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Summary. The aim of the present study was to evaluate the 
possible role of the expression of the mitochondrial genome 
for the regulation of insulin production in the pancreatic 
Beta cell. For this purpose, islets of Langerhans were isolated 
from adult control rats and rats injected neonatally with 
streptozotocin and the islet contents of specific mitochon- 
drial DNAs and RNAs together with nuclear-encoded RNAs 
were determined. The contents of mitochondrial cyto- 
chrome b mRNA, the mitochondrial 12 S rRNA and insulin 
mRNA were all 30-40% lower in islets isolated from the 
streptozotocin-treated rats as compared to islets from control 
rats. In contrast, the nuclear mRNA coding for the mitochon- 
drial adenine nucleotide translocator was not decreased in 
the streptozotocin-treated rats. Contents of mitochondrial 
DNA, as assessed by the Southern blotting technique, were 
markedly decreased in the streptozotocin islets. Sequence 
analysis of mitochondrial DNA from streptozotocin islets 

and control islets however, did not reveal any differences in 
nucleotide sequences. In control islets the contents of mito- 
chondrial cytochrome b mRNA increased in response to a 
high glucose concentration during a 4-h incubation period. 
Serum deprivation or the addition of theophylline or 4-phor- 
bo112-myristate 13-acetate failed to affect the cytochrome b 
mRNA contents in vitro. It is concluded that islets of strepto- 
zotocin-treated rats contain low contents of mitochondrial 
DNA and RNA. Since a lower mitochondrial RNA content 
may result in a diminished oxidative capacity, it is conceiv- 
able that a deficiency of this messenger may contribute to the 
development of insulin deficiency. 

Key words: Pancreatic islets, streptozotocin, mitochondrial 
DNA, mitochondrial RNA, insulin mRNA, adenine nucleo- 
tide translocator mRNA. 

The rat mitochondrial genome is more than 16 kilobase 
long and contains sequences that code for 22 tRNAs, the 
12 S and 16 S rRNAs, and 13 proteins [1]. The proteins 
have been identified as cytochrome b (Cyt b) and sub- 
units of cytochrome-c-oxidase, NADH:ubiquinone-re- 
ductase and ATP-synthase [2]. Transcription of mitochon- 
drial (mt) DNA is initiated at two different promoters 
located within the displacement loop (D-loop) region [3] 
and requires transcription factors and an RNA-polymer- 
ase [4-5]. This process leads to the formation of two poly- 
cistronic messages, one for each strand, in which the 
tRNA sequences serve as punctuation signals for rRNA 
and mRNA during processing [6]. It has recently been re- 
ported that expression of mitochondrial genes in 
myoblasts and adipose tissue exhibit sequential changes 
during embryogenesis [7, 8]. Moreover, mitochondrial 
RNA transcription was shown to be increased in response 
to chronic stimulation in skeletal muscle [9,10], by thyroid 
hormone [11] and glucocorticoids [12] in adult liver cells, 
and by fetal calf serum and polyoma virus transfection in 

different cell lines [13,14[. Thus, replication and transcrip- 
tion of mtDNA appears to be strictly regulated in several 
types of differentiated cells. 

Oxidative mitochondrial metabolism is of decisive im- 
portance for the regulation of insulin production in the 
pancreatic Beta cell [15]. In view of this, the aim of the 
present work was to study the regulation of mitochon- 
drial gene expression in isolated rat islets. We have also 
compared steady-state levels of mitochondrial RNA 
species in islets from rats injected neonatally with strep- 
tozotocin (STZ) with those of control islets. Administra- 
tion of STZ to new-born rats leads to an initial period of 
profound Beta cell loss and overt diabetes followed by a 
marked regeneration of the Beta cells and a restoration 
of the glucose tolerance [16-17]. However, after some 
6 weeks, a gradual deterioration of glucose tolerance 
and mild hyperglycaemia develops. Neonatally STZ- 
treated rats have therefore been widely used as a model 
for human Type2 (non-insulin-dependent) diabetes 
mellitus. 
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Materials and methods 

Chemicals 

Glyoxal, poly(A), polyvinylpyrrolidione, salmon sperm DNA and 
Hepes were from Sigma Chemical Co., (St. Louis, Mo., USA) Gene- 
Screen hybridization transfer membrane was obtained from New 
England Nuclear, (Boston, Mass., USA) Ficoll 400 was from Phar- 
macia Fine Chemicals (Uppsala, Sweden). [c~J2P]dCTP 
(3000 Ci/mmol), [35S]-dATPctS and multiprime labelling reactions 
were supplied by Amersham (Amersham, Bucks, UK). Sequenase 
was from United States Biochemicals (Cleveland, Ohio, USA). Col- 
lagenase (EC 3.4.24.3) was obtained from Boehringer Mannheim 
(Mannheim, Germany) and Hanks' balanced salt solution was sup- 
plied by Statens Bakteriologiska Laboratorium (Stockholm, 
Sweden). Culture medium RPMI 1640 and L-glutamine were from 
Flow Laboratories (Irvine, Ayrshire, UK). All other chemicals of 
analytical grade were obtained from E. Merck (Darmstadt, FRO). 

Animals 
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ume phenol/chloroform/isoamylalcohol (25:24:1, by volume). The 
RNA was quantified spectrophotometrically at 260 nm (typical yield 
of RNA was 4-10 ~tg) and equal amounts of RNA (2~l gg) were 
electrophoresed on 1% agarose gels containing formaldehyde [21] 
and blotted to GeneScreen membranes. Differences in islet size 
were compensated for by applying equal amounts of RNA to the 
gels. After baking, the membranes were hybridized to [3ZP]dCTP la- 
belled Cyt b cDNA [20], 12 S DNA, rat insulin I cDNA [22] and 
pAAC9 [23] as a probe for the adenine nucleotide translocator. The 
12 S RNA probe was generated by polymerase chain reaction (PCR) 
amplification of mouse mitochondrial DNA between nucleotides 
15926 and 1478 [24]. After washing, the membranes were exposed to 
Hyperfilm-MP for autoradiography and densitometry. 

For dot-blot analysis, pre-cultured (3-5 days) islets in groups of 
75 were washed in PBS and briefly sonicated in 200 gl of 0.1 tool/1 
Tris (pH 7.5), 10 mmol/1 EDTA, 1% SDS. The sonicates were ex- 
tracted with 200 gl of phenol/chloroform/isoamylalcohol. Nucleic 
acids were precipitated and incubated for 1 h with 1 mol/1 glyoxal at 
50~ [25-26]. The samples were then diluted with 3 volumes of 
20 x SSC and bound to GeneScreen membranes for hybridization 
ruth the labelled Cyt b probe and autoradiography. 

Sprague-Dawley rats were obtained from our local colony. Rats 
were injected i. p. on their first day of life with STZ dissolved in 50 ~tI 
citrate buffer in a dose of 100 mg STZ/kg body weight. Control rats 
were from the same litters and received citrate buffer only. On day 4 
of life the experimental animals were tested for glucosuria using 
Clinistix (Ames-Miles, Slough, Bucks, UK). Only animals exhibiting 
a3+ reaction were used. At 4-5 monthsofage, male rats were killed 
by cervical dislocation. 

Preparation of  isolated islets 

Islets were isolated on Ficoll gradients [18] from collagenase di- 
gested pancreata [19] of male Sprague-Dawley rats. The islets were 
picked free from other pancreatic tissue and either maintained in 
Hanks' salt solution until further use or cultured free-floating in 
RPMI 1640 containing 10% calf serum, 2 mmol/1 glutamine, benzyl- 
penicillin (100 U/ml), and streptomycin (0.1 mg/ml). 

Southern blot analysis 

To freshly isolated islets in groups of 200 was added 200 gl of 
4.3 mol/l guanidinium isotniocyanate, 2% sarcosyl, 3 mmol/l EDTA 
and 10 retool/1 Tris (pH 8.0) and the samples were incubated for 
15 rain at 37~ Ammonium acetate (0.55 tool/l) was added and the 
incubation was continued for another 2 h. The DNA was precipi- 
tated with one volume of ethanol, re-dissolved and reprecipitated 
with 2volumes of ethanol before digestion with EcoR1. EquaI 
amounts of DNA (1.0-2.0 gg) were then electrophoresed on 0.8% 
agarose gels. The gels were stained with ethidium bromide and in- 
spected with ultra violet light illumination. The gels were treated 
with 0.5 mol/1 NaOH and blotted onto GeneScreen membranes 
which were baked at 80~ for 2 h. The membranes were hybridized 
to a [32p]dCTP labelled Cyt b probe [20]. After washing, the mem- 
branes were exposed to Hyperfilm-MP for autoradiography and 
densitometry. 

Mitochondrial DNA sequencing 

DNA from control and STZ islets was isolated as given above. Ap- 
proximately 50 ng DNA was used as a template for ettzymatic ampli- 
fication with a thermostable Thermus aquaticus (Taq) DNA 
polymerase (Perkin Elmer Cetus, Norwalk, Conn., USA). The am- 
plification cycles had the profile 94~ 1 min; 37~ 3 rain; 72~ 1 rain 
and the following 28 cycles had the profile 94~ I rain; 55~ 2 rain; 
72~ 1 rain. The following two oligonucleotide primers were em- 
ployed in the reactions: 5'CCCGAATTCTI'GTCTATGAGGA- 
TAAAT and GGGGGATCCGTAACGGGTCATCGC CCA. The 
sequences of the oligonucleotides are taken from Koike et al. [27] 
and represent a DNA segment surrounding the replication origin of 
rat mtDNA. The amplification products were analysed on agarose 
gels and DNA fragments of the expected size were excised and elec- 
tro eluted. DNA fragments were then digested with EcoRI and 
BamHI and cloned into EcoRI/BamHI cut pSK" (bluescript) and 
sequenced using the 8equenase dideoxy nucleotide sequencing sys- 
tem [28]. 

Results 

Effects' of insulin secretagogues on steady-state levels 
of  Cyt b mRNA 

A s  assessed by  do t -b lo t  analysis ,  a low s e r u m  concent ra -  
t ion,  theophy l l ine  or  4 -phorbo l  12-myr is ta te  13-ace ta te  
( P M A )  fa i led  to  affect  the s t eady-s ta te  levels  of  Cyt  b 
m R N A  in n o r m a l  cont ro l  islets dur ing  a 4-h incuba t ion  
p e r i o d  (Fig. 1). O n  the  o t h e r  hand,  16.7 retool/1 glucose in- 
c reased  the  m R N A  con ten t  with a p p r o x i m a t e l y  50% as 
c o m p a r e d  to  1.67 mmol/1 glucose.  This effect  a p p e a r e d  to 
occur  only at  g lucose concen t ra t ions  above  11.1 mmol/1 
since t h e r e  was no effect  b e t w e e n  1.67 and 11.1 mmol/1 
g lucose  (da ta  no t  shown).  

Northern blot and dot-blot analysis 

For Northern btot analysis, freshly isolated islets in groups of 
300-500 were washed in phosphate buffered saline (PBS) and solu- 
bilized in 4 tool/1 guanidinium isothiocyanate as described by Mani- 
atis et al. [21]. Total islet RNA was isolated by overnight centrifuga- 
tion through a cesium chloride cushion (5.7 mol/1). The RNA pellet 
was suspended in 1% sodium dodecyl sulphate (SDS), 5 mmol/1 
EDTA and 20 retool/1 Tris, pH 7.5 and extracted with an equal vol- 

Contents of  mitochondriaI DNA and RNA in islets from 
STZ-rats 

E c o R I  c leavage  of  D N A  iso la ted  f rom STZ- is le t s  re- 
vea led  the  same f ragment  as seen with  con t ro l  D N A  
(Fig. 2) a f te r  hybr id iza t ion  to  the  Cyt  b p robe .  However ,  
islets f rom STZ- ra t s  con ta ined  m a r k e d l y  less Cyt  b D N A  
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Fig.1. Effects of insulin secretagogues and Beta-cell mitogens on 
steady-state levels of cytochrome b (Cyt b) mRNA. Precultured rat 
islets in groups of 75 were incubated for 4 h in RPMI 1640 sup- 
plemented as shown with different additives. RNA was isolated and 
blotted onto nylon filters. The filters were hybridized to a labelled 
Cyt b cDNA probe, washed and the intensities of the spots were 
determined by means of densitometric scanning. Values are means 
+ SEM for 5-6 observations, * denotes p < 0.05 using Student's 
paired t-test. FCS = fetal calf serum; PMA = 4 phorbo112-myristate 
13-acetate; o. d. = optical density 

N. Welsh et al.: Mitochondrial gene expression in isolated rat islets 

120 �9 

100. 

o 80" O 

~6 6O 

o 40 

20- 

Control 12S rRNA Cyt b ANT INS Cyt b 

mRNA mRNA mRNA DNA 

Fig.3. DNA and RNA contents in islets isolated from streptozo- 
tocin (STZ)-treated rats as compared to control rats. Islets were iso- 
lated from STZ-rats and control rats in parallel and RNA and DNA 
were isolated as given in Materials and methods. Relative contents 
of different RNA and DNA species were determined after Northern 
and Southern blotting and hybridization with labelled probes for 
12 S RNA, cytochrome b mRNA, adenine nucleotide translocator 
mRNA and insulin mRNA. The relative contents of the different 
species are expressed as a percentage of the corresponding control. 
Values are means + SEM for 4-5 separate observations. 

** denotes p < 0.01 using Student's paired t-test. Cyt b = cyto- 
chrome b; ANT mRNA = adenine nucleotide translocator mRNA; 
Ins mRNA = insulin mRNA 

were  not  significantly decreased compared  to control  is- 
lets (Fig. 2 and 3). 

Fig,2. Northern and Southern blots of RNA and DNA from strep- 
tozotocin (STZ)-islets and control islets. Photograph showing con- 
tents of the different RNAs and DNA in control islets (lane 1) and 
STZ-islets (lane 2). Cyt b = cytochrome b; ANT mRNA = adenine 
nucleotide translocator mRNA; Ins mRNA = insulin mRNA 

than control  islets (Fig. 2). The  results f rom densi tometr ic  
scannings of  4-5  separate experiments  are given in Fig- 
ure 3. Also lower than their corresponding controls  were 
Cyt b m R N A  and 12 S r R N A  in STZ-islets. The decreases 
in these two mitochondr ia l  R N A s  were of  the same mag- 
ni tude and less p ronounced  than that  observed in Cyt  b 
D N A .  Of  the two nuclear  encoded  m R N A s ,  insulin 
m R N A  contents  were some 40% lower in the STZ-islets, 
whereas  adenine nucleot ide t ranslocator  m R N A  levels 

Sequencing of  mitochondrial D NA 

D N A  fragments  of  the mitochondria l  D- loop  derived 
f rom three STZ-rats  were  PCR-ampl i f ied  and sequenced.  
The  nucleot ide sequences were identical to each other  
and to the sequence of  five control  rats and are given in 
Figure 4, t rack 1. Since approximately  200 base pairs were 
sequenced  f rom each STZ-rat ,  a total  of  600 base pairs of  
STZ- t rea ted  mitochondria l  D N A  was free f rom any mu-  
tations. In  t rack 2, Figure 4, the nucleot ide sequence of  
the same region repor ted  by Koike  et al. [27] is given for 
comparison.  The  observed differences in the sequences 
may be explained by intraspecies polymorphism.  Three  of 
the four  differences are transitions which are expected in 
m t D N A  [29, 30]. 

Discussion 

We have previously repor ted  that  culture of  isolated rat is- 
lets for 7 days at a high glucose concentra t ion increased 
Cyt b m R N A  contents  by 40% [31]. In  the present  study, 
the Cyt  b m R N A  contents  were similarly increased by a 
high glucose concent ra t ion  after only a 4-h incubat ion 
period. W h e n  compar ing  the effects of  glucose on the con- 
tents of  insulin m R N A  and Cyt b m R N A ,  it is known that  
the effect of  glucose on the expression of  the insulin gene 
is marked  ( three-ten fold) and reaches its max imum after 
several days [32, 33]. These  obvious differences may, in 
part, be explained by the rapid turn-over  o f m t R N A  [5], as 
compared  to the low turn-over  rate of  insulin m R N A  [34]. 
In addition, glucose enhances  bo th  the transcription of  the 
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1 GAA "ITC TfG TOT ATG AGG ATA AAT GAG CCT TAA CTA AAA GGT TCC 

2 TIG TCT ATG AGG ATA AAT GAC COT ~AA CTA AAA GGT TCC 

1 ACA GGA c'Fr TGT GCT GAC CTT CAT GCC TIG ACG GCT ATG T TG AGG 

2 ACA GGA C]q- TGT GOT GAC C]T CAT GCC TTG ACG GOT ATG ~ G  AGG 

1 AAG GCA Tee GAA AAT TAA AAA ATA CCA AAT GTA TAT CAC CAC AGT 

2 AAG GCA TCC GAA AAT TAA AAA ATA CCA A T GTG TAT CAC CAC AGT 

1 TAT GTT GAT CAT GGG CGA TGA CCC GTT ACG GAT CC 

2 TAT Glq" GAT CAT GGG CGA TGA CCC GIq- AC 

Fig.4, Nucteotide sequence ofmtDNA from streptozotocin (STZ)- 
islets. Track 1 shows the nucleotide sequence of a fragment of the D- 
loop containing region from three STZ-rats and five control rats and 
corresponds to the H-strand (5'-3'). Track 2 shows the nucleotide se- 
quence of the same region reported by Koike et al. [27]. Underlined 
letters represent dissimilarities between the reported and the pres- 
ently observed nucleotide sequences 

insulin gene and the stability of insulin mRNA [34]. We 
have presently not studied mtRNA transcription rates 
due to the very limited availability of Beta cells. There- 
fore, it is unclear whether glucose, in the Beta cell, affects 
mtRNA-transcription or mtRNA-stability or both. In he- 
patocytes, however, it has been shown that mitochondrial 
gene expression is controIIed mainly at the level of tran- 
scription [11]. The presently observed modest effect of 
glucose on Cyt b m R N A  contents supports the view that 
glucose exerts its actions mainly by enhancing mtRNA 
transcription only and not by a combination of both mech- 
anisms. Nevertheless, that Cyt b mRNA and 12 S rRNA 
contents in the present investigation were equally de- 
creased in STZ-islets suggests that these two RNA species 
are not differentially regulated either at the transcrip- 
tional level or at the level of degradation. 

Kadowaki and Kitagawa recently reported that growth 
stimulation induced an enhanced mitochondrial gene ex- 
pression, occurring prior to the S-phase, in a hepatoma 
cell line [13]. We presently show that the Beta-cell mito- 
gens fetal calf serum, PMA and theophylline do not in- 
crease Cyt b mRNA levels. This may, however, be due to 
the limited growth potential of adult Beta cells, i.e., not 
enough Beta ceil may have entered the Gl-phase in re- 
sponse to the mitogens in order to allow an enhanced mi- 
tochondrial gene expression of these few cells to be re- 
corded. 

The major finding of this investigation is the lowered 
mtRNA and mtDNA content in islets isolated from STZ- 
treated rats. This decrease probably does not reflect a 
general attenuation of the expression of mitochondrial 
proteins since the messenger for the mitochondrial 
adenine nucleotide translocator was not lowered. Since 
no morphometric analysis was performed in this study, the 
relative mitochondrial volume fraction in STZ-islets as 
compared to control islets remains unknown. Thus, we 
cannot determine whether the number of DNA molecules 
per mitochondrium was unchanged or decreased. How- 
ever, in islets treated in vitro with STZ, the mtDNA con- 
tents were decreased without a concomitant decrease in 
the mitochondrial volume fraction [35]. Although the in 
vitro STZ model and the neonatal STZ model are dissimi- 
lar, the possibility that the number of DNA molecules per 
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mitochondrium is decreased in the neonatal STZ-islet 
cannot be excluded. 

Islets from adult rats treated neonatally with STZ ex- 
hibit lower insulin mRNA contents, a decreased insulin 
biosynthesis and a diminished glucose sensitive insulin re- 
lease [16, 17, 36]. The impaired insulin production is paral- 
leled by specific impairments of the mitochondrial func- 
tion manifested in lower glucose oxidation and oxygen 
uptake rates [37, 38]. In view of these previous observa- 
tions and the present findings, it is tempting to propose 
that STZ, a nitrosourea known to alkylate DNA [39], se- 
lectively damages mtDNA, as compared to nuclear DNA, 
leading to a markedly lower mtDNA content and conse- 
quently also a lower mitochondrial gene expression. Inter- 
estingly, mtRNA levels were not as markedly depressed as 
mtDNA levels. This would indicate that the lack of 
mtDNA is partially compensated for by an enhanced tran- 
scriptional efficiency in the STZ-islets. Since we also can- 
not exclude the possibility of an enhanced translation effi- 
ciency, it remains uncertain whether the low mtDNA and 
mtRNA contents actually represent a deficiency at the 
protein level. However, assuming that a state of protein 
deficiency exists, it is possible that lower mtRNA levels 
cause a lower Beta-cell respiratory capacity, since a 
blocked expression of mitochondrial gene products in 
mouse cell lines has been shown to lead to an inhibition of 
the expression and assembly of most nuclear-coded sub- 
units of the complexes involved in the oxidative phospho- 
rylation [40]. 

It has been shown that mtDNA is more vulnerable to 
oxidative damage than nuclear DNA and that methyla- 
tion of mtDNA occurs at increasing frequencies with in- 
creasing age [41, 42]. Moreover, Trounce et al. [43] and 
Linnane et al. [44] have proposed that cumulative damage 
to mtDNA could be an important contributor to ageing 
and degenerative diseases. That STZ would induce 
multiple mutations in the mitochondriai genome and 
thereby cause a gradual deterioration of insulin produc- 
tion, however, does not appear likely since we could not 
detect any mutations within the D-loop region of STZ- 
mtDNA. Thus, it seems that STZ induces an all-or-noth- 
ing injury to mtDNA, i.e. only the DNA which is essen- 
tially undamaged and/or efficiently repaired will survive. 
We have previously shown that the impaired glucose-sen- 
sitive insulin release of STZ-islets was not readily restored 
during culture at a high-glucose concentration, whereas a 
restoration occurred during culture at lower glucose con- 
centrations [36]. This suggests that the low mtDNA con- 
tent of STZ-islets induces a deficient insulin release only 
when these islets are exposed to a state of high functional 
demand. Against this background, it appears worthwhile 
to determine to what extent Type 2 diabetes mellitus in 
humans is associated with lower mtDNA/mtRNA con- 
tents and/or an enhanced mutation frequency of the mito- 
chondrial genome. 
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