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Abstract

In the heart of sugar-induced hypertriglyceridemic (HTG) rats, cardiac performance is impaired with glucose as fuel, but not with fatty

acids. Accordingly, the glycolytic flux and the transfer of energy diminish in the HTG heart, in comparison to control heart. To further

explore the biochemical nature of such alteration in the HTG heart, the components of the non-glycolytic energy systems involved were

evaluated. Total creatine kinase (CK) activity in the myocardial tissue was depressed by 30% in the HTG heart whereas the activity of the

mitochondrial CK (mitCK) isoenzyme fraction that is functionally associated with oxidative phosphorylation decreased in isolated HTG heart

mitochondria by 45%. Adenylate kinase (AK) was 20% lower in the HTG heart. In contrast, respiratory rates with 2-oxoglutarate (2-OG) and

pyruvate/malate (pyr) were significantly higher in HTG heart mitochondria than in control mitochondria. 2-OG dehydrogenase activity was

also higher in HTG mitochondria. Respiration with succinate was similar in both groups. Content of cytochromes b, c +c1 and a +a3, and

cytochrome c oxidase activity, were also similar in the two kinds of mitochondria. A larger content of saturated and monounsaturated fatty

acids was found in the HTG mitochondrial membranes with no changes in phospholipids composition or cholesterol content. Mitochondrial

membranes from HTG hearts were more rigid, which correlated with the generation of higher membrane potentials. As the mitochondrial

function was preserved or even enhanced in the HTG heart, these results indicated that deficiency in energy transfer was associated with

impairment in mitCK and AK. This situation brought about uncoupling between the site of ATP production and the site of ATP consumption

(contractile machinery), in spite of compensatory increase in mitochondrial oxidative capacity and membrane potential generation.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Myocardial performance depends upon the ATP gener-

ated through oxidative phosphorylation (OxPhos) [1]. To

ensure the ATP supply from the production to the

consuming sites, the cell utilizes the channeling system of

creatine kinase (CK) and adenylate kinase [1]. Alterations in

the energy producing and transfer systems (decrease in

respiratory chain enzymes and CK activities) have been

detected in some cardiac diseases, such as heart failure and

ventricular hypertrophy [2–5]. The CK system consists of

two cytosolic and two mitochondrial (mitCK) isoenzymes.
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It has been proposed that in the ventricular cardiac muscle,

mitochondrial CK isoenzymes are associated with the

adenine nucleotide translocase (ANT) [6]. In consequence,

the ATP synthesized by OxPhos that emerges from the

mitochondrial matrix to the cytosol is taken up by mitCK to

generate phosphocreatine (PCr) and ADP, which in turn can

be retaken by ANT [6]. Then, the cytosolic CK isoenzyme

located in the myofibrils is responsible for ATP generation

from PCr.

Cardiovascular diseases are often associated with energy

deficit, and in many cases this is also accompanied by lipid

disorders such as hyperlipidemias and obesity [7,8]. How-

ever, the nature of such deficit is still unclear. Since in heart

most of the energy is produced by mitochondria, structural

and functional changes derived from or caused by metabolic

disorders could compromise the energetic status of the
ta 1709 (2005) 231 – 239
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organ. In fact, alterations in cellular and mitochondrial

membrane composition have been described to affect not

only electrical properties of heart, but also energy produc-

tion [8–10].

Similarly, the insulin resistance syndrome is often

associated with the development of cardiovascular disorders

[11,12]; the mechanisms leading to alteration in specific

energy producing and transfer systems have not been fully

studied. Animal models of insulin resistance are difficult to

establish, since in most cases, these models also develop

other metabolic disorders, such as diabetes and obesity

[7,13]. In this regard, sugar-fed rat appears as a suitable

alternative to dissect some alterations related to the insulin

resistance syndrome, as this model initially develops only

hypertriglyceridemia, followed by insulin resistance, mild

hypertension and obesity at later stages [14–16].

In the heart of the sugar-induced hypertriglyceridemic rat

model, cardiac performance is impaired with glucose or

lactate as fuel, but not with fatty acids or ketone bodies [17].

Furthermore, lower glycolytic and oxygen uptake rates are

observed in the HTG heart with glucose as fuel. However,

the diminution in both glycolysis and OxPhos does not fully

account for the severe impairment in cardiac work. Thus, it

has been proposed that the hypertriglyceridemic state

induces alterations in other sites of the ATP-utilization

pathways, which is apparent when ATP production is low

(with glucose or lactate as fuel), but no when ATP

production is high (with fatty acids as fuel) [17]. Under

an ischemic–reperfusion episode, in which HTG hearts are

extremely sensitive [15], a low ATP production situation

may develop. To explore the nature of such impairment in

the HTG heart, the functionality of the components of both

the energy transfer system and oxidative phosphorylation

were evaluated.
2. Methods

2.1. Animals

Wistar male rats weighing 250 g were used. Hyper-

triglyceridemia was induced by feeding rats with 30% (w/v)

sucrose in their drinking water for 12–15 weeks as

previously described [14]. Normotriglyceridemic weight-

and age-matched rats were used as controls. Mechanical

performance of the isolated heart was evaluated in a

Langendorff apparatus as previously described [17]. Serum

thyroid hormone was assayed by radioimmunoassay with a

commercial kit [18].

2.2. Mitochondrial assays

Rat heart mitochondria were isolated from male normo-

and hyper-triglyceridemic (HTG) Wistar rats according to

a method previously described using the protease type

XXVII (Nagarse, Sigma Chem.) [19]. 2-oxoglutarate
dehydrogenase (2-OGDH) activity was assayed in mito-

chondrial extracts as previously reported [20]. Total CK,

mitCK, AK [21], and cytochrome c oxidase activities were

assayed in extracts from whole heart and isolated heart

mitochondria by standard methods.

2.2.1. Oxygen uptake rates and transmembranal electrical

potential

Mitochondrial respiratory rates were measured at 30 -C by

using a Clark-type O2 electrode and incubating 0.25 mg

protein/ml of fresh mitochondria in an air-saturated KME

(120 mM KCl, 20 mM MOPS and 1 mM EGTA at pH 7.2)

medium that contained 5 mM Pi and the indicated oxidizable

substrate. Mitochondrial CK activity coupled to OxPhos was

determined in fresh mitochondria as the stimulation of the

oxygen uptake rate by the addition of 2 mM ATP, in the

presence of 25 mM creatine and 2 mM Mg2+ [22]. The

apparent Km ADP values of OxPhos were determined by

measuring ADP-stimulated oxygen uptake at different con-

centration of ADP in the absence and presence of 25 mM

creatine and 2 mM Mg2+; the ADP stock was calibrated by

enzymatic assay.

Response coefficients of the rate of OxPhos towards

creatine (ROxPhos
Cr ) were determined in freshly prepared

mitochondria from control and HTG hearts by measuring

state 3 (ADP-stimulated) respiration at different concen-

trations of creatine. Flux control coefficients (COxPhos
CK ) were

calculated from the following equation [23] that correlates

the elasticity coefficient of mitCK towards creatine (eCKCr )
with response and flux control coefficients:

ROxPhos
Cr ¼ COxPhos

CK eCKCr

The membrane potential was quantitatively determined by

measuring the 3H-tetraphenylphosphonium (3H-TPP+) dis-

tribution across the inner mitochondrial membrane; 2 mg of

mitochondrial protein were incubated in 0.5 ml of KME

medium, 0.8 A 3H-TPP+ (0.06–0.07 ACi/nmol), 5 mM Pi

and 10 mM succinate or 2-oxoglutarate with or without 2

mM ADP as described elsewhere [24].

2.2.2. Heme cytochrome content

The concentration of mitochondrial heme C +C1; B, and

A1+A3 was determined from the absorbance difference

spectra of reduced minus oxidized heme groups of the

different cytochromes in mitochondrial samples. Two mg of

mitochondrial protein was added to 2 ml of a 1:1 mixture of

KME: glycerol. Ammonium persulfate and dithionite were

used to achieve full oxidation and reduction, respectively.

To estimate the concentration of cytochromes the following

extinction coefficients were used: 19 mM�1 cm�1 (550–

540 nm) for c +c1 [25]; 16 mM�1 cm�1 (605–630 nm) for

a +a3 [26]; and 25 mM�1 cm�1 (563–578 nm) for b [27].

2.2.3. Lipid composition analysis

The composition of fatty acids in the mitochondrial

membranes was determined by gas chromatography in a



Table 1

Physiological parameters of rats

Control HTG

Body weight (g) 433T42 411T32

Triglycerides (mmol/L) 0.8T0.3 1.7T0.9*

Arterial blood pressure (mm Hg) 114T14 149T10**
Insulin (mU/mL) 7.6T0.6 11.5T1.9*

Work performance (RPP)

(beats/min/mm Hg)

20323T1258 9264T1248**

Values are meanTS.D. (n =6). ***P, 0.001. **P, 0.01. *P, 0.05. RPP, rate

pressure product, using 10 mM glucose as fuel.

Table 2

Enzymatic activities in heart mitochondria

Enzyme Control HTG

Creatine-mediated state 3 respiration

(CK, polarographic method)

1334T115 734T86*

nmol ADP/min/mg protein n =7 n =7

CK (spectrophotometric method) 3200T100 3000T600

nmol ADP/min/mg protein n =6 n =5

CK (spectophotometric method) 100T5 90T5

DTT-omitted (% of +DTT value) n =4 n =5

2-OGDH 180T21 230T22*

nmol NADH/min/mg protein n =8 n =8

AK 229T7 170T14*

nmol ADP/min/mg protein n =5 n =5

COX 1158T405 1391T668

ng atoms oxygen/min/mg protein n =4 n =4

* Denotes significant difference at P <0.05. The rate of state 3 respiration

in fresh isolated heart mitochondria was determined with 10 mM 2-OG as

oxidizable substrate. The rate of ADP formation was calculated by using the

ADP/O ratio obtained with the same preparation oxidizing the same

substrate and in the presence of 800 nmol ADP. ADP/O ratio values for

both groups were similar and ranged between 2.5 and 2.8. 2-OGDH, 2-

oxoglutarate dehydrogenase. AK, adenylate kinase. COX, cytochrome c

oxidase. Activities were assayed under maximal rate conditions, and initial

rates were taken.
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Carlo Erba chromatograph model 2300, fitted with a 25

m�0.25 mm i.d. fused-silica capillary column, coated with

CP-Sil 88 at 195 -C (oven temperature). Total fatty acids

were extracted from 2 mg of mitochondrial protein with a

1:2 organic mixture of methanol/chloroform in the presence

of 0.002% butyl-hydroxy-toluene (BHT) and using 100 Ag
margaric acid as internal standard. Derivation of the

extracted fatty acids into their corresponding fatty acid

methyl esters was made in the presence of 2% H2SO4 and

methanol. After this, lipids were extracted with hexane and

concentrated by evaporating under a N2 atmosphere. Lipids

were dissolved with hexane; an aliquot of 10 Al from this

last solution was then injected into the gas chromatograph.

[16]. For determination of total cholesterol in mitochondrial

membranes (10 mg protein), total lipids were extracted with

methanol/chloroform/BHT as described above, in the

presence of 50 Ag stigmasterol as internal standard. The

lipid extracts were then incubated overnight at room

temperature with hexamethyldisilazane and trimethylchlor-

silane in dry pyridine. This procedure converts free

cholesterol and stigmasterol to their corresponding trimethyl

silyl ethers. Cholesterol was quantified by gas chromatog-

raphy using a gas chromatograph CarloErba 2003 equipped

with a flame ionization detector and a split-less inlet system,

and a fused silica non-polar capillary column SE 54 (30 m,

0.35 mm ID). The injector and detector temperatures were

275 -C and 270 -C, respectively. The oven temperature was

270 -C throughout the analysis. Helium was used as carrier

gas at a flow rate of 5 ml/min.

Phospholipids were separated by HPLC as follows.

Total fatty acids were extracted as described above and

dissolved in hexane/2-propranol (3:1 v/v). This solution

was filtered through a 0.5-Am pore diameter membrane; an

aliquot of 10 Al was then applied to the HPLC apparatus

(Waters), which was equipped with a 5-Am Bondesil NH4

column (150�4.6 mm), a A-Bondapak NH2 column

(15�3.9 mm) as guard column and an UV absorbance

detector system from Varian [28]. The mobile phase was

acetonitrile/methanol/0.2% triethylamine pH 4.0 (67:22:11,

v/v) at a flow rate of 1 ml/min.

2.2.4. Membrane fluidity

The fluorescence polarization of 1, 6-diphenylhexatriene

(DPH) was analyzed to determine the fluidity of the

mitochondrial membranes. Mitochondria (2 mg protein)
were incubated at temperatures ranging from 20 to 45 -C for

30 min in 2 ml of a medium that contained 0.25 M sucrose

adjusted to pH 7.3 with Tris base and 1 mM DPH

solubilized in dimethylformamide. Each sample was sub-

jected to polarization analysis in an Aminco Bowman

fluorometer by measuring fluorescence at 340 nm excitation

and 417 nm emission [29].

2.3. Protein determination

Protein concentration was determined by the Lowry

method in samples used in enzymatic assays and by Biuret

for isolated mitochondria.

2.4. Statistical analysis

Two tailed Student’s t-test for non-paired samples was

used to establish significant differences between the groups.

Data are expressed as meanT standard deviation (S.D.).

Differences were considered significant when a P <0.05 was

obtained. Apparent Km values for ADP were estimated by

fitting experimental data to a non-linear regression (Michea-

lis–Menten model) equation. The statistical tests, fitting

analysis and graphs were carried out with the statistical

package Prism 3.0 from GraphPad Software, Inc.
3. Results

3.1. Physiological characteristics of animals

Body weight data and serum triglycerides (TGs) levels

are depicted in Table 1. As previously reported [14,17],



Fig. 1. Apparent affinity of mitochondrial respiration for ADP and creatine in heart mitochondria. Mitochondria isolated from control (A) and HTG (B) hearts

were incubated in KME medium with the indicated ADP concentrations in the presence (open symbols) or in the absence (close symbols) of 25 mM creatine

(Cr) as described under Methods. Control (C) and HTG mitochondria (D) were incubated with the indicated creatine concentrations in the presence of 2 mM

ATP and 2 mM Mg2+. The solid lines represent the best fit to the Michaelis–Menten equation, which was made by the computer program Prism 3.0. Absolute

values for maximal oxygen uptake are depicted in Table 3. Data represent the meanTS.D. of 5 different mitochondrial preparations.
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sucrose feeding by 15 weeks induced an increase in

circulating TGs concentration and a slight, but significant

higher arterial pressure (Table 1); no other physiological

alterations such as central obesity, insulin resistance or

hyperinsulinemia were apparent at this stage. In agreement

with previous work [17], cardiac performance with

glucose as fuel was significantly lower in HTG hearts

(Table 1). With palmitate or octanoate, no differences in
Table 3

Rat heart mitochondrial respiratory state 3 rates (nanogram atoms oxygen/

min/mg protein)

Substrate Control HTG

10 mM 2-OG 291T77 376T85*

n =7 n =7

5 mM glu/mal 253T67 303T79

n =6 n =6

5 mM pyr/mal 289T157 415T103*

n =3 n =3

10 mM succinate 322T63 459.5T78*

n =8 n =8

0.15 AM CCCP 324T40 420T20*

10 mM 2-OG n =3 n =3

Values are meanTS.D. of n different mitochondrial preparations. Values for

state 3 were determined by adding 0.4 mM ADP to 0.5 mg of mitochondrial

protein with the indicated substrate. Abbreviations: 2-OG: 2-oxoglutarate;

glu/mal: glutamate/malate; pyr/mal: pyruvate/malate. * Denotes significant

difference versus control, P <0.05. The respiratory control ratios were

8.2T2 and 6.1T3 for HTG and control heart mitochondria, respectively,

with 2-OG; and 5T2 and 4T2 with succinate.
cardiac work are found between control and HTG hearts

[17].

3.2. CK and AK activities

The activity of mitCK that is functionally coupled to

OxPhos severely diminished in mitochondria isolated from

HTG hearts, when measured by the stimulation of oxygen

uptake induced by ATP in the presence of creatine (Table 2).

However, when the mitCK activity was determined by a

spectrophotometric method, no difference was observed

between control and HTG mitochondria. Omission of DTT

from the reaction medium did not affect mitCK activity in

control mitochondria, whereas a significant 10% diminution

was observed in HTG mitochondria (Table 2). AK activity
Table 4

Cytochrome c oxidase activity and cytochrome content in rat heart

mitochondria

Control HTG

TMPD OXIDASE 6500T2500 8000T2900

(ng atoms oxygen/min/mg protein) n =6 n =6

CYTOCHROME b 0.13T0.04 0.14T0.03
(nmol/mg protein) n =3 n =3

CYTOCHROMES c +c1 0.25T0.07 0.26T0.04

(nmol/mg protein) n =3 n =3

CYTOCHROMES a1 +a3 0.21T0.08 0.21T0.04
(nmol/mg protein) n =3 n =3

Values are meanTS.D. of n different mitochondrial preparations.



Table 6

Fatty acid composition in rat heart mitochondria

Control n =5 HTG n =5

Palmitic C16:0 12.9T0.4 18.1T0.9**

Palmitoleic C16:1n-7 1.5T0.3 4.3T2.1

Oleic C18:1n-9 10.8T1.2 14.6T0.3**
Stearic C18:0 18.7T0.9 17.4T0.8

Linoleic C18:2n-6 16.8T0.5 14.7T1.9

g-Linolenic C18:3n-6 1.2T0.6 0.6T0.2

Dihomo g-Linolenic C20:3n-6 0.5T0.1 0.6T0.1
Arachidonic C20:4n-6 15.2T0.8 11.7T0.4*

Eicosapentaenoic C20:5n-3 0.4T0.1 0.6T0.1

Docosapentaenoic C22:5n-3 2.3T0.3 1.7T0.5

Docosahexaenoic C22:6n-3 12.8T1 10.8T1.2
SFA 31.5T0.7 35.4T0.8**

MUFA 13T1.2 27.6T1.9**

PUFA (n-6) 33.7T1.6 27.6T1.9*
PUFA (n-3) 19.1T1.8 15.9T1.6

Values are the meanTS.D. of n different preparations. SFA: saturated fatty

acids (FA); MUFA: monounsaturated fatty acids; PUFA: polyunsaturated

fatty acids. Data represent the weight of each individual FA/weight of total

FA as percentage. The absolute values for the content of total fatty acids

were 65.5T7.6 (n =5) and 85T11 Ag/ mg protein (n =5) in control and HTG

mitochondria, respectively; these values were not significantly different.

* Denotes significant difference versus control, P <0.05 and **P <0.001.

Table 7

K. Carvajal et al. / Biochimica et Biophysica Acta 1709 (2005) 231–239 235
was slightly but significantly lower (25%) in whole HTG

hearts in comparison to control hearts (Table 2). Our control

values closely corresponded to those reported by others

under similar conditions [21].

To further explore the structural and functional coupling

of mitCK with OxPhos, the affinity for extra mitochondrial

ADP was evaluated in intact mitochondria (Fig. 1 A and B).

Apparent Km ADP values without Cr were 40T9 and 43T13
AM, and with Cr were 27T4 and 50T13 AM for control (Fig.

1A) and HTG (Fig. 1B) mitochondria, respectively. Thus, the

affinity for ADP in control mitochondria increased signifi-

cantly (P <0.05) when creatine was in the reaction mixture,

as expected from a functional coupling between mitCK and

the adenine nucleotide translocase [30]. In contrast, in HTG

mitochondria no significant change in the Km ADP value was

observed in the presence of 25 mM Cr.

A response coefficient of the OxPhos+CK pathway (J)

towards Cr can be estimated from the slope to the tangent of

the curve of J versus Cr, which is scaled to give a

dimensionless measure (Fig. 1C, D). The RJ
Cr values were

0.117 and 0.275 for control and HTG mitochondria,

respectively, at the physiological concentration of 15 mM

creatine [31]. By considering the kinetic parameters of the

isolated mitCK [32], a eCKCr value of 0.5 was estimated.

Assuming a similar elasticity for creatine in both types of

mitochondria, the COxPhos
CK values for control and HTG

mitochondria were 0.23 and 0.55, respectively.

Alteration of components of OxPhos by the hyper-

triglyceridemic status might affect the transfer of energy

from mitochondrial ATP to PCr. Therefore, OxPhos was

evaluated in mitochondria incubated with different oxidiz-

able substrates. Surprisingly, the rate of state 3 (ADP-

stimulated) respiration with NAD-linked substrate was

significantly higher in HTG mitochondria than in control

mitochondria. Moreover, state 3 respiration supported by

succinate, as well as uncoupled respiration, was also higher in

HTG mitochondria than in control mitochondria (Table 3).

The higher state 3 respiratory rates in HTG mitochondria

were not due to uncoupling between the respiratory chain and

ATP synthesis, since their respiratory control values (see

legend to Table 3) were similar or even higher than in control

mitochondria. Similarly, 2-OGDH activity was significantly

higher in HTG mitochondria than in control mitochondria

(Table 2). In contrast, the cytochrome c oxidase activity, and

the content of cytochromes were similar in both types of
Table 5

Membrane potential (mV) in rat heart mitochondria

Substrate Control HTG

State 3 State 4 State 3 State 4

10 mM 131T6 162T5 140T6* 160T6
2-OXOGLUTARATE n =5 n =5 n =5 n =5

10 mM SUCCINATE 126T4 160T7 131T3 154T4

n =3 n =4 n =4 n =4

Values are meanTS.D. of n different mitochondrial preparations. * Denotes

significant difference versus control, P <0.05.
mitochondria (Table 4). Respiratory rates and COX activities

were similar to those reported by others [33].

3.3. Membrane potential and lipid composition of

mitochondrial membranes

In accordance with the respiratory rate measurements, the

membrane potential in state 3 was 9 mV higher with 2-OG,

and 5 mV higher with succinate in HTG mitochondria

(Table 5), in comparison to control mitochondria. Under

state 4 (basal) conditions, the membrane potential was

similar for both types of mitochondria.

The heart mitochondrial fatty acid and phospholipid com-

position was determined to examine whether hypertriglycer-

idemia induces changes on the mitochondrial membranes

fluidity. HTG mitochondria showed an important rise in the

content of palmitic and oleic acids, a saturated and a mono-

unsaturated acid, respectively (Table 6). A decrease in

arachidonic acid was also found, which is a polyunsaturated

fatty acid that is precursor of prostaglandins. The significant
Phospholipid and cholesterol composition of heart mitochondrial mem-

branes

Phospholipids Control HTG

PC 42T4 40T6
PE 0.3T0.3 0.6T0.2

PS 55T4 58T5

PI 1.9T0.7 1.1T0.7
SM 1.1T0.5 0.5T0.5

Cholesterol (nmol/mg prot) 5.4T0.5 4.5T0.9

Data represent the mean of the percentage of each phospholipid (mean of

%TS.D., n =5). PC: phosphatidylcholine, PE: phosphatidylethanolamine,

PS phosphatidylserine, PI: posphatidylinositol, SM: Sphingomyelin.



Fig. 2. Fluorescence polarization of DPH in mitochondrial membranes.

Polarization of 1,6-diphenylhexatriene (DPH) was significantly different

( P <0.05) in HTG membranes (4) in comparison with their matched

controls (n).
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increase in total saturated (SFA) and monounsaturated fatty

acids (MUFA) and decrease in total polyunsaturated fatty

acids (PUFA) suggested a change in the HTG mitochondrial

membrane fluidity. Phospholipid composition of mitochon-

drial membranes from HTG hearts did not show significant

changes (Table 7), indicating that the main effect on lipid

structure lied on the saturation level of the fatty acids.

Similar values on fatty acid composition have been reported

for normal heart mitochondria [10]; also alterations in fatty

acid composition induced by age and diabetes have been

shown to influence membrane fluidity [10,12].

3.4. Membrane fluidity

To further study the effect of sucrose feeding on

membrane fluidity, the fluorescence polarization of DPH

mitochondrial membranes at several temperatures was

evaluated (Fig. 2). Polarization of DPH in HTG membranes

was significantly higher over the range of tested temper-

atures, indicating a major order in the lipid arrangement of

the bilayer, which confers higher rigidity [10].
4. Discussion

4.1. Mitochondrial CK

Mitochondrial CK is located in the inter-membranal

space at the contact sites between the inner and outer

membranes [1]. MitCK may associate with the adenine

nucleotide translocase; hence, it may directly take up the

ATP generated in the mitochondrial matrix to synthesize

PCr [1]. The adequate function of such system depends on

two components: the producing and the consuming ATP/

PCr sites. Thus, when one of these components is hindered,

the complete ‘‘energy circuit’’ may be impaired. In the HTG

hearts, total CK activity diminished (cf. Table 2), from

which approximately 30% [34,35] corresponds to the

mitochondrial isoform.

The CK-mediated ADP-stimulated respiration decreased

by 45% in HTG mitochondria. However, when the mitCK
was spectrophotometrically assayed, the values of activity

were similar in both types of mitochondria. These results

suggested that there was a disturbance in the functional

association between mitCK and OxPhos in the intact HTG

heart mitochondria, which was not related to a decrease in

the amount of active enzyme. It has been established that

mitCK is functionally coupled to OxPhos by channeling

the ADP generated by the forward reaction directly to the

ATP/ADP translocase [30]. This functional coupling can be

experimentally assessed by determining the apparent Km

ADP of OxPhos when mitCK is working, i.e., in the

presence of creatine. In contrast to control mitochondria, no

significant change in the Km ADP value in the presence of

Cr was observed in HTG mitochondria, thus suggesting a

loss of the functional coupling between mitCK and

OxPhos.

As CK isoforms are highly susceptible to oxidative da-

mage [36,37], it is possible that in the HTG heart, which is

subjected to high oxidative stress [15], the overall CK

activity might also be affected. In this regard, there was a

decline of about 10% in the mitCK activity when DTT was

omitted from the assay reaction; thereby oxidation of

essential thiol groups seemed involved in the inactivation

of the enzyme in situ. The AK activity also significantly

diminished, which very likely contributed to the severe

energy deficit in the HTG heart.

It has been documented that the mitCK octamer is

directly coupled to the adenine nucleotide translocase,

whereas the dimer does not interact with the translocase

[38,39]. Changes in the mitCK oligomeric state occur

during oxidative stress, such as that developed during

ischemia and reperfusion, in which there is a shift from

the octameric to the dimeric and less functional form [40].

Thus, the lowering in the direct coupling of mitCK with

OxPhos in HTG mitochondria suggests diminution in the

octamer/dimer ratio of the mitCK isoform. As the amount of

active enzyme remained constant, then it is conceivable that

the structural and oligomeric state of the mitCK has been

altered [38,39]. Therefore, the diminished functional asso-

ciation of mitCK with OxPhos in the HTG heart mitochon-

dria might be related to changes in the oligomeric

proportions of mitCK evoked by the increased oxidative

damage present in these animals [15,16].

Caution should be taken to extrapolate the last

conclusion to the whole organ, since in the intact heart,

there are other factors that might influence mitochondrial

function and the contractile performance such as myofi-

brillar protein composition, substrate availability and

calcium handling mechanisms, which could also be

affected by the hypertriglyceridemic state. In addition, it

was found that mitCK exerts significant flux control of

OxPhos, mainly in HTG mitochondria. This observation

indicated that the rate of respiration attained in the presence

of ADP (or ATP) and creatine does not completely depend

on the mitCK activity and hence it should not be taken as a

direct measurement of its activity. Others steps, mainly the
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ATP/ADP translocase, also contribute to the control of flux

[41].

4.2. Mitochondrial respiration

Heart mitochondrial respiratory rates of HTG rats were

similar or higher than those of control hearts. This

observation was in agreement with our previous report that

in the intact HTG heart oxidation of non-glycolytic

substrates is not impaired [17]. The oxidation of pyruvate

by HTG mitochondria slightly increased, suggesting that the

content of active PDH did not diminish in the HTG heart. In

fact, in the whole HTG heart, the content of active PDH

complex was identical to that of control hearts [17]. The

observed diminution in the oxidation of low concentrations

of Pyr in the whole HTG heart can be explained in terms of

a diminution in the active form of the PDH complex,

whereas the total enzyme remained constant [17]. In isolated

mitochondria, the level of active PDH may be re-established

since the inhibitory high levels of acetyl CoA and fatty acids

diminish during the isolation procedure of mitochondria; in

addition, the use of saturating concentration of pyruvate

induces activation of PDH in intact mitochondria [42].

Moreover, the increase in state 3 respiration in HTG heart

mitochondria when 2-OG was oxidized also correlated with

the slight increase in respiration of the whole HTG heart

when fatty acids were the source of energy [17].

It has been documented that sugar-induced hypertrigly-

ceridemia is often linked to mild hyperthyroidism [43],

which could lead to stimulation of protein synthesis. Indeed,

high levels of thyroid hormones increase expression of

enzymes of the respiratory chain such as bc1 complex, some

ATP synthase subunits and cytochrome c oxidase [44]. Thus,

the increase in respiratory rates in HTG heart mitochondria

could be explained by an increase in OxPhos enzymes.

However, we determined that the levels of circulating thyroid

hormone were similar between HTG and control rats

(2.9T0.5 for HTG rats versus 3.1T0.6 Ag/100 ml for control

rats, n =10).

Moreover, data from cytochrome content and cytochrome

c oxidase activity in total heart homogenates (Table 2) and

isolated mitochondria (Table 4) revealed the absence of over-

expression of respiratory enzymes or different mitochondrial

yield induced by the hypertriglyceridemic state. Only an

enhanced activity of the 2-OGDH complex associated with

the HTG state was found, suggesting that the increased

OxPhos with NAD-linked substrate was due at least partially

to stimulation of the Krebs cycle flux. In turn, the increase in

2-OGDH activity does not fully explain the increase found in

respiratory rates of HTG heart mitochondria, since oxygen

uptake with 2-OG or Pyr increased by 30 and 40%

respectively, whereas 2-OGDH activity only increased by

<20%. Thus, the increase in the rate of succinate oxidation in

HTGmitochondria indicated that other factors such as altered

membrane fluidity and increased membrane potential, may

also be involved in improving respiratory performance.
4.3. Lipid composition of mitochondrial membranes

In the HTG rat, changes in liver desaturases enzymes

have been reported, which may lead to variations in lipid

composition in the different cellular membranes [29].

Changes in the lipid profile of HTG heart cellular structures

have not been yet reported. Indeed, significant changes in the

SFA and MUFA content of HTG mitochondrial membranes

were found; these changes very likely altered membrane

fluidity by increasing rigidity, as determined by fluorescence

polarization. A decreased fluidity confers better coupling

between ATP synthesis and electron transfer, since proton

leak is prevented and the membrane potential is enhanced

[45,46]. This observation may readily explain the higher

membrane potentials found in HTG heart mitochondria.

Furthermore, the membrane fluidity is also determined

by the phospholipid composition, which may also modify

the activity of some respiratory enzymes such as bc1
complex and the ATP/ADP translocase [45–48]. However,

negligible changes in phospholipid and cholesterol compo-

sition were detected in mitochondrial membranes from HTG

hearts, indicating that the increased level of saturated fatty

acids is indeed responsible for the decrease in membrane

fluidity. On the other hand, the decrease in the content of

polyunsaturated fatty acids in HTG mitochondria may have

induced compensatory mechanisms leading to increases in

respiratory rates, as judged by the enhanced uncoupled

respiration, and respiratory efficiency, mainly due to an

improvement in utilization of the H+ motive force [49].

In conclusion, a high carbohydrate diet may promote a

functional uncoupling between energy producing and

consuming sites in the HTG heart, which is evident when

glucose becomes the only oxidizable substrate (anoxic

episodes) and hence ATP production is compromised. The

functional uncoupling consists primarily of an alteration in

the ATP transfer system, involving the mitCK and AK.

Hypertriglyceridemia also induces an increase in the

mitochondrial oxidative pathways such as Krebs cycle

and respiratory chain as well as structural alterations in the

mitochondrial membrane physical state. Whether these

other alterations are part of a compensatory mechanism or

merely the result of metabolic response to an excess of

substrate (free fatty acids) deserves further exploration.
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We thank Dr. Raúl Covián and Eduardo Martı́nez for

technical assistance. The present work was partially

supported by CONACyT-México grant No. 43811-Q.
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