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Hepatic mitochondrial respiration and
transport of reducing equivalents in rats
fed an energy dense diet

S Tossa, MP Mollica, L Lionetti, A Barletta and G Liverini
Department of General and Environmental Physiology, University of Naples, I-80134 Italy

OBJECTIVE: To measure hepatic mitochondrial respiration as well as the ability of hepatic mitochondria to trans-
port reducing equivalents by shuttle systems in rats fed an energy dense diet.

DESIGN: Rats were fed a control (CD) or energy dense (ED) diet for 15 days.

MEASUREMENTS: State 3 and State 4 oxygen consumption were measured in isolated mitochondria using gluta-
mate+malate or pyruvate+malate as substrate. We also measured malate-aspartate shuttle activity and mitochon-
drial o-glycerophosphate dehydrogenase activity.

RESULTS: ED rats, in comparison with CD rats, showed a significantly greater energy intake without a correspond-
ing greater body weight gain and carcass lipid content. Compared to CD rats, ED rats also showed a significant
increase in resting metabolic rate, which was abolished by propranolol. Hepatic mitochondrial state 3 respiration
using glutamate+malate or pyruvate+malate as substrate as well as malate-aspartate shuttle activity significantly
decreased, while mitochondrial o-glycerophosphate dehydrogenase significantly increased in ED rats compared to
CD rats.

CONCLUSIONS: Mitochondrial NADH oxidation is reduced and a greater fraction of cytoplasmic NADH can be
transported to the mitochondria through the a-glycerophosphate shuttle and oxidized through the respiratory chain
from complex Il onwards. This mechanism could lead to a decrease in hepatic metabolic efficiency which is in line

with the increased energy expenditure occurring in rats fed an energy dense diet.
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Introduction

Young rats provided with a variety of highly palatable
human food items (the so-called ‘cafeteria diet’) overeat,
but may resist becoming obese through a facultative
increase in energy expenditure known as diet-induced ther-
mogenesis (DIT).!? Much evidence has suggested brown
adipose tissue (BAT) 3> and liver ¢ as the possible sites of
the DIT in rats fed a cafeteria diet.

As far as BAT is concerned, its role in DIT is suggested
by changes found in its thermogenic capacity, which is due
to the presence of the unique proton conductance pathway
of BAT mitochondria.*-

The possibility of the liver being a site of DIT was put
forward by the observation of Berry et al.® of an increased
oxygen consumption of isolated hepatocytes from rats fed a
cafeteria diet. Subsequent studies of partial hepatectomy
carried out by Ma er al.3 also indicated that the liver is
involved in DIT. However, unlike the BAT, the mechanism
by which the liver could contribute to DIT remains substan-
tially obscure and little is known about the modifications in
hepatic metabolism induced by cafeteria feeding.

Our previous results have shown that rats fed an energy
dense diet exhibited a propranolol-inhibitable, chronic
increase in fasting metabolic rate.”!* In these rats, hepatic
mitochondrial respiration using succinate as substrate sig-
nificantly increased, with no variation in ADP/O ratio, and
hence in the degree of coupling.” However, the use of suc-

cinate only allows for the evaluation of the respiratory
chain activity from complex II onwards, but gives no infor-
mation on the variations of the mitochondrial oxidative sys-
tems which feed electrons to the respiratory chain. Taking
this consideration into account, we have studied, in rats fed
an energy dense diet, the respiratory activities of the liver
mitochondrial compartment using substrates which involve
different modes of transportation into the mitochondria, dif-
ferent dehydrogenases and different sites of entry of reduc-
ing equivalents into the mitochondrial respiratory chain.
We have also measured the ability of hepatic mitochondria
to transport reducing equivalents by shuttle systems.

The results obtained indicate that in rats fed an energy
dense diet a decreased hepatic metabolic efficiency could
contribute to preventing obesity development.

Materials and methods

Animals and experimental design
Forty male Wistar rats (MORINI, 42020 S.Polo D'Enza
(R.E.), Italy) of about 30 days of age were divided into two
groups with the same mean body weight (about 85 g),
which were given free access to either a control diet (CD)
or an energy dense diet (ED) (see Table 1) for 15 days.

All rats were allowed free access to water and were
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able 1 Composition of diets
Component Control diet Energy dense diet
g/kg diet

Casein? 200 135
Methionine 3 3
Sucrose 250 160
Cornstarch 400 200
Alphacel 50 50
Corn oil 50 50
Choline bitartrate 2 2
AIN 76 Mineral mix® 35 35
AIN 76 Vitamin mix© 10 10
Butter? - 186
Lyophilized meat® - 169
Energy density, kJ/g diet’ 15.66 19.35
Energy (J/100 J) from protein 195 1955

lipid 12 46.1

carbohydrate  68.5 34.4

“Purified high nitrogen casein, containing 88% protein.

bAmerican Institute of Nutrition (1977).

‘American Institute of Nutrition (1980).

dLurpak, Denmark, locally purchased, containing 10% water.

¢Liomellin, STAR s.p.a., Milano, Italy, containing (in 10 g): 5.8 g protein
(Nx6.25), 1.2 g lipid, 2.57 g carbohydrate, 0.2 g minerals, 0.2 g water.
IThe energy density was estimated applying the coefficients (kJ/g) 16.51,
17.34, 37.56, and 0 for carbohydrate, protein, fat and fiber, respectively.

maintained one per cage (in grid-bottomed cages) at 24°C
under an artificial circadian 12.12 light-dark cycle. Animal
care, housing and killing met the guidelines of the Italian
Health Ministry.

Body weights and food intakes were monitored daily to
allow calculations of body weight gains and energy intakes
(corrected for spillage).

The thyroid state of the animals was monitored by mea-
suring serum total triiodothyronine (T,) and tetraiodothyro-
nine (T,) concentrations according to Murphy and Pattee!!
and Brown et al.'? respectively, as well as free T, and T,
according to Romelli ef al.,'® using radioimmunoassay kits
(Byk Guldem Italia, Milano, Italy).

Measurement of resting metabolic rate

Resting metabolic rate (RMR) was measured to all the rats
between 11:00 and 11:30 in the morning with an oxygen
consumption monitor (Columbus Instruments, Columbus,
OH, USA) in a chamber at 24°C. Although most of the rats
became quiet after about 30 min in the chamber, all were
allowed to adapt to the conditions for a minimum of 60 min
before beginning the measurements. RMR in each animal
was obtained over a period of at least 10 min during which
time the rat remained quiet. Five CD and five ED rats were
injected with saline, RMR was measured and then the rats
were anesthetized by i.p. administration of chloral hydrate
(40 mg/100 g body wt) and blood and liver were collected.
Other five CD and five ED rats were injected with propra-
nolol (dI-propranolol hydrochloride in 0.15 mol/L. NaCl,
1 mg/100 g body wt, s.c.) and RMR was measured after
30-60 min. The remaining ten CD and ten ED rats were
food-deprived (at 5.00 p.m.) for 16 h, to measure fasting
RMR 30-60 min after the injection of either saline or
propranolol.

Preparation of isolated mitochondria

After removal, the livers were quickly weighed. All sub-
sequent operations were done at ice-melting temperature
and using sterilized solutions and glassware. The livers
were finely minced and washed with a medium containing
220 mM mannitol, 70 mMm sucrose, 20 mm Tris, pH 7.4, 1
mM EDTA, and 0.1% fatty acid free bovine serum albumin.
Tissue fragments were gently homogenized with the same
medium (1:10, w/v), in a Potter Elvehjem homogenizer set
at 500 rpm (four strokes/min). The homogenate was filtered
through sterile gauze and freed of debris and nuclei by cen-
trifugation at 1000 g,, for 10 min; the resulting supernatant
was then centrifuged at 3000 g,, for 10 min, the mitochon-
drial pellet was washed twice and finally resuspended in a
medium containing 80 mm KC1, 50 mm Hepes, pH 7.0,
5 mm KH,PO,. The protein content of the mitochondrial
suspension was determined by the method of Hartree'
using bovine serum albumin as the protein standard.
Mitochondrial B-hydroxybutyrate and acetoacetate content
were measured enzymatically following the appearance or
disappearance of NADH by standard spectrophotometric
procedures,’ as described previously.'® B-hydroxybu-
tyrate/acetoacetate ratio (B/A ratio) was obtained from the
ratio of B-hydroxybutyrate to acetoacetate content.

Mitochondrial respiration

Mitochondrial oxygen consumption was measured polaro-
graphically with a Clark-type electrode (Yellow Springs
Instruments, Yellow Springs, OH, USA), maintained in a
chamber at 30°C, using the above suspension medium sup-
plemented with 0.1% bovine serum albumin as the incuba-
tion medium. Measurements were made within 2 h, follow-
ing the isolation of the mitochondria. The mitochondria
were allowed to oxidize their endogenous substrates for a
few minutes. Pyruvate (10 mm) + malate (2.5 mm), or glu-
tamate (10 mM) + malate (2.5 mMm) were then added to
determine state 4 oxygen consumption rate. Six minutes
later, ADP (at a final concentration of 0.3 mM) was added
and state 3 rate was measured. Both the ratio between state
3 and 4 (RCR) and the ADP/O ratios were calculated
according to Estabrook.!”

Shuttle systems activities
The malate-aspartate shuttle system was reconstituted by
incubating mitochondria with extramitochondrial compo-
nents of the shuttle: 2 mm malate, 2 mM aspartate, 5 mMm
glutamate, 1 mm ADP, 0.15 mm NADH, 20 units of malic
dehydrogenase and 25 units of glutamic-oxalacetic trans-
aminase to a final volume of 2 ml. The shuttle activity was
measured following the decrease in absorbance at 340 nm
of NADH and was expressed as nanomoles of NADH con-
verted to NAD/min X mg protein. Blanks which omitted
either mitochondria or shuttle components were routinely
assayed and subtracted from the complete system.
Mitochondrial o-glycerophosphate dehydrogenase activ-
ity was measured in isolated mitochondria by the method of
Lee and Lardy.'®

Carcass lipid content
Other five CD and five ED rats, after fifteen days of dietary




treatment, were killed for determination of carcass lipid
content according to the method of Folch.!

Statistical analysis

Data are given as means + s.e.m. Statistical significance
between the means was examined by two-tailed Student’s #-
test or by three-way analysis of variance followed by two-
tailed Student’s ¢-test. Probability values less than 0.05
were considered to indicate a significant difference.

Materials

ADP, pyruvate, malate, glutamate, aspartate, malic dehy-
drogenase, glutamic-oxalacetic transaminase, NADH,
NAD, acetoacetate, B-hydroxybutyrate, B-hydroxybutyrate
dehydrogenase,  hydrazine  hydrate, dl-propranolol,
phenazine methosulfate and iodonitrotetrazolium violet
were purchased from Sigma Chemical Co., St Louis, MO,
USA. All other reagents used were of the highest purity
commercially available.

Results

Body weights, carcass lipid content and energy intakes of
CD and ED rats are shown in Table 2. Mean initial and
final body weights were not significantly different between
the two groups, with a daily body weight gain of about 6.4
and 6.8 g in CD and ED rats, respectively. The energy
intake of ED rats during the whole period of treatment was
50% higher than that of CD rats. At the end of the experi-
mental period, carcass lipid content was about 12% both in

Table 2 Body weight and energy intake in CD and ED rats

CD rats ED rats
Initial body weight, g 873 85+3
Final body weight, g 183 + 10 187 =112
Carcass lipid content, % 114 +0.5 11.9+0.5
Energy intake, kJ* 3703 + 105 5576 + 248*
Daily energy intake, kJ/g 18,4101 2.5=0.1%

Data are the means * s.e.m. of five different rats.

*P < 0.0002 compared to CD rats (Two-tailed Student’s t-test).

aThe reported values (not corrected for faecal and urinary N losses) are
referred to the whole period of treatment (15 days).

Table 3 Serum total and free T, and T, levels in CD and ED rats

CD rats ED rats

Total T, 573 76 + 4%
(ng/100 ml)

Free T, 360 + 20 516 & 25*%*
(pg/100 ml)

Total T, 4.2 +0.2 35+02
(ng/100 ml)

Free T, 1.1 £0:1 1.2+0.1
(ng/100 ml)
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Figure I Resting metabolic rate of CD and ED rats: effect of

propranolol administration and 16 h food deprivation. Resting
metabolic rate was measured at 24°C after the subcutaneous
administration of either saline or propranolol, in fed rats and
after 16 h of food deprivation, in CD and ED rats. Bars represent
means = s.e.m. of five different rats.

*Significant effect (P < 0.05) of diet (Three-way analysis of vari-
ance followed by Student’s t-test).

**Significant effect (P < 0.05) of propranolol (Three-way analysis
of variance followed by Student’s t-test).

Table 4 Respiratory parameters in isolated mitochondria from
CD and ED rats using pyruvate+malate or glutamate+malate as
substrate

CD rats ED rats

Pyruvate+malate

State 3 31.7+0.8 25.0 £, 1*

State 4 79+0.3 6.2 £0.6%*

RCR 4.0 4.0

ADP/O 2.7 0.1 2.7+0.1
Glutamate+malate

State 3 96.5+2.3 728 +:2.8*%

State 4 12107 9.1 % 0.8**

RCR 8.0 8.0

ADP/O 2.7 £0.1 2:71071

Data are the means + s.e.m. of five different rats.

State 3 and State 4 respiratory rates are expressed as nmol O/min X mg
protein

*P < 0.01 compared to CD rats (Two-tailed Student’s t-test).

##P < (.05 compared to CD rats (Two-tailed Student’s t-test).

Table 5 Reducing equivalents shuttle systems activities in CD
and ED rats

CD rats ED rats
Mitochondrial
0-GPDH activity 331 47 £ 1*
nmol/min X mg protein
Malate-aspartate
shuttle activity 3816 £2:5 211 £1.3%*

nmol NADH/min X mg protein

Data are the means + s.e.m. of five different rats.
*P < 0.01 compared to CD rats (Two-tailed Student’s t-test).
*%P < 0.001 compared to CD rats (Two-tailed Student’s t-test).

Data are the means + s.e.m. of five different rats.
*P < 0.001 compared to CD rats (Two-tailed Student’s t-test).
#**P < 0.01 compared to CD rats (Two-tailed Student’s t-test).
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CD and in ED rats. RMR measured at 24°C was 55% high-
er in ED rats than in CD rats (Figure 1). After 16 h fasting,
ED rats continued to exhibit significantly higher RMR
(+40%) than CD rats (Figure 1). Administration of propra-
nolol resulted in a significant reduction of RMR in ED rats
but not in CD rats (Figure 1).

Table 3 shows the serum free and total T, and T, levels
in CD and ED rats. Total and free T, levels significantly
increased (+33% and +43%, respectively) in ED rats, while
no variation was observed in total and free T, levels, in
comparison to CD rats.

Table 4 shows the results obtained measuring state 3 and
4 respiratory rates as well as RCR and ADP/O ratios in iso-
lated mitochondria using pyruvate+malate or gluta-
mate+malate as the substrate. State 3 and state 4 oxygen
consumption significantly decreased (-21% and -25%,
respectively) in ED rats with both the substrates, while no
significant variation was found in RCR and ADP/O ratios.

Table 5 shows the results obtained measuring the activity
of mitochondrial o-glycerophosphate dehydrogenase, used
as an index of the activity of o-glycerophosphate shuttle, as
well as the activity of the reconstituted malate-aspartate
shuttle. In ED rats we found a significant increase of 42%
in o-glycerophosphate dehydrogenase activity and a signif-
icant decrease of 45% in malate-aspartate shuttle activity,
compared to CD rats.

Discussion

In this work we have studied hepatic mitochondrial oxida-
tive capacity in rats fed an energy dense diet, exhibiting
DIT (Table 2 and Figure 1). We have measured mitochon-
drial respiration with pyruvate+malate or glutamate+malate
as the substrate. Glutamate enters the citric acid cycle at o~
ketoglutarate and pyruvate can be converted to acetyl-CoA;
both the substrates are NAD-linked and electrons enter at
site 1 of the electron transport chain. In addition, we have
measured NADH transport into the mitochondria by the
reconstituted malate-aspartate shuttle, as well as mitochon-
drial B/A ratio, an indicator of the mitochondrial
NADH/NAD* ratio.

The results show that state 3 and state 4 oxygen con-
sumption significantly decreased in ED rats (Table 4),
while B/A ratio was higher in ED rats compared to CD rats
(CD rats = 2.9 + 0.1; ED rats = 4.2 + 0.2, P < 0.05). The
lower respiratory rates could be due to a decrease either in
NADH production by the different dehydrogenases or in
NADH oxidation by the respiratory chain. However, the
higher NADH/NAD" ratio found in ED rats allows us to
exclude the possibility of a decrease in NADH production
and suggests a decrease in NADH oxidation by the respira-
tory chain. The decreased NADH oxidation is due to a
decrease in NADH dehydrogenase activity rather than to an
impairment of ATP synthesis system, as the oxygen con-
sumption measured in the presence of an uncoupler was
still significantly lower in ED rats compared to CD
rats (data not shown). The increased mitochondrial
NADH/NAD* ratio also causes a significant decrease in the
transport of reducing equivalents into the mitochondria by

the reconstituted malate-aspartate shuttle in ED rats com-
pared to CD rats (Table 5).

We also assessed the activity of mitochondrial o-glyc-
erophosphate dehydrogenase; this enzyme is rate limiting
for a-glycerophosphate shuttle!® which exchange one
cytosolic NADH molecule for one mitochondrial FADH,
molecule. A significant increase in o-glycerophosphate
dehydrogenase activity was found in ED rats compared to
CD rats (Table 5). This result suggests that in ED rats a
greater fraction of cytoplasmic NADH is transported to
mitochondria through the o-glycerophosphate shuttle as
FADH,. Since FADH, enters the electron transport chain at
a point after the first reaction that translocates hydrogen
ions, during FADH, oxidation less of a gradient is estab-
lished for driving ATP synthesis and hence there is a
decrease in hepatic metabolic efficiency. This mechanism
has been proposed to explain DIT found in rats fed low-
protein diets.?02!

Our present results could have additional metabolic
implications. In fact, the increase in mitochondrial
NADH/NAD" ratio which occurs in ED rats causes a shift
of the reaction catalyzed by malate dehydrogenase in
favour of malate production at the expense of oxalacetate??
and this in turn favours the export of malate to the cytosol.
Here malate can be converted to oxalacetate and NADH by
malic dehydrogenase enzyme, as well as to pyruvate and
NADPH by malic enzyme, whose activity greatly increases
in overfed rats.? It has been recently shown that the
cytosolic form of a-glycerophosphate dehydrogenase can
use both NADH and NADPH to reduce dihydroxyacetone
phosphate to o-glycerophosphate;?* therefore both NADH
and NADPH could be re-transported into the mitochondria
through the a-glycerophosphate shuttle. This mechanism
would thus lead to a far greater fall in hepatic metabolic
efficiency, since it involves not only the reducing equiva-
lents which are generated in the cytosol during glycolysis,
but also those which are produced into the mitochondria
during the oxidation of pyruvate and fatty acids, whose
serum levels increase in rats fed an energy dense diet.’

It has been suggested that metabolic signals may partic-
ipate in the regulation of body weight? and it has been pro-
posed the possibility that metabolic products from fat or
carbohydrate oxidation may also provide a post-absorptive
effect which is involved in the maintenance of energy bal-
ance.? This mechanism is abolished by hepatic vagotomy,
which implies that the liver is essential for the above
effect.?® Hypothalamic injections of P-hydroxybutyrate
have been shown to activate sympathetic nervous system
(SNS)?’ and to reduce body weight without affecting ener-
gy intake.” Since B-hydroxybutyrate serum levels increase
in ED rats (data not shown), B-hydroxybutyrate can act as a
metabolic signal for the activation of the systems responsi-
ble for the dietary control of energy metabolism, such as
the SNS and thyroid hormones. However, it is also possible
that the increased T; serum levels are due to enhanced SNS
activity, as it is well known that SNS regulates peripheral
deiodinase activity.?

The observed modifications in the activity of the o-glyc-
erophosphate shuttle can be correlated to the measured
increases in serum total and free T, levels in ED rats (Table




3). In fact, it has been suggested that thyroid hormones may
regulate thermogenesis by increasing the oxidation of cyto-
plasmic NADH by the o-glycerophosphate shuttle.**? On
the other hand, the observed decrease in mitochondrial
NADH oxidation can be hardly attributed to enhanced T,
serum levels. In fact, we have previously shown that hyper-
thyroidism® and cold exposure (that enhances serum T,
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