrientos A, Manzanares JM, et al: Respiratory chain
promoter recognition by human mitochondrial RNA polymerase. J Biol activity and mitochondrial DNA content of nonpurified and purified
Chem 260:11330-11338, 1985 pancreatic islet cells. Metabolism 46:984-987, 1997

36. Fisher RP, Topper JN, Clayton DA: Promoter selection in hu- 43, Xia M, Hokin LE, Laychock SG: Rat pancreatic islets cultured
man mitochondria involves binding of a transcription factor to orien- at hyperglycemic glucose concentrations have altered phosphoinositide
tation-independent upstream regulatory elements. Cell 50:247-258y,inover, inositol trisphosphate production and ATP levels. Endocrine
1987 2:741-747, 1994

37. Inagaki H, Kitano S, Lin KH, et al: Inhibition of mitochondrial 44. Roche E, Assimacopoulos-Jeannet F, Witters LA, et al: Induc-
gene expression_by antisense RNA of mitochondrial transcription fac—tion by glucose of genes coding for glycolytic enzymes in a pancreatic
tor A (mtTFA). Biochem Mol Biol Int 45:567-573, 1998 g-cell line (INS-1). J Biol Chem 272:3091-3098, 1997

3.8. Kaung HC: Growth dynamics of pancreatic islet cell populatllons 45. Laychock SG: Modulation of glyceraldehyde 3-phosphate de-
during fetal and neonatal development of the rat. Dev Dyn 200:163- A L ;
175 1994 hydrogenase activity in isolated pancreatic islets. Biochem Pharmacol

39. Rorsman P, Trube G: Glucose dependehidkannels in pan 52:793'799;1_1996 ) ) ired al o
creatic B-cells are regulated by intracellular ATP. Pflugers Arch 405: 46‘ TSUC |yama S, Tamge_lwa K, Kato Y: Impalre glucose priming
305-309 1985 of insulin secretion from perifused pancreas in aged female rats. Proc

40. Takai D, Inoue K, Shisa H, et al: Age-associated changes of50C Exp Biol Med 201:54-58, 1992 o
mitochondrial translation and respiratory function in mouse brain. 47- Reaven GM, Reaven PD: Effect of age on glucose oxidation by
Biochem Biophys Res Commun 217:668-674, 1995 isolated rat islets. Diabetologia 18:69-71, 1980

41. Rotig A, Cormier V, Chatelain P, et al: Deletion of mitochon- ~ 48. Lonergan KM, Gray MW: Expression of a continuous open
drial DNA in a case of early-onset diabetes mellitus, optic atrophy, andreading frame encoding subunits 1 and 2 of cytochrome c oxidase in the
deafness (Wolfram syndrome, MIM 222300). J Clin Invest 91:1095- mitochondrial DNA of Acanthamoeba castellanii. J Mol Biol 257:
1098, 1993 1019-1030, 1996



