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ABSTRACT

Dexamethasone—a potent synthetic glucocor-
ticoid—has multiple diagnostic and therapeutic
applications in wide range of age groups. How-
ever, the side-effects of dexamethasone (Dex)
treatment including those on development are
becoming increasingly apparent. Since the de-
velopmental processes are energy-dependent,
we examined the effects of chronic Dex treat-
ment on kinetics properties of liver mitochon-
drial Fo.F;-ATPase and mitochondrial membrane
lipid profiles in rats belonging to different de-
velopmental age groups (2, 3, 4 and 5 weeks)
and in adults (-8 weeks). The animals were
treated with a subcutaneous dose of 2 mg of
Dex/kg body weight (or saline as vehicle) for
three alternative days (at around 7.00 A.M.) prior
to the day of sacrifice. Dex treatment resulted in
significant reduction in Fq.F-ATPase activity in
developmental age groups and in adults as
compared to their age-matched vehicle-treated
control group. The substrate kinetics analysis of
Fo.F1-ATPase resolved Km and Vmax values in 3
components in all the control age groups;
whereas Dex treatment significantly altered the
Km and Vmax values or abolished the entire
components in age-specific manner. Dex treat-
ment significantly lowered the energy of activa-
tion and altered phase transition temperature
(Tt°C) in all the developmental age groups and in
adults. Dex treatment significantly increased the
contents of total phospholipid (TPL), individual
phospholipids classes and cholesterol (CHL) in
all the developmental age groups whereas op-
posite pattern was observed in adults. The mi-
tochondrial membrane became more fluidized in
the developing age groups (2, 4 and 5 weeks);
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whereas no change was observed in 3-week and
adult groups following Dex treatment. In present
study, our data demonstrate comprehensive
deleterious effects of chronic Dex treatment on
liver mitochondrial membrane structure and
Fo.F1-ATPase functional properties with respect
to energy metabolism. At the same time, our
data also warns against excessive repeated use
of antenatal DEX in treatments in growing and
adult human patients.

Keywords: Dexamethasone; Development;
Glucocorticoids; Liver Mitochondria; Fy.F;-ATPase;
Substrate and Temperature Kinetics; Lipid and
Phospholipid Profiles

1. INTRODUCTION

Dexamethasone (Dex) is considered as a drug of
choice for diagnosis and treatment of a wide range of
pathological conditions in all the age groups in humans
[1,2]. It is a potent synthetic anti-inflammatory agent
with higher glucocorticoid activity and negligible miner-
alocorticoid activity compared to the natural glucocorti-
coid cortisol. Due to its distinct anti-inflammatory prop-
erties, it is being used for the treatment of wide range of
diseases. These include skin diseases; bronchial asthma;
chronic lung disease (CLD) in extremely low birth
weight (ELBW) and very low weight (VLBW) infants;
bronchopulmonary dysplasia (BPD); metastasis of brain,
spine and meninges, respiratory distress syndrome (RDS)
in fetuses and rheumatoid arthritis [1,3-8]. Glucocorti-
coids like dexamethasone and betamethasone are choice
drugs of clinicians to prevent lung diseases in immature
newborns. Multiple Dex courses are prescribed in 98%
of cases of pregnant women who are thought to be at the
risk of pre-term delivery [2,9,10]. However, more clini-
cal trials are required to decide right formulation and
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dosage [4].

The synthetic glucocorticoids are believed to have
lesser or no side-effects or toxicity [1]. It also remains a
critical issue if the glucocorticoids were not being used
in proper dose, routes and formulations [10,11]. The use
of Dex as potent glucocorticoids as well as an anti-in-
flammatory agent is recommended by American Na-
tional Institutes of Health [2]. However, when it is used
in pharmacological doses, adverse side-effects are seen
in as high as 50% of the cases [12]. The major risks of
serious adverse neuro-developmental effects remain after
antenatal, pre-natal and post-natal glucocorticoid ad-
ministration [12-15].

Studies with Dex in isolated mitochondria from brain
cortex and liver indicate that under in Vitro conditions
Dex induces membrane permeability transition (MPT)
pore formation and disrupts calcium homeostasis thereby
triggers apoptosis form of cell death [16,17]. Although,
the literature survey majorly focuses on adverse effect of
Dex on development of brain [18], there are only a few
reports which indicate its hepatotoxicity [16]. Observa-
tions from our present studies together with finding from
a few other laboratories indicate that Dex may have ad-
verse effects on liver function [16]. Our laboratory has
demonstrated earlier that repeated exposure of Dex alters
oxidative energy metabolism of mitochondria isolated
from liver [19].

As it is well recognized the developmental processes
are energy-dependent and the mitochondria play major
role in ATP synthesis [20]. It is also well recognized that
the processes of energy transduction are localized in the
inner mitochondrial membrane and its functions are de-
pendent on specific phospholipid classes [21,22]. The
effects of treatment with repeated doses of Dex during
developmental and adult period on mitochondrial ATP
synthesizing ability by F,.F;-ATPase and on the mito-
chondrial lipid profiles is not well understood. In the
present study, we have analyzed the structure-function
relations of mitochondria by checking kinetics properties
of Fo.F;-ATPase and by performing lipid/phospholipid
analysis of mitochondrial membrane. It is suggested that
the results of our present study may provide possible
explanation for energy functions/dysfunctions involved
du- ring developmental period and in adult life following
chronic exposure to Dex.

2. MATERIALS AND METHODS
2.1. Chemicals

Silica Gel G was purchased from E. Merck, Germany.
Dexamethasone phosphate and 1,6 diphenyl-1,3,5 hexa-
triene (DPH) was purchased from Sigma Chemical
Company, St. Louis, MO, USA. ADP was purchased
from Fluka, Basel, Switzerland. Bovine serum albumin
(BSA) fraction V was purchased from SRL, Mumbai,

Copyright © 2013 SciRes.

J. D. Pandya et al. / Advances in Enzyme Research 1 (2013) 1-15

India. All other chemicals were of analytical-reagent
grade and were purchased locally.

2.2. Animals and Treatment with Dex

Male albino rats of Charles-Foster strain belonging to
different developmental age groups i.e. 2, 3, 4 and 5
weeks and adults (8 - 10 weeks) were used for this study.
The animals were injected with Dex solution subcutane-
ously (s.c.) at a dose of 2 mg Dex/Kg body weight for
three alternative days prior to the day of sacrifice [8,
18-20]. Thus in the 2-week group, the animals received
Dex treatment on day 8, 10 and 12; and the animals were
sacrificed on day 14. Dex solution were prepared fresh
daily in saline and the animals were injected between
6:00 A.M. to 7:00 A.M. when the plasma corticosterone
levels in the rat are the lowest and thereby the influence
of circadian rhythm for all the age groups was similar
[23]. The control groups received equivalent amount of
saline vehicle. The experimental design and all the pro-
cedural protocols were approved by the Animal Use and
Care Committee of the Department of Biochemistry,
Faculty of Science, The Maharaja Sayajirao University
of Baroda, India.

2.3. Isolation of Mitochondria

The animals were sacrificed by decapitation and their
livers were quickly removed and placed in beakers con-
taining chilled (0°C - 4°C) isolation medium. The isola-
tion medium contained 0.25 M sucrose, 10 mM Tris-HCl
buffer, pH 7.4, 1 mM EDTA and 250 pg BSA/ml. The
tissue was minced and was repeatedly washed with the
isolation medium to remove adhering blood and 10%
(w/v) homogenate was prepared using a Potter Elvehjem
type glass-Teflon homogenizer. The nuclei and cell de-
bris were sedimented by centrifugation at 650 x g for 10
min and discarded. The supernatant was subjected to a
further centrifugation at 7500 x g for 10 min. The result-
ing mitochondrial pellet was washed by re-suspending
gently in the isolation medium and by resedimenting at
7500 x g for 10 min. Finally the mitochondria were sus-
pended in the isolation medium to give a protein concen-
tration of about 30 - 50 mg/ml [19,24].

2.4. Assay of Fy.F;-ATPase Activity

The Fy.F;-ATPase activity was measured in the assay
medium (total volume 0.4 ml) containing 50 mM Tris-
HCI buffer pH 7.4, 75 mM KCl and 0.4 mM EDTA. The
assays were performed in the presence of 6 mM MgCl,
and 100 uM DNP. After pre-incubating the mitochon-
drial protein (Ca. 100 ug) in the assay medium at 25°C
and 37°C, the reaction was initiated by the addition of
ATP at a final concentration of 5 mM [25]. The reaction
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was carried out for 10 min and then terminated by the
addition of 0.1 ml of 5% (w/v) sodium dodecyl sulfate
(SDS) solution and the amount of liberated inorganic
phosphorus was estimated by the method of Fiske and
Subba Row [26].

2.5. Substrate and Temperature Kinetics of
Fo.F,-ATPase

For substrate kinetics studies, concentration of ATP
was varied in the range from 0.1 mM to 5 mM with 10
data-points. For temperature kinetics studies, experi-
ments were carried out with fixed ATP concentration of
5 mM and the temperature was varied from 5°C - 53°C
with an increment of 4°C with 13 data points [25].

2.6. Data Analysis

The data for substrate kinetics were computer ana-
lyzed using three methods: Eadie-Hofstee, Lineweaver-
Burk and Cornish-Bowden plots for determination of Km
and Vmax [27,28]. The values of Km and Vmax ob-
tained by the three methods were in close agreement and
were averaged for the final presentation of the results.
For graphical presentation, only the typical substrate
saturation curves and corresponding Eadie-Hofstee plots
have been shown in Figures 1 and 2 [25,27,28]. Hill plot
analysis was carried out where it was required as shown
in Figure 3 [27]. The data on temperature kinetics were
analyzed for determination of energies of activation in
the high and low temperature ranges (E, and E, respec-
tively) and phase transition temperature (Tt°C) according
to the method described previously from the Figures 4
and 5 [25,29]. All the kinetics data were computer ana-
lyzed employing Sigma plot version 5.0, Jandel Corpora-
tion, San Rafael, California, USA [25,28].

2.7. Extraction and Separation of
Phospholipids

Aliquots of mitochondrial suspension containing 4 - 8
mg protein were extracted in a freshly prepared chloro-
form: methanol mixture (2:1 v/v) as described by Folch
et al. [30]. After extraction, suitable aliquots were taken
for the estimation of cholesterol [31] and total phosphol-
ipid (TPL) [32] and separation of individual phosphol-
ipid classes by thin layer chromatography (TLC) using
Silica Gel G [25,33,34]. All the spots of separated
phospholipids classes were visualized by brief exposure
of iodine vapor, marked immediately on the TLC plate,
scraped and transferred to marked test tubes. The phos-
phorus content of the individual phospholipids released
by digestion with H,SO, and was quantified according to
the previously published procedure of Bartlett as de-
scribed earlier [32,33].
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2.8. Determination of Mitochondrial
Membrane Fluidity

Membrane fluidity determination was carried out at
25°C spectrophotoflourimetrically using DPH as the
probe. Stock DPH solution (2 mM) was prepared in tet-
rahydrofuran and stored at 0°C - 4°C in an amber colored
bottle. For measurement of fluorescence polarization,
samples were taken in 3 ml of buffered sucrose solution
(0.25 M sucrose containing 10 mM Tris-HCL, pH 7.4) at
a final protein concentration of 0.2 mg/ml, and an aliquot
of stock DPH solution was added so that the molar ratio
of probe to lipid was between 1:200 to 1:300 [35,36].
The mixture was vortexed vigorously and left in dark for
30 min to permit equilibration of probe into the mem-
branes. Fluorescence polarization was measured in a
Shimadzu RF 5000 spectrophotofluorimeter with a po-
larizer attachment. Excitation and emission wavelengths
were 360 nm and 430 nm; bandwidths were 5 nm and 10
nm respectively. Data were accumulated for 5 sec for
each polarization setting: vertical (parallel) and horizon-
tal (perpendicular) [36]. The instrument has program for
calculation of fluorescence polarization (p). The details
of the methods have been described previously [33,37].

Protein estimation was by the method of Lowry et al.
with bovine serum albumin used as the standard [38].
Results are given as mean = SEM. Statistical evaluation
of the data was by students’ t-test.

3. RESULTS

Results of our earlier studies indicated that the sub-
strate oxidation rates and the ATP synthesizing ability of
the isolated liver mitochondria were compromised in an
age specific manner in the Dex-treated animals [19].
This led us to take one step forward to investigate the
specific effect(s) of Dex treatment on kinetic properties
of Fo.F;-ATPase and membrane lipid profiles in devel-
oping and adult animals. In the initial experiments we
determined the F,.F;-ATPase activity at 25°C and at
37°C and measured the activity ratio (Table 1). As
shown in Table 1, Dex treatment significantly decreased
the Fo.F;-ATPase activity in all the developmental age
groups (24% - 76% decrease) when measured at 25°C and
37°C. The adult group showed significant decrease in
Fo.F-ATPase activity (21% decrease) following Dex
treatment when measured at 37°C; whereas no change in
activity was observed at 25°C. The activity ratio of
37°C/25°C displayed significant decrease in 4-week and
adult groups (13% - 16% decrease) whereas other
age-group showed no significant change in activity after
Dex treatment. We further carried out rigorous kinetics
analysis of Fy.F;-ATPase where we ex amined the sub-
strate and the temperature dependence of the enzyme.
The typical substrate saturation plots for the control and
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Table 1. Effect of Dex treatment on rat liver mitochondrial F, F,-ATPase activity.

Activity (umoles of Pi liberated/hr/mg protein)

Activity Ratio(Activity at 37°C/Activity at 25°C)

Group Treatment
25°C 37°C
Control 7.27+0.82 13.60 + 0.96 1.90 +0.11
2-week
Dex 443 +£0.34° 8.50 + 0.46° 1.96 +0.09
Control 10.54 +0.53 20.10 + 0.88 1.92+0.15
3-week
Dex 7.62 +0.42° 15.60 £ 0.61° 1.99+0.13
Control 13.02 + 1.91 27.86 +2.87 2.11£0.12
4-week
Dex 3.80+0.28" 6.66 + 0.42° 1.78 + 0.04°
Control 14.87 +1.38 25.02+233 1.69+0.16
5-week
Dex 8.47 +0.38° 19.05+1.11° 2.21+0.79
Control 10.83 +0.89 21.23+1.09 1.93 £0.03
Adult
Dex 10.16 = 0.49 16.86 +1.12° 1.67 +0.08"

The results are given as mean + SEM of 6 - 8 independent experiments. Activity ratio = Activity at 37°C/Activity at 25°C. *p < 0.01 and ®p < 0.001

compared to the corresponding control.

dex treated animals belonging to all the age groups are
shown in Figure 1. As can be noted, practically all the
groups followed typical substrate saturation pattern ex-
cept for the 3-week Dex treated animals where an allos-
teric pattern of substrate saturation was evident. We then
analyzed our data with three different methods as out-
lined in the Methods Section. However, for presentation
only the corresponding typical Eadie-Hofstee plots have
been shown. As can be noted, for all the control groups
the F(.F;-ATPase activity resolved in 3 components
(Figure 2). Similar trend was noted even for Dex treated
2-week and 5-week animals. By contrast, in the 4-week
and adult groups the activity resolved only in 2 compo-
nents; with the third component being completely abol-
ished following Dex treatment (Figure 2). The 3-week
Dex group was unique in that it displayed only a single
component (Km; and Vmaxs) as shown in Figure 2. We
have calculated Sy s which is equivalent to Km, for the
lost components by Hill plot analysis which is reported
in Table 2 for comparison between age-matched 3-week
control group.

We then calculated the values of Km and Vmax from
the Eadie-Hofstee and Cornish-Bowden plots as de-
scribed in the Methods Section. These values are shown
in Table 2. It is clear that in Dex treated animals of all
the age groups, the Vmax values (Vmax,,;) decreased
significantly (30% - 75% decrease). The Km values of
the three components showed mixed pattern. Thus in the
2-week group the Km; and Kmj values increased while
in the 3-week group the Km, value has increased. For the
4-week and adult groups the Kmj; has significantly in-
creased (8% - 70% increase). In contrast, Km values of
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3-week (Kmj;), 4-week (Kmy), 5-week (Km;) and adult
(Kmj;) have shown significant decrease (10% - 44% de-
crease). The Km, equivalent (S,s) of 3-week Dex group
showed significant increase (64% increase) as compared
to 3-week control group. Thus, the drastic changes in
both Km and Vmax components of F,.F1-ATPase after
Dex treatment may reflect on alteration in its ability to
synthesize ATP in these individual groups.

Due to allosteric pattern of the 3-week Dex treated
substrate saturation curve (Figure 1), we further ana-
lyzed data for this group separately using Hill plot analy-
sis and report the values in Table 3. The typical Hill plot
is shown in Figure 3. The Hill co-efficient n; and n,, and
Transition concentration (Tc) are given in Table 3. Since
the 3-week Dex group only displayed an allosteric pat-
tern, we did not have compared Hill coefficients and
transition concentrations with age-matched control group.
The Hill co-efficients (n; and n,) represents the number
of ATP molecules bound at active site of enzyme before
or after the transition concentrations (Tc) of ATP (mM)
introduced in assay system. It was interesting to note that
0.79 ATP molecules bound (Tc < 0.67 mM ATP) to ac-
tive site of Fy.F;-ATPase. Similarly around 2.39 ATP
molecules of ATP bound (Tc > 0.67 mM ATP) to active
site of Fy.F|-ATPase. This may be the reason to see al-
losteric kinetics behavior of 3-week Dex substrate kinet-
ics as shown in Figure 1.

We further carried out Arrhenius kinetics to under-
stand the temperature-dependence of the enzyme F.F-
ATPase. The typical temperature curves for all the
groups are shown in Figure 4. To derive quantitative
representation of energy of activation and phase transition
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Figure 1. Representative typical substrate saturation curves for
rat liver mitochondrial Fy.F{-ATPase in controls (Left Panel)
and Dex treated (Right Panel) rats for 2-week, 3-week, 4-week,
S-week and adult group respectively. The abscissa represents
the reaction velocity v, while the ordinate represents [S]. For
substrate kinetics studies, concentration of ATP was varied in
the range from 0.1 mM to 5 mM with 10 datapoints. Excep-
tionally, 3-week Dex group represents typical allosteric sig-
moidal curve. The plots are typical for eight independent ob-
servations.

temperature, we have analyzed temperature curve data
with Arrhenius plots. The typical Arrhenius plots for all
the groups are represented in Figure 5 and the quantita-
tive representation of low and high energy of activation
(EL and Ey) and phase transition temperature (Tt°C) is
given in Table 4. As can be noted, in general, the energy
of activation (Ep) was significantly lower (14% - 57%
decrease) after Dex treatment in all age groups. Similarly,
the Ey values also decreased significantly (26% - 33%
decrease) in 5-week and adult group whereas in other
groups it was unaltered. Dex treatment resulted in sub-
stantial increase (8°C increase) in phase transition tem-
perature Tt in the 5-week group; whereas in adults the
effect was opposite in nature (5°C decrease). No change
in Tt"C was observed in early developmental age-groups
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Figure 2. Representative typical Eadie-Hofstee plots for rat
liver mitochondrial Fy.F;-ATPase in controls (Left Panel) and
Dex treated (Right Panel) animals for 2-week, 3-week, 4-week,
5-week and adult group respectively. For the Eadie-Hofstee
plots, the abscissa represents the reaction velocity v, while the
ordinate represents v/[S]. Reaction velocity v = p mol of Pi
liberated hr'' mg protein™. V/[S] = reaction velocity divided by
the corresponding substrate concentration. Due to typical allos-
teric sigmoidal curve for 3-week Dex treated group, we were
unable to derive Eadie-Hofstee plots in corresponding group.
All Eadie-Hofstee plots resolved in either II or III components
except for 3-week Dex group. The plots are typical for eight
independent observations.

(2-week - 4-week) after Dex treatment.

The present data on substrate and temperature kinetics
of F(.F;-ATPase indicate age-specific drastic effects on
ATP synthesis. Similarly, earlier studies from our labo-
ratory indicated that chronic Dex treatment significantly
alters the liver mitochondrial bioenergetics in growing
and adult rats. Moreover, the mitochondrial dehydro-
genases along with decreased content of cytochromes
further led us to hypothesize that the observed alterations
may be attributed to changes in the lipid profiles of mi-
tochondrial membrane following Dex treatment. We
therefore took further steps to analyze lipid environment
of mitochondrial membrane along with fluidity
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Table 2. Effect of Dex treatment on substrate kinetics properties of rat liver mitochondrial Fy.F,;-ATPase.

Component I Component II Component 11T

Group Treatment Km, Vmax, Km,/Sy s Vmax, Km; Vmaxs
Control 0.35+0.05 6.03 +£0.32 1.34+0.12 12.07 +0.80 3.92+0.31 21.55+2.50
Zveck Dex 0.41+0.03 4.21£0.19° 1.42 £0.05 7.72+0.12° 4.89£0.41° 16.84 £0.61°
Control 0.15+0.02 6.56 £0.52 1.00 £ 0.08 15.08 +1.20 420+0.25 37.84+2.86

3-week

Dex o o 1.64 +0.04¢ o 2.93 £0.03° 24.31+1.33¢
Control 0.30 £ 0.04 12.07 +£0.36 1.04 +£0.15 24.14+2.13 3.94+0.16 4741 +2.81
ek Dex 0.27 £0.08" 3.03 £0.25° - - 428 +0.14° 12.69 £ 1.62°
Control 0.25+0.04 11.86+0.87 0.99 +0.08 23.73+2.19 3.32+0.81 40.68 +5.10
ek Dex 0.23 +£0.02 8.28 +£0.31° 0.75+0.10 15.52 £1.20* 1.86 + 0.44¢ 2424 +2.87¢
Control 0.39+0.03 10.94 +0.86 0.91+0.07 17.19 +£1.37 4.14+0.81 39.07 +1.80
Addlt Dex 0.66 £0.13° 1144 +1.85 2.30+0.40° 23.81+1.55°

The Km and Vmax values are given as mean = SEM of the 8 independent observations. *p < 0.05; °p < 0.002 and °p < 0.001 as compared with the cor-
responding age-matched control group. For the substrate ATP was used in the concentration range of 0.1 to 5 mM. The values of Km, Sy s are expressed
in mM. The Vmax is expressed as pmole of Pi liberated /hr/ mg protein.

Table 3. Effect of Dex treatment on hill plot analysis of rat liver mitochondrial Fy.F,-ATPase.

Group Treatment Hill Coefficient Transition Concentration, Tc (mM)

n; ny

3-week Dex 0.79+0.12 2.39+0.21 0.67 +0.042

The results are given as mean + SEM of 6 - 8 independent experiments. The experimental details are as given in the text. ATP was used as substrate in
the concentration range of 0.01 to 5 mM. n; and n, are Hill co-efficient. The n; and n, represent the number of ATP molecules bound to active site over
the given transition concentration (Tc) of ATP (mM).

Table 4. Effect of Dex treatment on arrhenius kinetics properties of rat liver mitochondrial Fo.F;-ATPase.

Energy of activation, KJ/mole Phase transition temperature Tt ("C)
Group Treatment EL En Tt

Control 111.75+1.34 46.27 £ 6.96 13.26 £0.79

2-week
Dex 87.25+4.82° 42.94 £5.88 18.21 £0.70°
Control 110.19 + 1.38 44.78 £2.40 15.88+£0.55

3-week
Dex 94.48 +3.71° 4543 +£2.35 16.42 +0.61
Control 130.35 +£4.81 46.64 + 1.87 18.56 £ 0.73

4-week
Dex 79.67 £ 1.70¢ 30.92 +£2.52¢ 1991 +1.28
Control 88.85+1.46 3734 +£4.70 17.42£1.05

5-week
Dex 54.90+2.01°¢ 39.05+£2.01 25.46 +1.82¢
Control 140.57 £2.19 41.42 +1.45 19.23 £ 1.10

Adult
Dex 60.09 + 1.47° 30.75 +2.09° 14.57+ 0.53°

The results are given as mean + SEM of the 8 independent numbers of observations. *p < 0.05, °p < 0.01 and °p < 0.001 compared with the correspond-
ing control.

measurement to understand the effect of Dex treatment could directly or indirectly influence the kinetics proper-
on lipid environment in mitochondrial membrane which ties of F.F;-ATPase.

Copyright © 2013 SciRes. OPEN ACCESS
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Figure 3. Typical Hill plot for rat liver mitochondrial Fy.F;-
ATPase for 3-week Dex treated group. Hill plot analysis were
made for sigmoidal curves where the abscissa represents log
(v/V-v), while the ordinate represents log [S]. Both of the ab-
scissa and ordinate units were derived from substrate kinetic of
Fo.F1-ATPase units, v = pmol of Pi liberated hr' mg protein™
and [Sos] = mM equivalent to Km for Eadie-Hofstee plots. The
plot is typical for eight independent observation of 3-week Dex
group.

Our lipid profile data in Table 5, indicate that Dex
treatment resulted in significant increase in the total
phospholipid (TPL) content (42% - 139% increase) in
the initial stages of development. Paradoxically, in the
adults the TPL content decreased by 66%. Similarly, Dex
treatment significantly increased the cholesterol (CHL)
content (46% - 186% increase) in growing animals
whereas reverse is true with significant decrease (43%
decrease) in adults. The TPL and CHL contents directly
influenced the molar ratio of TPL/CHL which decreased
significantly (35% - 51% decrease) for 3-week to 5-
week groups and in the adults whereas 2-week group
shown significant increase (50% increase) after Dex ex-
posure. Our data are thus indicative of significant altera-
tions in the phospholipids profiles of mitochondrial
membrane. To ascertain further the mitochondrial mem-
brane chan- ges in depth, we additionally measured the
mitochondrial membrane fluidity. Our fluidity data indi-
cate that after Dex treatment the mitochondrial mem-
brane became more fluidized as indicated by significant
decrease (13% - 17% decrease) in fluorescence polariza-
tion (p) values in developing age groups (2-week,
4-week and 5-week); whereas the 3 week and adults have
not significantly altered structure of the membrane.

The increased TPL content in growing animals after
Dex treatment prompted us to look into the percentage
changes in the individual phospholipid class. As shown
in Table 6, there were significant changes in the percent
lipid composition of membrane. As can be noted in the
control groups the major percentage being shared by
phosphatidylcholine (PC) (40% - 50%), phosphati-
dylethanolamine (PE) (30%) and diphosphatidylglycerol
(DPG) (7% - 10%) which are the major phospholipids.
Thus the changes in PC, PE and DPG composition could
confer the highest effect on membrane composition. As
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Figure 4. Typical temperature curves of rat liver mitochondrial
Fo.F|-ATPase in controls (Left Panel) and Dex treated (Right
Panel) animals for 2-week, 3-week, 4-week, 5-week and adult
group respectively. Abscissa represents the reaction velocity v,
while the ordinate represents temperature range °C. Reaction
velocity v = pumol of Pi liberated hr' mg protein™. For tem-
perature kinetics studies, experiments were carried out with
fixed ATP concentration of 5 mM and the temperature was
varied from 5°C - 53°C with an increment of 4°C with 13 data
points. The plots are typical for eight independent observations.

can be noted, after Dex treatment, the PC changes were
age-specific. The PC percentage in 2-week showed sig-
nificant increase and the opposite was observed for
4-week and adult groups which showed significant de-
crease. The 3-week and 5-week groups remained unal-
tered. The PE was elevated in 4-week, 5-week and adults
whereas 3-week group display decrease and no changes
were observed in 2-week group. For a DPG pattern op-
posite to that of PE was noted in an age-specific manner.
The other components of phospholipids-lysophospholi-
pid. (Lyso) and sphingomyelin (SPM) shared (4% - 8%
each) as the basic and neutral phos pholipids respectively,
show significant increase in 3-week, 5-week and adult
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Figure 5. Typical Arrhenius plots for temperature kinetics of
rat liver mitochondrial Fy.F;-ATPase in controls (Left Panel)
and Dex treated (Right Panel) animals for 2-week, 3-week, 4-
week, 5-week and adult group respectively. Abscissa repre-
sents the log of reaction velocity v, while the ordinate repre-
sents reciprocal of absolute temperature T*1000. Reaction ve-
locity v = p mol of Pi liberated hr' mg protein™. Absolute
temperature T = Kelvin ("C +273.2). For temperature kinetics
studies, experiments were carried out with fixed ATP concen-
tration of 5 mM and the temperature was varied from 5°C -
53°C with an increment of 4°C with 13 data points. The plots
are typical for eight independent observations.

groups whereas 4-week group shows significant decrease.

The two acidic phospholipids-phosphatidylinositol (PI)
and phosphatedylserine (PS) which have minor share
(2% - 6% each) in membrane composition changed in
age-specific manner.

Due to alteration in percentage and total phospholipid
content, it is possible to evaluate the changes in the con-
tents of the individual phospholipids class. Thus the data
in Table 7 indicate that Dex treatment significantly in-
creased all the individual phospholipids in growing ani-
mal group; whereas by contrast, in the adults there was
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significant decrease in the contents of individual phos-
pholipids. As can be noted, the PI, PS, PE and DPG were
among the ones which increased significantly in all the
postnatal developmental age groups. More specifically,
Dex treatment significantly increased PI (33% - 210%
increase), PS (13% - 230% increase), PE (30% - 140%
increase) and DPG (29% - 129% increase) in 2- to 5-
week group. The other two phospholipids Lyso and SPM
had increased in 2-week to 4-week group by 29% - 160%
and ~2 - 4 fold respectively following Dex treatment.
The PC content had increased by 70% - 160% in 2-, 3-
and 5- week group whereas 4-week group remained un-
affected. In the adults, Dex treatment drastically de-
creased all the phospholipids classes (30% - 86% de-
crease) except for Lyso which was unchanged. Due to
high impact on content of TPL, CHL as well as on indi-
vidual phospholipid composition and content; it is possi-
ble that mitochondrial functional properties i.e. ATP
synthesis capacity may have been affected due to direct
or indirect interaction with Fo.F;-ATPase activity do-
main.

Based on overall results of the present studies it may
be concluded that the developmental and adult group
responded differently with respect to both kinetics prop-
erties of the Fo.F|-ATPase as well as lipid profile of mi-
tochondria. Moreover, the significant increase in TPL,
CHL and individual profile during developmental period
may be involved in changing the F,.F1-ATPase ability to
generate ATP as it is evident from observed decrease in
the Fo.F1-ATPase activity and changes in properties of
substrate and temperature dependence of Fo.F1-ATPase.

4. DISCUSSION

Results of our present study caution against the multi-
ple use of Dex in the treatment of patients. Our study
indicates the undesired side-effects of Dex treatment on
rat liver mitochondrial lipid profiles and F(.F,;- ATPase
kinetics during developmental period and in adult life.
The data on the Fy.F;-ATPase activity and its kinetics
properties (Figures 1-5 and Tables 1-4) suggest that Dex
treatment results in dysregulation which eventually has
deleterious effects on mitochondrial ability to synthesize
ATP in age-specific manner. Briefly, (Table 1), it is
evident that there is generalized significant decrease in
the mitochondrial Fy.F|-ATPase activity in all the devel-
oping and adult groups. The substrate and temperature
kinetics data also point out to the age-specific alteration
or abolishment of components after Dex treatment. As
can be noted (Figure 1), all groups except for Dex
treated 3-week group follow typical substrate saturation
pattern. The 3-week group follows allosteric pattern of
substrate saturation. While the kinetics analysis data for
all the experimental groups resolved the F,.F;-ATPase

OPEN ACCESS



J. D. Pandya et al. / Advances in Enzyme Research 1 (2013) 1-15 9

Table 5. The effect of Dex treatment on total phospholipids (TPL), cholesterol (CHL) and fluorescence polarization (p) of rat liver
mitochondria.

Group Treatment TPL (ng/mg protein) CHL (pg/mg protein)  TPL/CHL (mole:mole) Fluorescence polarization p
o week Control 59.98 £ 1.40 28.94 +0.85 1.11£0.07 0.158 +0.003
Dex 143.41 £ 8.87° 42.18 £1.82° 1.68 +0.07° 0.138 £0.003°
Control 89.07+2.14 33.87+2.22 1.31+0.10 0.160 + 0.004
Fwweek Dex 150.56 £ 4.27° 87.58 £2.84° 0.85+0.02° 0.160 + 0.005
Control 140.90 + 5.99 29.33+1.97 2.47+0.14 0.164 +0.009
ek Dex 203.21 +6.52° 83.81 £2.62° 1.19 +0.06° 0.143 £ 0.003*
Control 155.67 +£2.78 30.55+0.85 2.52+0.04 0.166 + 0.005
Sweek Dex 221.70 £ 5.63° 60.18 +1.38° 1.89+£0.11° 0.139 £ 0.003°
Control 24434 £4.53 44.45+2.30 2.86+£0.14 0.170 + 0.005
Adult Dex 83.37 £ 1.74° 25.19 £ 1.41° 1.62 +0.13¢ 0.162 + 0.005

The results are given as mean + SEM of 16 - 24 independent experiments. The experimental conditions are as described in the text. *p < 0.05; bp <0.002
and °p < 0.001 as compared with the corresponding control.

Table 6. Effect of Dex treatment on percentage composition of individual phospholipid class in rat liver mitochondria.

Phospholipid class (% total )

Group  Treatment

Lyso SPM PC PI PS PE DPG
Control 7.13+0.15 3.04+0.08 39.61 £0.18 1.58 +£0.06 2.34+0.06 34.88 £0.22 1142 +0.11
2eek Dex 3.80+£0.17° 4.83+0.19° 43.07 £ 0.41° 2.10£0.12° 2.56+0.13 34.83 £ 0.60 8.82 +0.33¢
Control 3.77+0.34 5.05+0.22 46.46 £ 0.63 2.35+0.13 4.29 £0.07 31.57+£0.35 6.50+0.25
3week Dex 5.18 £0.05° 9.45+0.16° 45.944+0.43 2.47+0.21 3.29+0.10° 24.88 £0.58° 8.79 +0.13¢
4week Control 2.40+0.07 2.51+0.06 49.34+£1.00 1.61 £0.45 2.10+0.06 33.13+£0.66 8.91+0.26
Dex 4.32+£0.20° 8.15+0.23° 35.00 £ 0.70° 2.66 +0.20° 4.00 £0.22° 37.93 £ 1.45° 7.94+0.17"
Control 5.19+0.24 6.78 £0.25 43.57+1.46 4.68+£0.33 4.63+£0.17 28.74+1.21 6.41+0.34
Sweek Dex 2.69+0.27° 4.27+0.23° 43.44 £0.53 3.36+0.15° 3.54+0.15° 38.11+£0.31° 4.58 £0.15¢
Control 2.17+£0.20 3.84+0.33 4528 £0.55 3.66+0.21 3.61+0.12 30.89 +0.68 10.56 £ 0.33
Adult Dex 5.72+0.13° 7.82+0.21° 38.85+0.35¢ 1.45+0.03* 4.08 +0.08" 34.72 £0.48° 6.81 +0.17°

The results are given as mean = SEM of 12 - 14 independent experiments. *p < 0.05; bp < 0.002 and “p < 0.001 as compared with the corresponding
age-matched control group

Table 7. Effect of Dex treatment on contents of individual phospholipid class in rat liver mitochondria.

Phospholipid class (ng/mg protein)

Group Treatment

Lyso SPM PC PI PS PE DPG

2-week  Control ~ 4.29+0.14 1.82+0.53 23.75+0.45 0.95 + 0.04 1.40 £ 0.04 20.90 £ 0.35 6.85+0.16
Dex 5.56 +0.53" 6.81 +0.35° 61.57 £3.56° 296021  3.67+033"  50.08+3.45° 1275+ 1.11°

3-week Control  3.38+0.34 4.48+0.24 41.15+0.96 2.06 + 0.09 3.81+0.13 28.10 + 0.89 5.77+0.27
Dex 7.86 +0.27° 14.29 + 0.46° 69.58 + 2.28° 3.66+028°  493+0.16°  37.67+1.48° 13.27 +0.39*

4-week  Control ~ 3.39+0.20 3.55+0.19 69.54 £3.34 2.28+0.13 2.97+0.19 46.65+2.18 12.52+0.59
Dex 8.83 + 0.50° 16.64 +0.73° 71.34+2.71 548+047°  8.19+055°  76.56+3.10° 16.18 + 0.62*

5-week  Control  6.12+0.35 7.99 + 0.40 50.61 = 1.58 5.49+0.42 5.44+0.26 33.86 = 1.92 7.54 +0.44
Dex 5.81+0.74 9.39+0.65 94.68 + 2.82° 7.33+£034° 7.73+042°  83.09+2.39° 9.94 +0.37*

Adult  Control  5.81+0.44 9.27+0.73 100.56 = 3.61 8.93+0.56 8.74 + 0.24 75.30 +2.48 25.65+0.84
Dex 475+0.15 6.52+0.21° 33.39 +0.59° 121+£0.03°  3.40+0.08° 28.96 £ 0.66 5.67+0.16"

The results are given as mean = SEM of 12 - 14 independent experiments. *p < 0.05; bp < 0.002 and “p < 0.001 as compared with the corresponding
age-matched control group.
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activity in 3 components (Figure 2); with the exception
of the 4-week and adult groups in which the activity re-
solved in only 2 components where one of the compo-
nent was completely abolished due to Dex treatment.

In general, the Km and Vmax values of the develop-
mental groups decreased significantly (Table 2) which is
indicative of decrease in ability to synthesize ATP. This
is consistent with our earlier observations [19]. The
3-week Dex treated group did not show normal substrate
saturation pattern but displayed an allosteric pattern. Hill
plot analysis (Figure 3) revealed that below transition
concentration of 0.67 mM, 1 molecule of ATP was
bound while beyond this concentration, 3 molecules
were bound (Table 3). This may possibly be a compen-
satory mechanism to overcome constraints caused by
decreased Vmax as well as simultaneous uncoupling
which we have reported earlier [19].

The significantly altered activity and kinetics proper-
ties (Figures 1-5 and Tables 1-4) of F,.F|-ATPase in all
the age group is consistent with our previously reported
observation that, Dex treatment caused significant reduc-
tion in oxygen consumption of complex I and II sub-
strates in all age-groups as well as site-specific uncou-
pling in 3- and 5- week and adults [19]. In similar studies
it was reported that treatment with Dex for 5 days re-
sulted in the uncoupling in liver mitochondria which was
attributed to proton leaking and consequent decrease in
the thermodynamic efficiency of the mitochondrial oxi-
dative phosphorylation [39-41]. Literature survey indi-
cates that, glucocorticoids directly influence the energy
status of the cell by regulating mitochondrial respiration
and oxidative phosphorylation [42]. The glucocorticoids
modulate nuclear and mitochondrial genes involved in
biosynthesis of respiratory enzyme thereby acting as key
regulators of energy metabolism [43].

In our earlier studies, we observed that there was sig-
nificant reduction in activities of mitochondrial dehy-
drogenases and loss of cytochromes [19]. In similar line
of studies it was shown that in adult rats treatment with
Dex for 4 days resulted in decrease in total pyruvate de-
hydrogenase (PDH) activity [44]. The decreased dehy-
drogenase activities would obviously lead to decreased
rates of substrate oxidation thereby lowering ATP syn-
thesis ability of liver mitochondria. It may also likely
that the substrate pool for synthesize ATP may become
limited after Dex treatment.

Survey of the literature suggests that mitochondrion is
now considered as a primary site of action of glucocorti-
coids [43,45]. It was reported that glucocorticoid recep-
tor (GR) translocates into mitochondria and mediates
apoptosis by inducing mitochondria-dependent apoptotic
pathway [46,47]. In brain, Dex directly activates cell
death by NMDA receptor-induced excitotoxic events
[17]. In other studies on human cell lines, it has been
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reported that Dex induces depolarization of mitochon-
drial membrane, releases cytochrome ¢ and causes DNA
fragmentation [48]. It is also known that mitochondrial
permeability transition is a central coordinating event of
apoptosis [49]. Thus all of the foregoing observations
indicate that Dex may induce activation of mitochondrial
regulated apoptotic cell death. Results of our present
studies also support indirectly a postulate that possible
defects in mitochondrial bioenergetics may thus one of
the factors that may leads to apoptotic cell death event
after Dex treatment. However, we have not elucidated
cell death mechanism directly in our current study.

The typical temperature kinetics by Arrhenius plots
(Figures 4 and 5) and its quantitative representation (Ta-
ble 4), indicate that Dex treatment in general signifi-
cantly lowered the energies of activation (Er) in all the
age groups whereas, the Ey; values were significant de-
creased in only 5-week and adult group. Additionally, we
observed substantial increase (8°C increase) in phase
transition temperature Tt°C in the 5-week group along
with opposite effect (5°C decrease) in adult after Dex
treatment. To our knowledge, this is a novel observation
for testing developing and adult group substrate and tem-
perature kinetic of F,.F;-ATPase in relation to Dex
treatment.

As is clear from the results section (Table 5), the mi-
tochondrial TPL and CHL contents in the developing
animals increased significantly after Dex treatment. The
phospholipids composition and contents of the individual
phospholipid classes showed age-specific changes (Ta-
bles 6 and 7). Briefly, from the data in Table 7, it is evi-
dent that the contents of PI, PS, PE and DPG signifi-
cantly increased for 2-week to 5-week groups; whereas
Lyso and SPM increased in 2-week to 4-week group.
Moreover, PC increased in 2-, 3- and 5-week group. The
data on fluidity (Table 5) indicate that after Dex treat-
ment membrane became more fluidized in the develop-
ing age groups (2-week, 4-week and 5-week). The re-
verse pattern was observed for adult group. Since both
TPL and CHL contents decreased significantly, there
was no apparent change in membrane fluidity parameters
(Table 5). In adults, Dex treatment significantly de-
creased contents of all the phospholipid classes except
Lyso which was unchanged (Table 7). Thus, in general,
our results indicate that the Dex treatment significantly
increased TPL, CHL and individual phospholipids con-
tent during developmental period whereas adult group
displayed an opposite effect.

Our observations on the increase in phopholipid con-
tent during developmental period have been indirectly
supported by finding of other investigators. Several indi-
rect observations support the possibility of upregulation
of lipid synthesis or accumulation in liver during devel-
opmental period after chronic Dex treatment in neonates.
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Yan Liu et al. have reported significantly increased
triglyceride accumulation within liver after Dex treat-
ment in neonatal age after 14 days [50]. Dex treatment
(100 mg/kg) for 5 days increased triglycerides retention
in liver by decreasing their secretion [51]. In this study,
the authors used fifty times higher dose of Dex. The
regulatory role of glucocorticoids in gluconeogenic and
insulin resistance during development has known [52,
53]. In hepatocytes, the effect of induction of gluconeo-
genesis after Dex treatment was shown [54]. This may
possibly indicate the increased turnover of fatty acids
and their metabolism in liver mitochondria during de-
velopmental period. Foster and Bailey, demonstrated
upregulation of activities of several mitochondrial en-
zymes involved in fatty acid oxidation during develop-
mental period immediately after birth which decreased
after weaning [55]. They speculated that this could be
due to increased fatty acid supply to the liver from the
mother’s milk and also due to hormonal changes during
developmental period. Similarly, it has been reported that
the enzyme activity and gene expression of acyl-CoA
dehydrogenase, the enzymes that catalyzes f-oxidation
follows similar developmental pattern [56,57]. Kapitul-
nik et al. have shown increased fluidity in developing
fetal rat liver microsomal membranes with significant
increase in contents of polyunsaturated fatty acids after
early prenatal exposure [58]. This may support our ob-
servation of fluidized membrane during developmental
period.

In the adult group, the decreased contents of phos-
pholipids and CHL of mitochondrial membrane is also
supported by the observations of other investigators who
reported decreased contents of lipid classes after chronic
administration of Dex [59]. Although Kaur et al., have
used ten time higher dose than one which we used in our
study. Mangiapane ef al., have shown decrease in the
triglyceride and PC content of the cultures of rat hepato-
cytes with Dex pre-incubation [60]. Other researchers
have shown decreased glycosylated PC levels in hepato-
cyte [53]. All of the above reports either indicate or di-
rectly state the involvement of Dex in lipid metabolism.
Moreover, these reports may also suggest the possibility
of the differences in the properties of lipid profiles be-
tween developmental group and adults. However, one
study reported by Arvier et al., indicates no changes in
lipid composition in adults hepatic mitochondria using
Dex treatment which remains unexplained but may pos-
sibly be due to strain specific differences in phospholipid
composition [39].

It has been reported that in the liver microsomes, Dex
treatment only marginally influenced phospholipids com-
position but altered the proportion of the arachidonic,
oleic and palmatic acid in PC [61]. Another study by
Holloway et al. has shown the involvement of Dex in
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lipid properties of rat hepatic microsomal membranes
[62]. The increased TPL and CHL content up to the 5th
week which we observe here suggest that Dex treatment
may enhance the transfer of this component form micro-
somes to mitochondria. By the same token the differen-
tial changes in the individual phospholipids composition
would suggest that their transfers from microsomes may
be differentially affected by Dex treatment. Since the
major phospholipids of mitochondria originate from mi-
crosomes, undoubtly the fatty acid composition of the
phospholipids might have been changed. However, this
possibility has not been examined in the present studies.
It may be anticipated that the lipid/phospholipids
changes would influence function and kinetics properties
of membrane bound enzymes such as F.F;-ATPase [21].

One another possibility of glucocorticoids action may
be postulated based on our observations. It has been re-
ported that the free fatty acids (FFA) play an important
role in uncoupling of mitochondria [63,64]. It is possible
that the increased contents of phospholipids in develop-
mental groups may somehow increase the turnover of the
FFA and may thereby increase mitochondrial uncoupling
during the developmental period. It has also been known
for a long time that mitochondrial endogenous uncou-
pling proteins (UCPs) mediate uncoupling event in mi-
tochondria thereby playing an important role in proton
cycling and thermogenesis [65,66]. Recently, the regu-
latory role of UCPs in co-ordination with FFA has been
reviewed [67,68]. It may thus be possible that increase in
phospholipids and CHL during developmental period
may trigger UCPs expression thereby effecting mito-
chondrial uncoupling. This may be the reason for ob-
serving decrease in F.F-ATPase activity in our devel-
opmental group study. Paradoxically, the increased phos-
pholipids contents may influence on inhibitory effect on
Fo.F|-ATPase activity in adults. It is possible that in
adults, the UCPs profile may have been regulated differ-
ently by fatty acids or by UCPs. At this stage, role of
FFA and endogenous UCPs in developmental and adult
period have not been explored. However, it is possible
that phospholipids contents may indirectly regulate FFA
induced uncoupling events and thereby may indirectly
inhibit Fy.F|-ATPase activity.

Lastly, it is possible that excess glucocorticoids may
increase the formation of ketone bodies in liver as Dex
regulates ketogenesis as reported in hepatocyte culture
[69]. Another group has reported that HMG-CoA syn-
thase protein plays a modulatory role in increasing the
ketogenic pathway in liver mitochondria after single dose
of Dex (5 mg/kg) treatment in adult rats [70]. Moreover,
acetoacetate has been shown to over-express uncoupling
protein-2 (UCP2) under in vitro conditions in cancer cell
line [71]. These observations prompt us to hypothesize
that Dex induced ketone bodies formation may indirectly
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regulate the endogenous UCPs; thereby influencing ATP
production in cells. Once again this possibility has not
been tested in our present study.

In summary, our data suggest direct involvement of
lipid profile on regulation of activity and kinetics proper-
ties of Fy.F;-ATPase in liver mitochondria after Dex
treatment in developmental and adult groups. Our data
also warns against excessive repeated use of antenatal
DEX in treatments in all growing and adult group.
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ABBREVIATIONS

CHL, Cholesterol; Dex, Dexamethasone;DNP, 2,4- Din-i
trophenol; DPG, Diphosphatidylglycerol; DPH, 1,6-Di-
phenyl-1,3,5-hexatriene; FFA, Free Fatty Acids; MPT,
Membrane Permeability Transition; PL, Phospholipids;
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Lyso, Lysophospholipid; PC, Phosphatidylcholine; PE,
Phosphatidylethanolamine; PI, Phosphatidylinositol; PS,
Phosphatidylserine; SPM, Sphingomyelin; TPL, Total
phospholipids; UCPs, Uncoupling Proteins.
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