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Abstract

Cadmium is a ubiquitous and extremely toxic metal, which strongly affects mitochondrial function of aquatic organisms in vitro;
however, nothing is known about the in vivo effects of sublethal concentrations of this metal on mitochondrial bioenergetics.
We have studied the effects of exposure to 0 (control) qi@b* (Cd-exposed) Cd on mitochondrial function and gene
expression of key mitochondrial proteins in the eastern oyStassostrea virginicaCadmium exposure in vivo resulted in
considerable accumulation of cadmium in oyster mitochondria and in a significant decrease of ADP-stimulated respiration
(state 3) by 30% indicating impaired capacity for ATP production. The decrease in state 3 respiration was similar to the level
of inhibition expected from the direct effects of cadmium accumulated in oyster mitochondria. On the other hand, while no
effect on proton leak was expected based on the mitochondrial accumulation of cadmium, Cd-exposed oysters in fact showed
significant decline of the proton leak rate (state 4 + respiration) by 40%. This suggested a downregulation of proton leak, which
correlated with a decrease in mRNA expression of a mitochondrial uncoupling protein UCP6 and two other potential uncouplers,
mitochondrial substrate carriers MSC-1 and MSC-2. Expression of other key mitochondrial proteins including cytachrome
oxidase, adenine nucleotide transporter and voltage dependent anion channel was not affected by cadmium exposure. Adenyla
energy charge (AEC) was significantly lower in Cd-exposed oysters; however, this was due to higher steady state ADP levels
and not to the decrease in tissue ATP levels. Our data show that adjustment of the proton leak in cadmium-exposed oyster:
may be a compensatory mechanism, which allows them to maintain normal mitochondrial coupling and ATP levels despite the
cadmium-induced inhibition of capacity for ATP production.
© 2005 Elsevier B.V. All rights reserved.
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sources GESAMP, 1987. Cadmium is a highly toxic bivalves, in particular on their mitochondria and energy
trace metal with no known biological function in ani- metabolism.
mals, which is widespread in estuarine and coastal en- Trace metals including cadmium have long been
vironments. Anthropogenic sources of cadmium in es- known as powerful modulators of mitochondrial func-
tuarine and coastal habitats due to pollution of the es- tion (Skulachev et al., 1967 For instance, mam-
tuaries have received most attenti®toésijadi, 1998 malian and plant mitochondria are very sensitive
however, natural ones are also very important and may to cadmium, which strongly affects mitochondrial
be due to the river run-off from cadmium-rich soils, bioenergetics in vitro at concentrations as low as
leaching of the rocks or diatom deposition in ma- 10-°M (Skulachev et al., 1967; Kesseler and Brand,
rine sediment GESAMP, 1987; Frew et al., 1997 1994, 1995 Ye et al., 2001 Our current studies
At high concentrations, cadmium is extremely toxic to have shown that oyster mitochondria are also highly
aguatic organisms, but even low sublethal levels may sensitive to cadmium Sokolova, 2004 Low lev-
significantly affect their physiologySokolova, 2004; els of cadmium (1-5M) stimulated proton leak
Sokolova et al., 2004 and decreased coupling of oyster mitochondria indi-
Marine bivalves including oysters are exposed to cating high cost of mitochondrial maintenance and
varying levels of cadmium in their natural habitats in reduced mitochondrial efficiency. Higher cadmium
estuaries and coastal areas. They have an ability tolevels (10-5QuM) further reduced mitochondrial cou-
concentrate cadmium in soft tissues from water and pling due to strong inhibition of the ADP-stimulated
sediments to the concentrations exceeding the envi- respiration $okolova, 2004 Interestingly, there was

ronmental levels by orders of magnitudeagsijadi, no reduction in the mitochondrial membrane po-
1996; Frew et al., 1997 Body levels of cadmium in  tential by cadmium indicating that the activity of

natural oyster population’s range from 0.4 to§)g—* electron transfer chain was sufficient to counteract
dry weight Roesijadi, 1996; Frew et al., 199 During cadmium-stimulated proton leakS¢kolova et al.,

acute exposure to elevated cadmium concentrations in2004).
water or sediments, oysters can accumulate even higher Despite the strong evidence that cadmium impairs
loads of this metal up to 300—-4@® g~ dry weight mitochondrial function in vitro, effects of this metal
(Roesijadi, 199% on mitochondrial bioenergetics of aquatic organisms in
Resistance to the toxic effects of cadmium and vivo atlow sublethal concentrations are not well under-
other trace metals is provided primarily by bind- stood. Several lines of evidence suggest that mitochon-
ing to metallothioneins and deposition of insoluble dria are a key intracellular target for this metal in vivo.
metal-containing granulesRpesijadi, 199% How- Thus, long-term exposure to high cadmium levels re-
ever, these detoxification mechanisms are imperfect, sulted in mitochondrial swelling, reduction of the den-
and from 10 to 90% of the total heavy metal pool sity of cristae and severe reduction of glycogen fields
in the cytosol is bound to low molecular weight indicating activation of glycolysis in freshwater clams
compounds and other proteins depending on the Elliptio complanateandAnodonta cygneéHemelraad
species and the regime of exposure to heavy met-et al., 1990 Moreover, exposure to high levels of
als Bracken et al., 1984; Giguere et al., 2008- cadmium resulted in a decrease of aerobic respiration,
terestingly, recent studies have shown that although significant depletion of glycogen reserves, decrease in
metallothionein-bound metals are less cytotoxic than intracellular ATP levels and transition to partial anaer-
free ions, they nevertheless can strongly affect mi- obiosis indicating severe disturbance of mitochondrial
tochondrial function $impkins et al., 1994, 1998 function and insufficient ATP productiotémelraad
Our current studies also showed strong accumula- etal., 1990h These studies using high lethal cadmium
tion of cadmium in oyster mitochondria to the lev- concentrations indicate that disturbance of mitochon-
els 2-3 times exceeding cadmium levels in other or- drial bioenergetics is critically implicated in the acute
ganelles such as lysosomes and microsomes (Sokolovacadmium toxicity in bivalves. However, it is not clear
Ringwood, Johnson, unpublished data). Thus, both whether low sublethal cadmium concentrations can
metallothionein-bound and -unbound (“excess”) metal also affect their mitochondrial physiology and bioen-
ions have a potential to exert physiological effects on ergetics.
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The aim of this study was to investigate the effects
of in vivo exposure to cadmium on mitochondrial
function and bioenergetics of a model marine bivalve,
the eastern oysteCrassostrea virginicaWe exposed
oysters for 3 weeks to 0 or 265 L1 (0.22uM) Cd?*
and determined oxidation rates and coupling of their

mitochondria, as well as key parameters of tissue en-
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18-20°C and salinity varied between 22 and 30%o.

The study site has very low background concentra-
tions of heavy metals and organic pollutantsaflin

et al., 1999 Swartzenberg, personal communication).
Animals were transported to the University of North

Carolina at Charlotte within 8 h after collection and

placed in recirculated aquaria with artificial sea water

ergy status. In particular, we measured ADP-stimulated (SW) (Instant Ocedh, Kent Marine, Acworth, GA)

(state 3) respiration rate of isolated mitochondria,
which is indicative of the maximum rate of ATP

at 20£1°C and 650t 20 mOsm. Animals were ac-
climated in the laboratory for 1 week prior to exper-

synthesis, respiration of resting mitochondria (state imentation. During acclimation period, oysters were

4 respiration) and proton leak (state 4+ respiration).
Low levels of proton leak are normal for mitochondria

fed on alternate days with a commercial algal blend
(0.5 mL L~1) containingNannochloropsisTetraselmis

and are considered a mechanism, which regulatesand Isochrysisspp. ranging in size from 2 to }Bm

production of reactive oxygen species by “mild uncou-
pling” (Goglia and Skulachev, 20Dpand plays a role

(PhytoPle®, Kent Marine, Acworth, GA). No mor-
tality was detected during the preliminary acclimation

in determining the basal metabolic rate of an organism period. After the preliminary acclimation, oysters were

(Hulbert and Else, 1999 However, elevated proton
leak would result in low mitochondrial efficiency and

randomly assigned to plastic Nalg&heays (six oys-
ters per tray), and incubated for 3 weeks in 5L of SW

high cost of mitochondrial maintenance, which nega- (control) or of SW with 25ug L~ Cd?* (Cd-exposed
tively impacts whole-organism bioenergeti€(tner oysters). Four trays were assigned to each experimental
et al.,, 1998, 2001 We have also studied the effects treatment (control and Cd-exposed). Oysters were fed
of cadmium exposure on gene expression of key mito- with PhytoPle® blend on alternate days, and water was
chondrial proteins involved in substrate transport and changed 18 h after feeding. Less than 2% mortality was
oxidation. In particular, we analyzed gene expression detected during the experimental incubations, and there
of cytochromec oxidase which is a key enzyme of the were no significant differences in mortality between

electron transfer chain, adenine nucleotide transporter control and Cd-exposed oysters (data not shown).

(ANT) involved in mitochondrial ATP/ADP exchange,

a voltage-dependent anion channel (VDAC), a novel
uncoupling protein (UCP6) and two other mitochon-
drial substrate carriers, which may be involved in
mitochondrial proton leak (MSC-1 and MSC-2).

This study for the first time provides evidence that
mitochondrial function and gene expression of mi-
tochondrial proteins in marine mollusks is strongly
affected by low sublethal concentrations of cadmium,

and emphasizes potentially strong negative impact

2.2. Chemicals

All chemicals were purchased from Sigma—Aldrich
(St. Louis, MO, USA) or Fisher Scientific (Suwanee,
GA, USA) and were of analytical grade.

2.3. Isolation of mitochondria

Mitochondria were isolated from oyster gills us-

which trace metal pollution can have on bioenergetics ing a method modified fronBallantyne and Moyes

and energy metabolism of estuarine mollusks.

2. Materials and methods
2.1. Animal collection and maintenance

Adult oysters (2 years, 95-120 mm shell length)
were collected from Stump Sound, NC in April

(1987) In aquatic organisms, gills are a primary site
of uptake of trace metals and a major target for trace
metal toxicity Kie and Klerks, 2004 which makes
them a tissue of choice for the studies of cadmium
effects on metabolic physiology. Isolation buffer con-
sisted of 300 mM sucrose, 50 mM KCI, 50 mM NacCl,
8 mM EGTA, 1% bovine serum albumin (BSA, essen-
tially fatty acid free), 2ug mL~1 of a protease inhibitor
aprotinin and 30 MM HEPES (pH 7.3 éllantyne and

2004. Water temperature at the time of collection was Moyes, 1987. Gills of two or three animals were re-
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moved, blotted dry and placed in 15 mL of ice-cold iso- mitochondrial respiration or coupling during this pe-
lation medium. The tissue was homogenized with five riod. The assay medium consisted of 150 mM KClI,
passes (200 rpm) of a Potter—Elvenhjem homogenizer 150 mM NaCl, 10 mM KHPQy, 20 mM sucrose, 0.1%
using a loosely fitting Teflon pestle. The homogenate bovine serum albumin (BSA, essentially fatty acid
was centrifuged for 10 min at 2000g and 4°C. The free), 2ngmL~1 of aprotinin, 5uM of a myokinase
supernatant was collected, and the tissue pellet re-inhibitor APsA and 30 mM HEPES (pH 7.2). Suc-
homogenizedin 15 mL of ice-cold isolation buffer. The cinate was used as a substrate at saturating amounts
second homogenate was centrifuged at 20@Q and (10-15mM) in the presence of BV of rotenone.
supernatants from the two centrifugations were pooled. Maximal respiration rates (state 3) indicative of the
The supernatant was then centrifuged at 75@dand maximum capacity for ATP synthesis in mitochondria
4°C for 12 min. The resulting mitochondrial pelletwas were achieved by addition of 200300 nmol ADP, and
washed twice with ice-cold EGTA-free isolation buffer state 4 respiration was determined in ADP-conditioned
to minimize cadmium binding by the chelator and re- mitochondria as described Wghance and Williams
suspended in the ice-cold EGTA-free isolation buffer (1955) State 4+ respiration was determined as oxygen
with 0.1% BSA to give a mitochondrial protein content  consumption rate after addition of 2.5 mL~? of an
of 5-10mgmLL. This method of isolation routinely ~ ATPase inhibitor oligomycin. State 4+ respiration in
yielded mitochondria with the respiratory control ratios the presence of oligomycin is considered as a good
of 2.5-4 Sokolova, 200% upper limit estimate of mitochondrial proton leak
It is worth noting that pure BSA solutions bind ap- measured at high mitochondrial membrane potential
proximately 2u.g C#* mg=1 in high ionic strength (Brand etal., 1994; Kesseler and Brand, 198%a pre-
media at pH 7.5Nliller et al., 1973. However, the liminary study, KCN (10QuM) and salicylhydroxamic
effects of this binding on the Gd availability are con- acid (SHAM, 20QuM) were added to the mitochondria
troversial and not fully understood. We have conducted at the end of assay to inhibit mitochondrial respira-
a series of preliminary experiments, in which we tested tion and to measure non-mitochondrial rate of oxygen
Cd?* effects on oyster mitochondria in BSA-free me- consumption. SHAM was used in order to avoid the
dia and found that Cd effects were only about 10%  overestimation of non-mitochondrial respiration rate
greater in the absence of BSA at low&aoncentra- due to the presence of an alternative oxidase in bivalve
tions (<5wM). No effect of BSA was detected at high mitochondria Tschischka et al., 2000In all cases,
Cd?* levels in assay medium. Similar results were ear- non-mitochondrial oxygen consumption rate was neg-
lier reported in other mitochondrial studiedi{ler et ligible (less than 0.5% of the state 3 respiration), and
al., 1973. Because C# effect on oyster mitochondria  therefore was not taken into account in the subsequent
was not changed appreciably by 0.1% BSA in assay measurements. Oxygen electrode drift was measured
medium, and because BSA improved mitochondrial in assay medium containing no mitochondria, and res-
coupling, we have used it in all further experiments.  piration rates in states 3, 4 and 4+ were corrected for
the electrode drift.
2.4. Mitochondrial oxidation To determine the effects of cadmium on mitochon-
drial respiration of control and Cd-exposed oysters,
Oxygen uptake by mitochondria was measured in each mitochondrial suspension was divided into 7-8
1 mL water-jacketed glass chambers using Clarke-type aliquots, and each aliquot was incubated for 5min in
oxygen electrodes at 2@ (Qubit Systems, Kingston, the absence of cadmium (control) and at different con-
Ont., Canada). Two-point calibration of electrodes was centrations of CdGlin the range from 0.5 to 100M.
performed, and continuous data acquisition was made After incubations, respiration rates of state 3, 4 and 4+
using a BIOPAC Data acquisition system (BIOPAC, were determined as described above. Addition of the
USA). Temperature in mitochondrial respiration cham- highest concentration of cadmium used in this study
bers was maintained constant using Fisher Isotemp re-(100uM) did not detectably change pH of the assay
frigerated water circulator. All assays were completed buffer (i.e. pH change was less than 0.01 U).
within 2 h of isolation of the mitochondria. Preliminary Oxygen solubility fo,) for the assay medium
experiments have shown that there was no change inat each experimental temperature was calculated as
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described inJohnston et al. (1994)and respiration
rates were expressed as natom OThimg~! mito-
chondrial protein. Respiratory control ratio (RCR) was
determined as a ratio of state 3 over state 4 respirationsg ., = ,

as described bistabrook (1967)and RCR+ was de- [Mg ADP] x [ADP]free

termined as a ratio of state 3 respiration over state 4+ was calculated from coordinated variation in AEC and
respiration (in the presence of oligomycin). P/O ratios ATP/ADP ratios. It has been previously shown that the
were calculated by dividing the amount of added ADP  relationship between the ATP/ADP ratio and AEC de-
by the amount of oxygen consumed in state 3 respira- pends on the value of the apparent equilibrium con-

Adenylate kinase apparent equilibrium constant
(Keg) defined as

_ [Mg ATP] x [AMP]free

tion (Hinkle, 19995. Inhibition constants for cadmium
(K;) were calculated assuming non-competitive inhibi-
tion model Segel, 1978

2.5. Protein concentrations

Protein concentrations in mitochondrial suspen-
sions were measured using a modified Biuret method
with 1% Triton-X added to solubilize the mitochondria
(Bergmeyer, 1986 BSA was used as the standard. Pro-
tein content was measured for each batch of the isola-
tion medium and subtracted from the total protein con-
tent of the mitochondrial suspension to determine the
mitochondrial protein concentration.

2.6. Tissue energy status

Tissue levels of adenylates (ATP, ADP and AMP)
were measured in protein-free perchloric acid extracts
of the gill tissue of control and cadmium-exposed oys-
ters as described iBokolova et al. (2000)Briefly,
gill tissue was powdered under liquid nitrogen, and ca.
300 mg of tissue powder were added to an exces$ (5
volume of pre-cooled 0.6 molt! perchloric acid with
10 mmol L EDTA, and homogenized. Precipitated
protein was removed by centrifugation. The extract
was neutralized with 5mmolt! potassium hydrox-
ide to pH 7.2-7.5. Precipitated potassium perchlorate
was removed by a second centrifugation. Extracts were
stored at-80°C.

ATP, ADP and AMP concentrations were measured
enzymatically according tBergmeyer (1985)Tissue
levels of adenylates were expresseduimol g1 wet
weight.

Adenylate energy charge (AEC) was calculated
from the tissue concentrations of adenylates as follows:

c_ _[ATP] +05 x [ADP]

AEC = [ATP] + [ADP] 4+ [AMP]

stant of the adenylate kinase-catalyzed reaction thus
allowing determination dfeqbased onthe coordinated
changes of the former two parametera¢bault et al.,
1996. Keq Was calculated as describedThebault et

al. (2000)

—x+0.5— /x(x — 1)(1 - 4Keg) + 0.25
2x —2 ’

wherex=AEC,y=ATP/ADP ratio ancKeq= apparent
equilibrium constant of adenylate kinase.

2.7. mRNA expression of key mitochondrial
proteins

Total RNA was extracted from the gill tissue of
control and cadmium-exposed oysters using TRI
reagent (Sigma, St. Louis, MO) according to the man-
ufacturer’s protocol. Tissue to TRI reagent ratio was
kept below 1:10 (w/v). To improve RNA purity and
to prevent co-precipitation of polysaccharides, RNA
precipitation step was carried out using 1:1 mixture of
isopropanol and RNA precipitation solution consisting
of 1.2mol L~1 NaCl and 0.8 mol £ disodium citrate.
This method yielded high purity total RNA with
280/260 absorbance ratiol.9. mMRNA was extracted
from 150 to 20Qug of total RNA using Oligotex
mMRNA Mini Kit (QIAGEN, Valencia, CA, USA).

Semi-quantitative RT-PCR fromC. virginica
MRNA was performed using OneStep RT-PCR kit (QI-
AGEN, Valencia, CA, USA) according to manufacturer
protocol. Target fragments were amplified from 30 to
50 ng mRNA in multiplex reactions under the follow-
ing conditions: reverse transcription step of 30 min at
50°C; initial polymerase activation step of 15min at
95°C; 25-30 cyclesof 45s at 9&,45sat 55C, 45s
at 72°C; final extension step of 10 min at 7€. To
check for possible DNA contamination of the mRNA
samples, we performed RT-PCR with the same reac-
tion mixture omitting the reverse transcription step.
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Table 1

Primer sequences used in semi-quantitative RT-PCR to amplify gene fragments framginica

Gene Primer sequences Source sequence #

B-actin Act1F-2635-GAG ATT GGA TCT CGC TGG ACG TG-3 AB071191
Act1R-4705-GCT CAT TTC CGA TGG TGA TTA CCT GA

B-actin Act-F635-TGA TGA AGA AGT TGC AGC TTT AGT-3 AB071191
Act-R3935-TTT CTC TGT TGG CCT TAG GG-3

Cytochromec oxidase subunit IV (COIV) COVI-F 5-GGA GAC GAA ATC GGC AAG GAA ACA-3 BG624707
COIV-R 5-ATG GGG CAG TGG AAC AGG GAC TT-3

Adenine nucleotide transporter (ANT) ANT-7F17 5-AGC TTC GCA GAA AAC TTC GCA CTC-3 BG624882
ANT-7R5365'-ATG ATC CCC ACG CAA GAG ATG AC-3

\oltage dependent anion channel (VDAC)  VDAC-4F7 5-CAG CGT GTG CTC CTG ATA AAG-3 CD649247
VDAC-4R6685-CGG AGG ACC ATG AGA GTT TC-3

Uncoupling protein (UCP2) UCP3-6F2625-CCA AAA CAA TGA AGG TGG GCG TCC-3 AY736103
UCP3-6R5745-CAG TGG TCA CTC CCG CGA AGA CA-3

Mitochondrial substrate carrier 1 OMC-1F765-TTC ACC CCC AGC TGT ACTTTG-3 CD650599

(oxoglutarate/malate carrier) (MSC-1)

OMC-1R5265-CCG TGG GAA TAA CAC ATT AAA ACC-3

Mitochondrial substrate carrier 2 (MSC-2) MSC-1F1315-GCC CCT CGT TGT AAG CAG CAC TAA-3 CD650087

MSC-1R8515-TTG GTC AGG ACA GCA GCG ATT CT-3

GenBank accession numbers are given for the source sequences, which were used for primer design.

No product was obtained indicating that our samples mRNA level to an internal reference, a widely used
were not contaminated with DNA (data not shown). housekeeping gene actin was selected, and expression
Primer sequences and corresponding annealing tem-of all studied genes was measured against the actin

peratures are listed ifable 1 In order to normalize

standard. RT-PCR reactions contained primers for both

Fig. 1. A representative sample gel for semi-quantitative multiplex RT-PCR of selected gene fragn@ntisgimica. Lanes (left to right): 1,
2—VDAC, 3,4—MSC-1, 5,6—MSC-2, 7,8—ANT, c—control oysters, e—cadmium-exposed oysters. The upper band in each lane corresponds
to the target gene, and the lower band to the refer@naetin gene.
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actin and a gene of interest. The concentrations of both
primer pairs were selected experimentally for any given
actin/target gene combination to keep signal intensity
below saturation levelHig. 1). Amplified fragments
were resolved on 1.5% agarose gel, stained with ethid-
ium bromide and analyzed using Kodak Documenta-
tion System EDAS 290 with Kodak 1D Image analy-
sis software. In order to minimize effects of gel-to-gel
variability in staining, all samples for a particular target
mRNA were run on the same gel. Band intensities were
automatically measured for both fragments in the am-
plificate, and relative expression level of target gene

message was calculated as ratio against actin to give

a semi-quantitative estimate of the relative change in
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2.8. Statistics

In a preliminary analysis, the effect of replicate trays
(four per each treatment) on experimental end points
was tested by ANOVA and found to be not signifi-
cant P >0.10). Therefore, we have omitted this effect
from the final analysis in order to increase the statisti-
cal power of ANOVA. Effects of the factors “Cadmium
exposure” and “Cadmium concentrations in vitro” and
their interactions were analyzed using generalized lin-
ear model ANOVAs after testing the assumptions of
normality of data distribution and homogeneity of vari-
ances. Dunnet’s tests were used for post-hoc pairwise

tal) and the mitochondrial fraction (Mitochondrial) in control oysters
and those exposed for 3 weeks to@$L 1 [Cd2*]. Vertical bars
represent standard errohé=5-7.

isolated mitochondria was strongly affected by expo-
sure of oysters to 2ggL~1 [Cd?*] in vivo, as well

as by cadmium addition to isolated mitochondria in
vitro (Table 9. ADP-stimulated (state 3) respiration

was significantly lower by ca. 30-35% in Cd-exposed
oysters as compared to the control onEgy( 3). In

Table 2

ANOVA: effects of cadmium exposure in vivo (“Exposure”) and in
vitro (“Cd?* level”) and their interaction on respiration rates and
respiratory control ratios of isolated oyster mitochondria

comparisons, and Fisher’s least square difference test

(LSD)—for planned comparisons. Statistical analyses
were performed using SAS 8.2 software (SAS Institute,
Cary, NC, USA). Differences were considered signif-
icant if the probability for Type Il error was less than
0.05.

3. Results
3.1. Mitochondrial function and energy status

Activity of citrate synthase, which is considered
a marker of mitochondrial density, in total tissue ho-
mogenate or in the isolated mitochondrial fraction was
similar in the control and Cd-exposed oysters indi-
cating similar mitochondrial abundance in their tis-
sues P>0.84) Fig. 2. In contrast, respiration rate of

Cc** level  Exposure Exposure C* level
State 3 F7,94: 4.56 F1'94= 9.17 F7,94= 0.14
P=0.0002 P=0.0032 P=0.9952
State 4 F7yg4: 2.62 Flyg4: 16.13 F7,94: 0.34
P=0.0163 P=0.0001 P=0.9335
State 4+ F793=1.37 F193=5.50 F7,.93=0.33
P=0.2276 P=0.0212 P=0.9379
RCR F705=6.54 F195=1.98 F7,95=0.85
P<0.0001 P=0.1624 P=0.5466
RCR+ F704=2.49 F104=1.23  F794=1.03
P=0.0215 P=0.2705 P=0.4141
P/O ratio F6,77: 1.44 Fly77= 0.05 F6,77= 0.27
P=0.2145 P=0.8221 P=0.9780

Oysters were exposed in vivo for 3 weeks to 0 op2A_~1 [Cd?*]
(nominal concentrations), and their isolated mitochondria were fur-
ther exposed to 0-1QOM [Cd?*] in vitro. F-values with degrees of
freedom and the respective significance levB)safe given. Signif-
icant effects are highlighted in bold.
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Fig. 3. Effect of cadmium exposure in vitro and in vivo on ADP- State 4+
stimulated (state 3) respiration in mitochondria®fvirginica Ver- £ 141
tical bars represent standard errdts. 7-8. Horizontal axis—[C#] % 12 4 @ Control
in assay medium, vertical axis—state 3 oxygen consumption. 5 A Cd-exposed
o 10
both groups of oysters, cadmium addition in vitro led _E gd AaL
to a gradual decrease of state 3 respiration rate. In- E .
hibition constants for state 3 respiratiol;) based o
on the non-competitive inhibition model were similar 35 41
for control and Cd-exposed oysters (109 and.8Q £ P
respectively). Phosphorylation efficiency (P/O ratio)
of oyster mitochondria varied between 1.3 and 1.7 0_5 15 35 55 75 05

and was not affected by long-term cadmium exposure ®)
in vivo and/or addition of 0.5-5@M Cd2* in vitro
(Tab|e 3 Fig. 4. Effect of cadmium exposure in vitro and in vivo on rest-
Cadmium exposure invivo led to a significantreduc- ing (state 4) respiration and proton leak (state 4+ respiration) in
tion in state 4 and 4+ respiration in isolated oyster mi- mitochondria ofC._ virginica_‘VerticaI pars represen_t standar_d er-
tochondria as compared to mitochondria from control ;C)’(rlz_'\'ozxggn ':g:szs::st'i::'s_[cm in assay medium, vertical
oysters Table 2 Fig. 4). The rates of state 4 and 4+ res- '
piration in mitochondria from Cd-exposed oysters were
ca. 40% lower than in their control counterparts when tion model were similar for control and Cd-exposed
measured in the absence of cadmium in assay medium.oysters (211 and 192M, respectively), whileK; for
State 4 respiration gradually declined with increasing the proton leak (state 4+ respiration) was considerably
cadmium levels in isolated mitochondria from control higher in Cd-exposed oysters (2@) as compared
and cadmium exposed oysters, while state 4+ respira-to their control counterparts (216M).
tion was not significantly affected by cadmium addition Due to the concomitant changes in ADP-stimulated
in vitro except at the highest tllevels (10QuM). In- respiration and proton leak in mitochondria from
terestingly, low levels of cadmium (0.5—uM) added cadmium-exposed oysters, respiratory control ratios
to mitochondria in vitro stimulated state 4+ respira- (RCR and RCR+) indicative of mitochondrial cou-
tion by 12—-33% in Cd-exposed oysters but not in their pling were similar to those from the control oysters
control counterparts. Inhibition constants for state 4 (Table 2 Fig. 5. Cadmium exposure of oysters in vivo
respiration Kj) based on the non-competitive inhibi- resulted in a significant decrease in AEC and elevated

[Cd?*], uM



250 I.M. Sokolova et al. / Aquatic Toxicology 73 (2005) 242-255

3 7 Table 3
ANOVA: effects of cadmium exposure in vivo (“Exposure”) on tissue
25 1 A levels of adenylates and parameters of tissue energy status (adenylate

energy charge, or AEC, and ADP/ATP ratio, and adenylate kinase
apparent equilibrium constaktg) in the gill tissue ofC. virginica

5 15 Variable d.f. F-value P
« [ATP] 1,11 041 0.537
14 [ADP] 1,11 1010 0.009
® Control [AMP] 1,11 004 0.847
05 A Cd-exposed Total adenylates 1,11 0.01 0.907
AEC 1,11 894 0.012
0 : . : : . ADP/ATP 1,11 879 0.013
-5 15 35 55 75 95 Kegq 1,9 7.06 0.026
(A) [Cd*], uM Oyste_zrs were expos_ed in vivo for 3 weeks to 0 opzA_~1 [Cd?*]
(nominal concentrations}-values with degrees of freedom (d.f.)
and the respective significance levé¥sdre given. Significant effects
47 are highlighted in bold.
35
3_
25 é though statistipallysignifican't (ANO\(AEl,n: 13.64, .
a o % P=0.004), this difference is considered to be bi-
& é o ﬁ} ologically non-significant because such a small
1.5 BN change is below the detection limits of the semi-
1 @ Control gquantitative method used in this study. Cadmium
051 A Cd-exposed exposure had no effect on mRNA expression of
0 adenyl nucleotide transporter or mitochondrial voltage-
5 15 35 55 75 95 dependentanion chann&ig. 8 ANOVA: F1 1p=0.11,
R P=0.750 andFj,10=0.05, P=0.826 for ANT and
®) [Cd™], uM VDAC, respectively). In contrast, gene expression

Fig. 5. Effect of cadmium exposure in vitro and in vivo on mito- levels Of.an unc.oupllng prOtem UCP6 and wo mi-

chondrial coupling irC. virginica. Vertical bars represent standard tochondrial carrier prOtem,S (MSC-1 and MSC-2)

errors.N = 7-8. Horizontal axis—[C#] in assay medium, vertical ~ Were strongly decreased in Cd-exposed oysters as

axis—respiratory control ratios (RCR or RCR+). compared to the control oned=ig. 8 ANOVA:
F1,11=11.92, P=0.006, F1 9=10.66, P=0.01 and

ADP/ATP ratio indicating a shift in cellular energy F111=9.62,P=0.01 for UCP2, MSC-1 and MSC-2,

balance Tables 3 and AFig. 6). Interestingly, ATP respectively).

and AMP levels, as well as the total concentration of

adenylates were similarin control and Cd-exposed oys-

ters, while ADP levels were significantly higher in oys- Table 4

ters exposed to cadmium as compared to the controls agenylate energy charge (AEC), ADP to ATP ratio (ADP/ATP) and

(Table 4 Fig. 7). Apparent equilibrium constant for  apparent equilibrium constant of adenylate kinase reackigy) {n

adenylate kinase reaction was significantly lower in the gill tissue ofC. virginicaexposed to 0 or 2ag |~ of cadmium

Cd-exposed oysters reflecting higher steady-state ADPfor 3 weeks (control and Cd-exposed oysters, respectively)

levels (Table 4. Variable Control oysters Cd-exposed oysters
AEC 0.90+ 0.013 (7) 0.82+ 0.025* (6)

3.2. Gene expression of key mitochondrial proteins ~ ADP/ATP 0.18+ 0.034 (7) 0.47+ 0.098* (6)
Keq 0.562+ 0.129 (5) 0.211k 0.056* (6)

Cadmium exposure resulted in a 15% decrease in values that are significantly different from the respective controls are
expression of cytochromeoxidase (subunit V). Al- marked with asterisks (*N is given in brackets.
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A Cd-exposed
@ Control

ATP/ADP

0.9 0.95

Fig. 6. Effect of cadmium exposure on adenylate energy charge and
ATP/ADP ratios in gill tissue o€. virginica Each point represents

an individual sample. Lines represent power regressiBfis .78

and 0.91 for control and cadmium-exposed oysters, respectively).

3.5 1
3 -
% 2.5 O Control
'g Cd-exposed
? 21
H
&
5 1.5 A
£
3
1 -
*
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0 il ———vmm ik
[ATP] [ADP] [AMP] [Total]
Adenylates

Fig. 7. Effect of cadmium exposure on adenylate levels in
gill tissue of C. virginica Vertical bars represent standard er-
rors. [Total] represents the sum of all adenylate concentrations
([ATP] + [ADP] + [AMP]). Asterisk (*) represents significant differ-
ences between control and cadmium-exposed oy$ers§—6.
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Fig. 8. Effect of cadmium exposure on mRNA expression levels
of nuclear coded mitochondrial proteins in gill tissue ©f vir-
ginica. Ratios of band intensities of the target mRNA relative to
the actin standard amplified in the same multiplex RT-PCR reaction
were measured, and normalized to the mean control value. Target
mRNAs: COIV—cytochrome oxidase subunit IV; ANT—adenine
nucleotide transporter; VDAC—voltage dependent anion channel;
UCP6—uncoupling protein 6, MSC-1 and MSC-2—mitochondrial
substrate carriers 1 and 2, respectively. Vertical bars represent stan-
dard errorsN =5-7. Asterisks (*) denote statistically significant dif-
ferences in mRNA expression between the control and Cd-exposed
oysters.

4. Discussion

Exposure of oysters for 3 weeks to low sublethal
Cd* levels (25.gL~1) strongly affected their mi-
tochondrial function and tissue energy status. Cad-
mium concentrations in our experimental exposures
are above the typical levels found in the water col-
umn in polluted estuaries, which range between 1
and 6ug L~ (Crompton, 199y, although cadmium
levels in estuarine sediments can be much higher
and reach 1.5-2mgkd (Crompton, 1997; Hackney
et al., 1998, thus considerably increasing cadmium
exposure of bottom dwellers such as oysters. More
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importantly, tissue burdens of cadmium detected in our but significant hyperpolarization of the mitochondrial
experiments (31.84.12 and 33.24.87pgg ! dry membrane $okolova et al., 2004 If change in mito-
weight in hepatopancreas and gills, respectively) are chondrial proton leak in cadmium-exposed oysters was
close to the levels found in oysters from polluted sites mostly driven by protonmotive force, we would expect
in the nature (20-4Qgg! dry weight) Roesijadi, increase rather then decrease in state 4+ respiration.
1996; Frew et al.,, 1997suggesting that our expo- Therefore, an observed decline in state 4+ proton leak
sure regime resulted in environmentally relevant tissue in Cd-exposed oysters cannot be explained by a de-
cadmium burdens. Interestingly, cadmium concentra- crease inAp and most likely reflects a change in the
tion in mitochondrial fraction of oysters reached up to capacity of the proton transport in vivo.
11-14u.g g1 dry weight after 3 weeks of exposure to Proton transport across the membrane of animal mi-
25ugL~1 Cd®* (Sokolova, Ringwood, Johnson, un- tochondria is a complex process and includes passive
published data). This burden is comparable to the ex- and active components. However, current studies indi-
posure of isolated mitochondria to 25-3M of cad- cate that passive diffusion of protons through the inner
mium assuming that most cadmium in mitochondriais mitochondrial membrane is relatively unimportant for
bound to protein under in vitro as well as in vivo condi- mitochondrial proton leak, the major role being played
tions. Our present research shows that ADP-stimulated by mitochondrial enzymes and different anion carri-
(state 3) respiration rate was ca. 30-35% lower in Cd- ers including so called uncoupling proteiraganov
exposed oysters as compared to their control counter-and Jackson, 1994; Adams, 2000; Adams et al., 2001
parts. Interestingly, addition of 38V [Cd?*] to iso- Among the mitochondrial enzymes, which are involved
lated mitochondria of control oysters resulted in a sim- in proton leak, NAD- and NADP-dependent isocitrate
ilar decrease of state 3 respiration by ca. 30% indicating dehydrogenases (IDH) play a key rolgazanov and
similarity of the mitochondrial response in vitro and in  Jackson, 1994 These enzymes are involved in a fu-
vivo. This suggests that cadmium accumulation by oys- tile proton cycle coupled to a membrane enzynfe H
ter mitochondria in vivo results in a strongly impaired transhydrogenase and resulting in the net transport of
capacity for ATP synthesis even at low sublethal cad- protons into the mitochondrial matriddckson, 1991;
mium concentrations, and that this impairmentis likely Sazanov and Jackson, 199@ur studies have shown
to be due to the direct effects of cadmium. that activities of NAD- and NADP-dependent IDH are
In contrast, a 40% decrease in the proton leak in insensitive to cadmium in vitro and in vivo except
Cd-exposed oysters cannot be explained by the directat the extremely high Gd concentrations (>5QM)
effects of cadmium on oyster mitochondria. Thus, our (Habinck and Sokolova, unpublished data). Therefore,
data show that state 4+ respiration, which reflects pro- inhibition of these enzymes is unlikely to explain the
ton leak had low sensitivity to cadmium, and addition observed reduction of the mitochondrial proton leak in
of up to 50uM of Cd?* to isolated mitochondriahadno  Cd-exposed oysters.
significant effect on state 4+ respiration. Therefore, an  Interestingly, our study showed that cadmium ex-
observed decrease of state 4+ respiration in Cd-exposedposure results in a significant downregulation of gene
oysters is not due to the cadmium accumulation in mi- expression for an uncoupling protein UCP6 and two
tochondria. It is worth noting that a decrease in proton mitochondrial substrate carriers MSC-1 and MSC-2,
leak in state 4+ may be explained by two alternative which correlates with a 40% reduction of the proton
mechanisms: (1) a decline in the capacity for proton leak. Onthe other hand, expression levels of MRNA for
leak (e.g. changes in the inner membrane permeabil- other key mitochondrial proteins including cytochrome
ity to protons or activity of the proton transporters); coxidase, voltage-dependent anion channel and adenyl
(2) a decrease in the mitochondrial membrane poten- nucleotide transporter were not considerably affected
tial (Ap) and therefore protonmotive force. Our earlier by cadmium exposure. This indicates that the observed
studies have shown that mitochondrial membrane po- changes in mRNA levels of UCP6, MSC-1 and MSC-2
tential in oysters is not reduced by cadmium exposure were specific to these proteins and did not resultfrom an
in vivo or in vitro at similar or higher cadmium concen- overall cadmium-induced inhibition of transcription.
trations Sokolova et al., 2004Moreover, exposure of  Although the function of the UCP6 and mitochondrial
isolated oyster cells to cadmium resulted in a slight substrate carriers (MSC-1 and -2) has not been directly
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studied in mollusks, high similarity of these proteins
to the vertebrate uncoupling proteins and MSCs, re-
spectively (>50% on the amino acid level), suggests
that they may perform similar functions in inverte-

brates Sokolova and Sokolov, 200Sokolova, unpub-
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results in a significant reduction of; kn oyster mito-
chondria indicating higher sensitivity to cadmium at
elevated temperatureSgkolova, 2001 Thus, inhibi-
tion constantK;) by cadmium for state 3 respiration
of mitochondria from 15C-acclimated spring oysters

lished data). Recent studies in uncoupling proteins and was 80, 24 and gM if measured at 15, 25 and 3&

several mitochondrial substrate carriers (including ox-
oglutarate/malate carrier homologous to MSC-1) from

(Sokolova, 200% Similar decrease iK; with increas-
ing temperature was shown for state 4 and 4+ respi-

vertebrates have shown that these proteins act as physration (Sokolova, 2001 In this study,K; for state 3

iological uncouplers in vitro and in vivo facilitating
mitochondrial proton leak, although they failed to at-
tribute a major portion of proton leak to a single one
of those proteinsAdams, 2000; Adams et al., 2001;
Klingenberg et al., 2001; Goglia and Skulachev, 2003
Current consensus in the field is that proton leak may
reflects the aggregate activities of multiple mitochon-
drial carriers each contributing some fraction of uncou-
pling activity towards the whole rather than predomi-
nant function of a single proteil\ams, 2000; Adams

et al., 2001; Goglia and Skulachev, 200 view of
this data, our finding about concomitant decrease of
the proton leak and UCP6 and MSCs expression in
oysters is very intriguing and provides the first evi-
dence of correlation between putative uncouplers (in-
cluding UCP6 first discovered in invertebrate genomes
by our laboratory—Sokolova and Sokolov, 200&nd

the rates of proton leak in molluscan mitochondria. This
finding warrants further investigation in order to eluci-
date to which extent these proteins may be involved in
physiological proton leak in oyster mitochondria and

respiration of mitochondria from summer oysters accli-
mated to 20C and measured at their acclimation tem-
perature (90-10@M) was similar to that of the cold-
acclimated spring oysters measured at@380u.M).

The same holds true for cadmium inhibition constants
of state 4 and state 4+ respiration, which were similar
in 15 and 20 C-acclimated oysters if measured at their
respective acclimation temperatur&okolova, 2004
this study). This suggests that temperature-induced in-
crease in sensitivity of mitochondrial function to cad-
mium may be a specific response to acute warming but
it can be offset during the long-term acclimation and
acclimatization to higher temperatures.

Cadmium exposure had significant effects on tis-
sue energy status resulting in a decrease in AEC,
ATP/ADP ratio and the apparent equilibrium con-
stant for adenylate kinase reaction all reflecting higher
steady-state ADP levels in cadmium-exposed oysters.
On the other hand, tissue ATP levels were similar
in control and cadmium-exposed oysters although the
ADP-stimulated oxygen consumption and thus the

its decrease in cadmium-exposed oysters. In any casemaximum phosphorylation rate of mitochondria were
our data unequivocally show that cadmium exposure at significantly lower in the latter. This suggests that

low environmentally relevant concentrations strongly

and specifically affects gene expression levels of sev-
eral key mitochondrial proteins supporting our view

that mitochondria are among key cellular targets for
this metal.

Notably, acclimation to elevated cadmium levels in
vivo had no effect on sensitivity of ADP-stimulated
(state 3) and resting (state 4) respiration of oyster mito-
chondria to cadmium. On the other hand, mitochondrial
proton leak (state 4+ respiration) was less inhibited by
Cd?* addition to mitochondria from cadmium-exposed
oysters as indicated by highkt values compared to
their control counterparts. This reduced?Cdensitiv-
ity may reflect an overall downregulation of mitochon-
drial proton leak in Cd-exposed oysters. Interestingly,

mitochondrial adjustments in cadmium-exposed oys-
ters are effective in providing the levels of coupling
and phosphorylation potential, which are needed to
maintain normal levels of ATP production at least un-
der the resting conditions. On the other hand, a de-
crease in the maximum attainable ATP production
rate in Cd-exposed oysters suggests that this situa-
tion can change under conditions of high energy de-
mand (such as during summer spawning and/or temper-
ature rise) leading to energy deficiency in Cd-exposed
oysters. This hypothesis is currently explored in our
laboratory.

In summary, exposure of oysters to low sublethal
cadmium levels had a significant effect on their mi-
tochondrial function resulting in lower rates of mito-

one of us has earlier shown that acute temperature risechondrial oxidation including phosphorylation rate and
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proton leak and in higher steady-state ADP levels. The

observed decrease in phosphorylation rate may be due

to the direct effects of cadmium on mitochondria, while
a decrease in the proton leak more likely reflects a
whole-organism acclimation response, which corre-
lates with a downregulation of an uncoupling protein
6 and mitochondrial carrier proteins. Irrespective of
its exact molecular nature, a downregulation of the
proton leak in Cd-exposed oysters may be a compen-
satory mechanism, which allows them to maintain nor-
mal mitochondrial coupling and ATP levels despite the
cadmium-induced decrease in phosphorylation rate.
However, survival in this metabolically depressed state
is only possible when the energy demand is low. Un-
der conditions of high energy demand such as during

reproduction or summer heat stress, oysters may ex-

perience energy shortage due to the insufficient abil-
ity of their mitochondria to produce ATP, which could
threaten survival of oyster populations chronically ex-
posed to cadmium in polluted estuaries.
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