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Further studies of diabetes-prone
BHE/Cdb rats: Increased sensitivity to
calcium ion suppression of oxidative
phosphorylation

Sook-Bae Kim and Carolyn D. Berdanier

Department of Foods and Nutrition, The University of Georgia, Athens, GA USA

The responsiveness of hepatic mitochondria isolated from hyperthyroid and control Sprague-Dawley (SD) and
diabetes-prone BHE/Cdb rats was studied. Hyperthyroidism was induced through the addition of thyrgxine (T

to the diet (2 mg/kg of diet). Oxidative phosphorylation (OXPHOS) with the addition of adenosine diphosphate
(ADP) or an 8:1 mixture of adenosine monophosphate (AMP):ADP was studied. Dose response curves of state
3 and state 4 respiration, respiratory control (RC) ratio, and ADP:O ratio to calcium levels (Ogihpwere
generated. Mitochondria from BHE/Cdb rats were more sensitive to the addition of calcium than mitochondria
from SD rats, as judged by losses in OXPHOStréatment potentiated this strain difference and we conclude
that the diabetes phenotype in the BHE/Cdb rat is probably related not only to the previously described mutation
in the F,ATPase but also to a defect in the efflux of the calcium ion that, in turn, affected the regulation of
OXPHOS. (J. Nutr. Biochem. 10:31-36, 199@) Elsevier Science Inc. 1999. All rights reserved.
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Introduction hyperthyroidism was without effect on state 3 succinate
supported respiration whereas respiration supported by fatty

BHE/Cdb rats mimic humans who develop impaired glu- acids was increase€drurthermore, the coupling of respira-

cose tolerance and then noninsulin dependent diabetes: : . :

mellitus (NIDDM) as they agé? Detailed studies of sgggdg?ioﬁ-srp synthesis was notably impaired under these

\?VHSE;. Cr:c:gtsrzﬁz goé?]%arﬁdthgt't?]esg{%guf'g)ivgfyeéig)s gqu Recent studies of the BHE/Cdb rat have shown that base
1 'S have shown th patc giu 0genesis andy . viv ions exist at bp 8204 and 8289 in the mitochondrial

lipogenesis are increased in rats fed an unrefined diet andATPase 6 genBWe have shown that these base substitu-

that t.hese processes are fur;her increased when a reflne(iiions, as well as the associated impaired glucose tolerance,
diet is fed. Numerous studies have been conducted 0 re maternally inherite®|

determine the existence of genefic differences between The calcium ion activates several key steps in the overall

these and normal rats. These differences have been relategrocess of OXPHOS and serves as a central integrator of
to a decreased efficiency of adenosine triphosphate (ATP)metabolic function. Calcium ion flux into and out of the

synthesis by isolated mitochondﬁ&tudigs using thyroxine mitochondrial compartment occurs via several mechanisms:
e e o ey, & Iorter and both 2 s cependentand ndepence
| of th s of oxidati yh horviation €rux mechanisn®~1°Kimura and Rasmusséhreported
eg;(Pa oS §_7cgm||3_onen S r? O)((j' tE?]IVtethp (.)Sé’ ot_rya |ofn that the administration of dexamethasone to rats markedly
( )- ariier we showe at the induction ot giminished the initial rate and maximal extent of substrate
dependent calcium uptake and enhanced the release of
calcium by hepatic mitochondria. These mitochondria re-
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of calcium accumulation and release followed the pattern of weighed. Mitochondria were prepared by the procedure of Johnson
ATP synthesis and release. Compton et2adhowed that and Lardy'” The liver was homogenized in cold, Tris-buffered

calcium efflux from mitochondria was sodium dependent 0-25 M sucrose, and the mitochondria were isolated from the
and Kowaltowski et al® reported that agents that uncouple homogenate by differential centrifugation, washed, and resus-

S . ded three times. After the final wash, the mitochondria were
OXPHOS or inhibit OXPHOS also affect calcium efflux. In =~ PE" . l .
Escherichia coli purified subunit ¢ binds the calcium ion in resuspended in the bufer o a concentration of 167 mg protein/mL.

oup X . The mitochondrial protein content was determined by the biuret
an aspartate independent mechant8fhe E. coli subunit method using bovine serum albumin as standard.

a, which is thought to be analogous to the mammalian

mitochondria DNA encoded subunit a, is responsive to Determination of OXPHOS

calcium. Increased calcium-binding by thgATPase sub-

units causes a reduction in ATP formation in these cells. Oxygen consumption was determined with an oxygen electrode
Such calcium binding effects are consistent with a pH- (model 5331, Yellow Springs Instrument Co., Yellow Springs, OH
dependent gating mechanism for control of kbn flux ~ YSA). 2.5 mL chamber, and oxygen meter (UGA Instrument
across the opening of the *Hchannel. In mammalian Design Group, Athens, GA USA). The reaction chamber was fitted

- . . : with a magnetic stirrer and temperature was controlled at 25°C.
systems, an impairment in calcium egress should haveRespiration buffer (75 mM glycine; 10 mM phosphate buffer, pH

effects on respiration and_ p_hospho_rylation. Luyisetto é?_al. 7.4; 75 mM KCI; 5 mM MgSQ; 10 mM Tris-HCI, pH 7.2) was

reported that hyperthyroidism activates respiration with a preequilibrated with air by shaking in a water bath at 25°C. The
loss in thermodynamic control due to increased leak. We medium was introduced into the chamber by syringe. All subse-
have proposed that the mitochondrial genomic base substi-quent additions to the chamber were made with Hamilton syringes
tution also would result in an increased leak and that this passed through the capillary aperture on top. The following
could explain the previously reported reduction in ATP reagents were stored frozen (-80°C) in small aliquots: 25 mM
synthesis efficiency.If this is the case, we should observe ADP (pH 6.8), a mixture of 96uM AMP/12 pM adenosine

an additive effect of Ton ATP synthesis as calcium levels diphosphate (ADP), and 0.65 M succinate (pH 7.2). In a typical
in the incubation medium rise. This should be reflected as €XPeriment, freshly isolated mitochondria (2.5 mg of mitochon-
an impairment in OXPHOS. Calcium should accumulate in drial protein) were added to the chamber containing respiration

' . o buffer and 5 mM succinate. After 2 minutes, 375 nmol of ADP was
the mitochondria because of the additive effects of both the added to stimulate state 3 respiration. Usually, two additions of

T, treatment and the genomic error. To test this hypothesis, App were made before the uncoupler [sM 2.4-dinitrophenol

we induced hyperthyroidism in BHE/Cdb and SD rats and (DNP)] was added. In order to determine the role of calcium in the

examined OXPHOS in the presence of graded levels of OXPHOS, CaC] was utilized to provide calcium (&) in

added calcium. concentrations of 0, 0.40, 0.75, 1.5, 3.0, 4.5, 6.0, anduK/5The
calcium additions were made to individual mitochondrial prepara-
tions; that is, they were not added sequentially to the same

Methods and materials preparation. In addition, to direct the adenylate kinase away from
. . ATP synthesis, a mixture of 96M AMP/12 M ADP instead of
Animals and diets ADP was used?® State 3 and state 4 oxygen consumption rates

Two groups of weanling BHE/Cdb (UGA colony) and SD Were calculated according to Chance and Williémstespirato_ry
(Sprague-Dawley, Indianapolis, IN USA) rats were used. The rats control ratio (RC) and ADP/O ratios were calculated according to
(12 per group per strain) were housed individually in hanging, wire Estabrook:®

mesh cages in a room in which room temperature £21°C),

humidity (45-50%), and lighting (lights on 06:001 to 6:00pPm) Statistics

were controlled. The rats were fed a 64% sucrose diet (composi- . . o
tion of the diet in %: sucrose, 64: corn oil, 6: lactaloumin, 10: Super analysis of variance (ANOVA) was employed for statistical

casein, 10: fiber, 5;: AIN 93 vitamin mix, 1: AIN 93 mineral mix, analysis. Statistical significance was determined by using two-way
4) ad libitum. This diet hastens the development of impaired ANOVA. Where appropriate, cell means were compared for
glucose tolerance in BHE/Cdb r&q., treatment consisted of the  Significance B = 0.05) using a Studentstest.

addition of 2 mg of L-T-Na (Sigma, St. Louis, MO USA) per

kilogram of diet. Hyperthyroidism was confirmed with the mea-

surement of J and triiodothyronine (3) in the blood at the time Results

the animals were euthanized. Blood was collected from the neckF d intake. bod iaht. Ii ight d relati i
after decapitation and centrifuged (4°C, 3,500 rpm for 20 minutes). 00d Intake, body weight, fiver weight, and refative fiver

The serum was harvested and used for the determinatiop afd size are presented iffable 1 Strain differences were
T, (Ts kit/Total T, kit, INCSTAR Co., Stillwater, MN USA). The ~ observed in body and liver weights in control groups.
ratio of T, to T, was then calculated. Rats were weighed and food Characteristically, the BHE/Cdb rats were heavier and had

intakes determined every week. Food intake was adjusted for larger livers relative to their body weights than the SD rats.
changes in body weight and expressed as grams of food consumed'he rats had similar food intakes. Long-term thyroid hor-
per day per 100 g body weight. mone treatment resulted in increased food intake. These

Care and handling of animals followed the guidelines by the responses are similar to those of rats treated witHoF
National Research Council, as described in the NIH. Publication gnqrter periods of timé21 Despite an increased food intake,
88-23, Guide for the Care and Use of Laboratory Animals. the BHE/Cdb rats gained markedly less weight. Thyroid

. . . hormone treatment had no effect on the weight gain or food
Mitochondrial preparations intake of the SD rats. This is consistent with our early
The rats were euthanized by decapitation and the livers quickly reports of hyperthyroidism within the physiologic range of
excised, chilled in Tris-buffered (pH 7.2) 0.25 M sucrose, and normal rats:?
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Table 1 Effect of thyroxine (T,) on the response of BHE/Cdb and SD rats

Food intake Initial body Final body
Strain T, N (9/100 g body wt)" weight (g) weight (g) Liver weight (g) RLS
BHE/Cdb - 12 7.1 + 042 83 +8 504 + 119 20.4 + 0.6° 41 +02°
+ 11 8.1 = 0.42 80 =8 448 + 162 18.3+1.0 41 *+04
SD - 12 7.3 +0.9% 83 + 12 450 + 11° 15.3 = 0.6° 3.4 =0.3%
+ 11 8.3 +0.92 83 = 12 414 = 20 17.0+1.0 41 + 0.5
ANOVA¥
Strain ns ns § I I
T, I ns I ns I
Strain X T, ns ns ns 8 I

“Thyroxine treatment.

"Mean = SEM (standard error of mean).

*ANOVA (analysis of variance).

SSignificant at P = 0.05.

ISignificant at P =< 0.01. ns, not significant.

2Effect of T, treatment within the same strain is significant (P = 0.05).
PEffect of strain within the same T, treatment is significant (P < 0.05).
SD-Sprague Dawley. RLS-relative liver size (liver wt/body wt) X 100.

Table 2presents the serum thyroid hormone levels of the (Table 4. This addition was to used to determine

two strains of rats. As expected, &dministration signifi- F,FoATPase activity uncomplicated by the contribution of
cantly increased the ,Jand T; levels and the ratio of Jto the adenylate kinase reaction. The ratio of 8:1 AMP:ADP
T5 in all the rats. suppresses this reactidd® State 3 respiration was not

Succinate-supported respiration was measured in thedifferent between the strains. However, state 4 respiration
absence and presence of ADPable 3. In control BHE/ was greater in the mitochondria from theg-ffeated BHE/
Cdb animals, the state 3 respiratory rate (in the presence ofCdb rats than in the mitochondria from thg-ffeated SD
375 nmol ADP), the state 4 rate (after the added ADP had rats P < 0.05, t-test). ANOVA analysis of these data
been converted to ATP), the RC ratio, and the P/O ratio revealed strain differences in the RC ratios of the two
were evidence of well prepared mitochondria and were groups, with the mitochondria from the treated BHE/Cdb
similar to those previously reportédTreatment of the rats having a lower RC than the mitochondria from the
BHE/Cdb rats with T, resulted in a slight increase in state 4 treated SD rats. Strain differences in the P/O ratios were
oxygen consumption, which affected the RC ratio and also identified by ANOVA.

ADP:O ratio. Although small differences were found be- The calcium dose response of respiring mitochondria
tween BHE/Cdb rats and SD rats with, Treatment, no  from the four groups of rats was then studied. Succinate-
differences were identified by ANOVA except for the RC supported respiration was measured in the presence of
ratio and this was due primarily to the, Treatment of the  various concentrations of calciuRigures 1through4). As
BHE/Cdb rats. the calcium level rose, state 3 respiration declined while

Succinate-supported respiration was also measured in thestate 4 respiration increased. This affected the RC rafjo. T
absence and presence of an 8:1 mixture of AMP and ADP treatment hastened the decline in state 3 and the increase in

Table 2 Effect of thyroid hormone treatment on the blood level of T,, T, and T,/T5 ratio

Strain T, N T, (pg/dL) T, (ng/dL) T,/T4- 1007
BHE/Cdb — 10 53 *+0.12 145.0 = 4.5% 3.7 =0.12
+ 9 12.0 + 0.5% 181.3 = 12.4% 6.8 = 0.4
SD — 11 4.6 +0.52 109.7 = 4.7%° 4.3 +0.12
+ 9 15.0 + 0.9%° 216.4 + 16.9%° 7.1 0.4
ANOVA*
Strain § ns ns
Treatment I I I
Strain X T, I I ns

*Thyroxine (T,) treatment.

TSignificant at P < 0.001.

*ANOVA (analysis of variance).

SSignificant at P < 0.05.

ISignificant at P < 0.01. ns, not significant.

2Effect of T, treatment within the same strain is significant (P = 0.05).
PEffect of strain within the same T, treatment is significant (P < 0.05).
Ta—triiodothyronine. SD-Sprague-Dawley.
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Table 3 Succinate-supported respiration in the absence and presence of ADP in BHE/Cdb rats and SD rats

ADP
Strain T, N State 3* State 41 RC P/O
BHE/Cdb - 10 104 =3 23 + 1 4.6 = 0.1 2.0 = 0.06
+ 9 Q7 256 £ 2 4,0+ 0.2° 1.7 = 0.05
SD - 11 107 =3 22 + 1 49=*0.2 1.8 + 0.05%
+ 9 105 = 11 25*+3 4.4 +04 1.8 £0.08
ANOVA*
Strain ns ns ns ns
T, ns ns § ns
Strain X T, ns ns ns ns

*State 3: Adenosine phosphate (ADP) stimulated (nmole of oxygen (O./min/mg of mitochondrial protein).
TState 4: ADP limited (nmole of O,/min/mg of mitochondrial protein).

*ANOVA (analysis of variance).

SSignificant at P < 0.05.

@Strain difference is significant at P < 0.05, Student’s t-test.

bT, effect is significant at P < 0.05, Student’s t-test.

ns, no significant effect. SD-Sprague-Dawley. T,~thyroxine. RC-respiratory control. P/O-ADP/oxygen ratio.

state 4. When the calcium level exceeded 44, the Discussion

mitochondria from the BHE/Cdb ,fireated rats failed to Th i K is of int t b it sh that
return to state 4 respiration. Thus, there are no measure- € present work 1S ol Interest because it shows that a

ments of state 4 oxygen use by these mitochondria when ad€netically determined difference in the/ATPase subunit
calcium level of 6.0.M was used. Mitochondria from the & has effects not only on OXPHOS efficiency but also on
similarly treated SD rats were more resistant to this high calcium homeostasis m_thls organelle._ Mltoc'hondrla.are
level of calcium. Indeed, a comparison of the noptfeated  thought to buffer elevations of cytosolic calcium during
rats of the two strains revealed that mitochondria from the Poth normal calcium signaling events and atypical calcium
SD rats continued to function with the 6;0M calcium burdens. Changes in cytosolic free calcium concentration
addition whereas only a few preparations from the BHE/ are relayed to the mnochondrla matrix, enabling .mltochon—
Cdb rats appeared to be working, albeit poorly. At the 7.5 drial ATP production to respond to the varying ATP
M level of calcium BHE/Cdb mitochondria were essen- demands of intracellular calcium homeostasis. Bhsub-
tially nonfunctional whereas 3 of the 11 SD preparations unit of the FATPase is a calcium binding protéiand
were working (data not shown). ANOVA of these data several components of the ATP-producing machinery ap-
revealed significant strain differences in state 4 respiration pear to be calcium-regulatéin addition, in the mitochon-
at0.4,0.75, 1.5, 3.0, and 4uM calcium, and significant J drial matrix, three nicotinamide adenine dinucleotide-linked

effects on state 3 respiration at 1.5 and @\ of calcium. dehydrogenases from the citric acid cycle are regulated
The RC ratios and the ADP:O ratios were likewise affected either directly by calcium binding (isocitrate aneketoglu-
by strain and J treatment. tarate dehydrogenases) or indirectly by calcium-dependent

Table 4 Succinate-supported respiration in the absence and presence of mixture of AMP and ADP in BHE/Cdb rats and SD rats

AMP/ADP
Strain T, N State 3* State 4" RC P/O
BHE/Cdb - 10 95 +5 23 =12 41 0.1 1.0 £ 0.05
+ 9 108 =8 27 + 1% 3.9+02 1.1 £0.02
SD - 11 108 + 4° 24 £1 4.8 +0.1° 1.2 = 0.02°
+ 9 108 + 11 23 + 2b 4.6 +0.3° 1.1 £0.04
ANOVA?
Strain ns ns 8 §
T, ns ns ns ns
Strain X T, ns ns ns ns

*State 3: Adenosine monophosphate (AMP)/adenosine phosphate (ADP) stimulated (nmole of oxygen (O,/min/mg of mitochondrial protein).
TState 4: AMP/ADP limited (nmole of O2/min/mg of mitochondrial protein).

+*ANOVA (analysis of variance).

SSignificant at P < 0.01.

2Effect of thyroxine (T,) treatment within the same strain is significant (P < 0.05).

PEffect of strain within the same T, treatment is significant (P < 0.05).

ns, not significant. SD-Sprague Dawley.

34 J. Nutr. Biochem., 1999, vol. 10, January



Calcium sensitivity in BHE/Cdb rats: Kim and Berdanier

RC ratio

(nmole of Op/min/mg mito protein)

Oxygen Consumption

50 =7 T T T T T LO— T T T T T T
0 0.75 1.5 225 3 3.75 4.5 0 0.75 1.5 2.25 3 3.75 4.5

Calcium @ M)

Figure 1 State 3 respiration of BHE/Cdb and Sprague-Dawley (SD)
rats in the various concentrations of calcium. Analysis of variance
performed at each level of calcium revealed a significant (P < 0.05)
thyroxine (T,) effect at 1.5 and 3 wmoles added Ca™ *, as indicated by
superscript a; no other significant effects were found. Bo, control
BHE/Cdb rats; Bt, T,-treated BHE/Cdb rats; SDo, control SD rats; SDt,
T,-treated rats.

Calcium (@« M)

Figure 3 Respiratory control ratio of BHE/Cdb and Sprague-Dawley
(SD) rats in the various concentrations of calcium. Analysis of variance
performed at each level of calcium revealed a significant strain and
thyroxine (T ,) effects as indicated by the letters: a, effect of T, within the
same strain is significant (P = 0.05); b, effect of strain within the same T,
treatment is significant (P = 0.05). Bo, control BHE/Cdb rats; Bt,
T,-treated BHE/Cdb rats; SDo, control SD rats; SDt, T,-treated SD

rats.

phosphorylation (pyruvate dehydrogenase). Activation of . ) ] .

the former and inactivation of the latter occur at physiolog- that exists across the inner mitochondrial membrane. In
ically relevant calcium concentratio”$.The ability of ~ addition, two separate efflux mechanisms exist in the
mitochondria to act as buffers of extramitochondriaPCa  Mmitochondrial inner membrarfé.The efflux of C&" from

has been advocated as the major physiologic role of thetightly coupled respiring mitochondria takes place by an
mitochondrial C&" transport syster® C&*' influx is electroneutral CA/2H" antiport process that is regulated

mediated by a uniporter that permits the transport of the ion by the oxidation-reduction state of the mitochondrial pyri-

down an electrochemical gradient_ The activity of the dine nucleotides. When the extramitochondrial freez['Qa

mitochondrial C&" uniporter is dependent on the gradient s sufficiently high for the activity of the uniporter to exceed
that of the efflux pathway, net €4 accumulation occurs. In

(nmole of Op/min/mg mito protein)

Oxygen Consumption

20 T T T T
0 0.75 1.5 2.25 3 375 45

Calcium @ M)

Figure 2 State 4 respiration of BHE/Cdb and Sprague-Dawley (SD)
rats in the various concentrations of calcium. Analysis of variance
performed at each level of calcium revealed significant strain and
thyroxine (T,) effects as indicated by the letters above the lines: a, effect
of T, within the same strain is significant (P = 0.05); b, effect of strain
within the same T, treatment is significant (P = 0.05). Bo, control
BHE/Cdb rats; Bt, T,-treated BHE/Cdb rats; SDo, control SD rats; SDt,
T,-treated SD rats.

22 —&— B

—<— SDt

P/O ratio

0 0.75 1.5 2.25 3 3.75 4.5

Calcium (@ M)

Figure 4 P/O ratio of BHE/Cdb and Sprague-Dawley (SD) rats in the
various concentrations of calcium. Analysis of variance performed at
each level of calcium revealed significant strain and thyroxine (T,) effects
as indicated by the letters: a, effect of T, within the same strain is
significant (P = 0.05); b, effect of strain within the same T, treatment is
significant (P = 0.05). Bo, control BHE/Cdb rats; Bt, T,-treated BHE/
Cdb rats; SDo, control SD rats; SDt, T,-treated SD rats.
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the BHE/Cdb mitochondria, the genetic defect in subunita 5
of the RbATPase probably changed proton leak and affected
membrane potential. Changes in proton leak in mitochon-
dria in the short term are caused by changes in mitochon- g
drial protonmotive forc& and in the longer term by
changes in the surface area and proton permeability of the
mitochondrial inner membrané:2°In the BHE/Cdb mito-
chondria there is a genetically determined reduction in ATP 4
synthesis efficiency and likely this decreased efficiency
altered the efficiency with which the mitochondria could get
rid of its accumulated CGd. Mitochondrial calcium thus 9
increased and affected RC, because excessive mitochondrial
C&" accumulation inhibits oxidative phosphorylation ca- 1
pacity. An examination of the dose response cunkg-(
ures 1 through % suggests that there might be an impair- 11
ment in the calcium ion movement out of the BHE/Cdb
mitochondrial compartment and in the coupling of respira- ;,
tion to phosphorylation. The buffering of added”Céy the
mitochondria occurred in both strains; however, in the
mitochondria from the BHE/Cdb rats increased levels of 13
Cé&* in the media led to a loss in mitochondrial function at
lower [C&"] than observed in the mitochondria from the
SD rats. 14
Although we have shown genetic differences in the
mitochondrial OXPHOS response to changes in calcium
concentration, the reasons for these differences are unclear;
Energized mitochondria must expend a significant amount
of energy to transport Ga against its electrochemical
gradient from the matrix space to the cytopla&Our
finding of a genomic error in subunit a of thgAzATPasé
suggests that it influences the amount of ATP available for
this transport. However, it is also possible that this change
in amino acid sequence due to these genomic errors mightl?
result in calcium binding. An 8-kDa subunit ¢ of the
FoATPase from chloroplast and bacteria has recently been g
identified as a calcium-binding protein, and has been
proposed to be involved in calcium gating of thg ffroton
channefl®>27In addition, a 52-kDa calcium binding protein
has been identified in the rat as the mitochondrial
F.FoATPase F-B-subunit. Recently, the role of the thyroid g
hormones in expression of the nuclear-encoded
B-F,ATPase gene has been exploféddentification of
these proteins as calcium binding catalytic subunits of the
ATPase suggests a mechanism that would account for the
strain difference in the OXPHOS response to rising levels of
added calcium. Further work is needed to elucidate the 22
mechanism whereby the genetic defect in subunit 6 (subunit
a) affects calcium ion homeostasis in the mitochondrial .,
compartment.

16

24
References

1 Berdanier, C.D. (1991). The BHE/Cdb rat: An animal model for the 25
study of NIDDM. FASEB J5, 2139-2144
2 Berdanier, C.D. (1994). NIDDM in the non-obese BHE/Cdb rat. In 26
Recent Advances in Animal Diabetg&s Shafrir, ed.), pp. 456—498,
Smith Gordon, London, UK 27
3 Berdanier, C.D. and Thomson, A. (1986). Comparative studies on
mitochondrial respiration in four strains of ratSomp. Biochem.
Physiol.85B, 531-535 28
4 Berdanier, C.D. and Kim, M.-J. C. (1993). Hyperthyroidism does not
induce an increase in mitochondrial respiratidnNutr. Biochem4,
10-19

36 J. Nutr. Biochem., 1999, vol. 10, January

Van ltallie, C.M. (1990). Thyroid hormone and dexamethasone
increase the levels of a messenger ribonucleic acid for a mitochon-
drially encoded subunit but not for a nuclear-encoded subunit of
cytochrome ¢ oxidaséendocrinologyl127,55-62

Soboll, S., Horst, C., Hummereich, H., Schumacher, J.P., and Seitz,
H.J. (1992). Mitochondrial metabolism in different thyroid states.
Biochem. J281,171-173

Soboll, S. (1993). Thyroid hormone action on mitochondrial energy
transfer.Biochim. Biophysic Actd144,1-16

Mathews, C.E., McGraw, R.A., and Berdanier, C.D. (1995). A point
mutation in the mitochondrial DNA of diabetes prone BHE/Cdb rats.
FASEB J.9, 1638-1642

Mathews, C.E., McGraw, R.A., Dean, R., and Berdanier, C.D.
(1998). Inheritance of a mitochondrial defect and impaired glucose
tolerance in BHE/Cdb ratDiabetologia4l (in press)

Gunter, K.K. and Gunter, T.E. (1994). Transport of calcium by
mitochondria.J. Bioenergetics and Biomembran2s, 471-485
Kimura, S. and Rasmussen, H. (1977). Adrenal glucocorticoids,
adenine nucleotide translocation and mitochondrial calcium accumu-
lation. J. Biol. Chem252,1217-1225

Compton, M., Moser, R., Ludi, H., and Carafoli, E. (1978). Interre-
lations between the transport of sodium and calcium in mitochondria
of various mammalian tissueBur. J. Biochem82, 25-31
Kowaltowski, A.J., Castilho, R.F., and Vercisi, A.E. (1996). Opening of
the mitochondrial permeability transition pore by uncoupling or inor-
ganic phosphate in the presence of Cas dependent on mitochondri-
al-generated reactive oxygen specleSBS Lett378,150-152

Thomas, W.E., Crespo-Armas, A., and Mowbray, J. (1987). Influ-
ence of nanomolar calcium ions and physiological levels of thyroid
hormone on oxidative phosphorylation in rat liver mitochondria.
Biochem. J247,315-320

Zakharov, S.D., Li, X., Red’ko, T.P., and Dilley, R.A. (1996).
Calcium binding to the subunit ¢ of E. coli ATP-synthase and
possible functional implications of energy couplidgBioenergetics
and Biomembrane28, 483—-494

Luvissetto, S., Schmehl, I., Conti, E., Intravaia, E., and Azzone, G.F.
(1991). Activation of respiration and loss of thermodynamic control
in hyperthyroidism. Is it due to increased slipping in mitochondrial
proton pumpsFEBS Lett.291,17-20

Johnson, D. and Lardy, H. (1967). Isolation of liver or kidney
mitochondria. InMethods in EnzymologfR.W. Estabrook and E.
Pullman, eds.), pp. 94-96, Academic Press, New York, NY, USA
Lemasters, J.J. and Hackenbrook, C.R. (1976). Continuous measure-
ment and rapid kinetics of ATP synthesis in rat liver mitochondrial
mitoplasts and inner membrane vesicles determined by firefly-
luciferase luminescencé&ur. J. Biochem67, 1-10

Chance, B. and Williams, G.R. (1955). Respiratory enzymes in
oxidative phosphorylation]. Biol. Chem217,409-427

Estabrook, R.W. (1967). Mitochondrial respiratory control and the
polarographic measurement of ADP:O ratios.Methods in Enzy-
mology (R.W. Estabrook and E. Pullman, eds.), pp. 41-47, Aca-
demic Press, New York, NY, USA

Berdanier, C.D. and Shubeck, D. (1981). Effects of thyroid hormone
on mitochondrial activity in lipemic BHE rat&roc. Soc. Exp. Biol.
Med. 166, 348-354

Tobin, R.B., Berdanier, C.D., and Eckland, R.E. (1979). L-thyroxine
effects upon ATPase activities of several subcellular fractions of liver of
the rat and guinea pigd.. Environ. Path. and ToxicoR, 1247-1266
Hubbard, M. and McHugh, N.J. (1996). Mitochondrial ATP synthase
F1-subunit is a calcium-binding proteiREBS Lett391,323-329
Crompton, M. (1985). The calcium carriers of mitochondriaT lre
Enzymes of Biological Membrané&.N. Martonosi, ed.), pp. 249—
286, Plenum, New York, NY, USA

Brown, G.C. (1992). The leaks and slips of bioenergetic membranes.
FASEB J.6, 2961-2965

Gunter, T.E. and Pfieffer, D.R. (1990). Mechanisms by which
mitochondria transport calciumdm. J. Physiol258, C755-786
Zakharov, S.D., Ewy, R.G., and Dilley, R.A. (1995). Calcium
binding to the chloroplast and. coli (CF,) FO subunit Ili(c) of the
ATP-synthaseProtoplasmal84, 42—49

Izquierdo, J.M., Jimenez, E., and Cuezva, J.M. (1995). Hypothyroid-
ism affects the expression of thg-F,-ATPase gene and limits
mitochondrial proliferation in rat liver at all stages of development.
Eur. J. Biochem232,344-350



