
Chapter 4

Insulin-Status-Dependant Modulation of F0F1 ATPase Activity 

in Rat Brain Mitochondria
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Introduction

Diabetic neuropathy is a common and devastating complication of type 1 and type 2 

diabetes mellitus (1-4). In the diabetic patients the peripheral and autonomic nervous 

system is affected initially (1-4) and with time the central nervous system (CNS) also gets 

affected (5). The sensory neurons are the primary target and their involvement accounts 

for prominent sensory loss and pain in the diabetic patients (6,7). The factors responsible 

include excessive polyol flux, advanced glycation end products (AGEs), impaired 

essential fatty acid metabolism and oxidative stress (1,8).

In our earlier studies we have noted that, streptozotoein-diabetes and subsequent insulin 

treatment significantly altered the oxidative energy metabolism in the rat brain 

mitochondria (9). As noted earlier (Chapter 2 and 3 of the Thesis) we observed that 

alloxan diabetes and treatment with insulin significantly influenced the kinetic properties 

of liver and kidney mitochondrial ATPase and lipid/phospholipid make-up in a tissue- 

specific manner.

It was therefore of interest to find out if the insulin status also affects the brain 

mitochondrial ATPase as well as lipid/phospholipid profiles. Hence the early and late 

effects of alloxan-diabetes and subsequent insulin treatment on kinetic properties of FoFt 

ATPase and lipid/phospholipid profile in rat brain mitochondria were examined. The 

results are summarized in this Chapter.
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Materials and methods

Chemicals

Details of chemicals used, procedures of induction of diabetes, insulin treatment and 

isolation of mitochondria are as described in Chapter 2 of the Thesis.

ATPase assay

ATPase activity in mitochondria was measured under optimized conditions as detailed 

below. The assay medium (0.1 ml) consisted of 250 mM sucrose, 10 mM KC1, 0.2 mM 

EDTA, 2 mM MgCh and 50 pM DMP. After incubating 35-50 pg mitochondrial protein 

in the assay medium at 37 °C for 1 min, the reaction was initiated by the addition of ATP 

at the final concentration of 2 mM. The reaction was carried out for 10 min and then 

terminated by adding 1.1 ml 5 % (w/v) trichloroacetic acid (TCA) solution. The tubes 

were kept on ice for 15 min and then centrifuged for 10 min at 3000 rpm. Known aliquots 

of supernatant were used for estimation of released in organic phosphorus.

Analytical procedures

Detailed o the procedure used for the extraction of mitochondrial lipids/phospholipids, 

estimation of cholesterol, determination of phospholipid profile, membrane fluidity and 

data analysis are as described in Chapter 2 of the Thesis.

Results

The brain weight was unchanged at the early stage of diabetes whereas in one month 

diabetic group the brain weight decreased by 17%; insulin treatment had only marginal
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restorative effect (Table 1). These results are consistent with our previously reported 

observations (9).

Results of diabetes parameters Le. polyuria, ghicosuria are as described in the Chapter 2 

of the Thesis.

In the initial experiments, effect of alloxan-diabetes and subsequent insulin treatment on 

ATPase activity under different conditions was evaluated (Table 2). As is evident, 

addition of Mg2+ stimulated the enzyme activity maximally whereas stimulation with 

DNP is not of that magnitude. In presence of both Mg2+ and DNP the activity was 

intermediate. In one week diabetic group the enzyme activity was unchanged. Insulin 

treatment resulted in hyper-stimulation. At the later stage of diabetes the enzyme activity 

decreased. Upon insulin treatment the activity increased beyond control levels (Table 3).

Measurements at 25 and 37 °C reveled that in one week diabetic animals the activity did 

not change whereas in one month diabetic animals the enzyme activity decreased by 12 

and 15 % at the two temperatures, respectively. Insulin treatment resulted in hyper

stimulation of the enzyme activity in both diabetic groups. Activity ratio did not change 

in diabetic animals whereas insulin treatment lowered the activity ratio (Table 3).

Since the diabetic state and insulin treatment significantly influenced the enzyme activity, 

in the next sets of experiments the kinetic behavior of the enzyme as a response to change 

in the substrate i.e. ATP concentration and change in temperature was examined.

188



Ta
bl

e 1
. E

ffe
ct

 o
f a

llo
xa

n 
di

ab
et

es
 a

nd
 in

su
lin

 tr
ea

tm
en

t o
n 

bo
dy

 an
d 

br
ai

n 
w

ei
gh

t o
f th

e 
ra

ts

Th
e 

ex
pe

rim
en

ta
l d

et
ai

ls
 a

re
 g

iv
en

 in
 th

e 
te

xt
. T

he
 re

su
lts

 a
re

 g
iv

en
 as

 m
ea

n 
± 

S.
 E

. M
. o

f 6
-8

 in
de

pe
nd

en
t o

bs
er

va
tio

ns
.

a,
 p

<0
.0

2;
 b

, p
< 

0.
00

2 
an

d 
c,

 p
< 

0.
00

1 c
om

pa
re

d 
w

ith
 co

nt
ro

l v
al

ue
s.

§,
 p

<0
.0

2;
 f,

 p
< 

0.
00

2 
an

d 
T,

 p
< 

0.
00

1 c
om

pa
re

d 
w

ith
 co

rr
es

po
nd

in
g 

di
ab

et
ic

 v
al

ue
s.

B
ra

in
 w

ei
gh

t %
 of

 bo
dy

 w
ei

gh
t

0.
64

 ±
0.

02
0

0.
77

 ±
 0

,0
23

b

0.
71

 ±
 0

.0
35

0.
62

 ±
 0

,0
24

0.
75

 ±
 0

.0
38

“
©
o
41
in<n

5®

1.
61

 ±
0.

04
1.

64
 ±

0.
03

1.
69

 ±
0.

03

1.
70

 ±
0.

05

X)

«n©
©
-H
Kt
rH

«=*

cn©
©-h
Os
<n

Fi
na

l b
od

y 
w

ei
gh

t, 
g

25
3.

0 
±3

.6 as
in
-H
©
cnT*>t

(N

so
-H
©
00fO 27

4.
7 

±4
.7

18
7.

9 
± 

10
.0

2°

cs
4t
inoo'
00<N

G
ro

up

C
on

tro
l

D
ia

be
tic

D
ia

be
tic

 +
In

su
lin

C
on

tro
l

D
ia

be
tic

D
ia

be
tic

 +
In

su
lin

Tr
ea

tm
en

t
Pe

rio
d

O
ne

 w
ee

k

O
ne

 m
on

th



T
ab

le
 2

. E
ffe

ct
 o

f a
llo

xa
n-

di
ab

et
es

 a
nd

 in
su

lin
 tr

ea
tm

en
t o

n 
F0

F1
 A

TP
as

e 
ac

tiv
ity

 in
 ra

t b
ra

in
 m

ito
ch

on
dr

ia

19
0

a,
 p

<0
.0

5;
 b

, p
< 

0.
02

; c
, p

<0
.0

1;
 d

, p
< 

0.
00

2 
an

d 
e,

 p
< 

0.
00

1 c
om

pa
re

d 
w

ith
 co

nt
ro

l v
al

ue
s. 

§,
 p

< 
0.

00
1 c

om
pa

re
d 

w
ith

 co
rr

es
po

nd
in

g 
di

ab
et

ic
 v

al
ue

s.

Th
e e

xp
er

im
en

ta
l d

et
ai

ls 
ar

e 
gi

ve
n 

in
 th

e 
te

xt
. T

he
 re

su
lts

 ar
e 

gi
ve

n 
as

 m
ea

n 
± 

S.
 E

. M
. o

f 6
-8

 
in

de
pe

nd
en

t o
bs

er
va

tio
ns

.

A
ct

iv
ity

, p
m

ol
e 

of
 P

i l
ib

er
at

ed
 / 

hr
 / m

g 
pr

ot
ei

n

54*
m

? 2,
99

 ±
0.

19
2.

78
 ±

0.
16

eeg

CO
O41
cncn
to 3.

07
 ±

0.
22

o
cn

©
41
rft***
ri

tOe.e?
NO
*—<
d
41
*■"1
Os
cn

9

ooo
o
-H
©

r-od
-H
£
d

00o
©
41
Ti
es
v-K

mOd
-H
o©

orfOd
ON
d

0O0t-o
o
<n

sos
+

oo
d
-H
ooo
rn

T~i

d
-H
"SfOQci

too

nr
m
d
-H

1—<Tf"
V©

ond
-H
<n
rn

^±
d
-H
00mci

COO

c-j
<N
o
T—H
<N|

o
o
-H
<N
o

r—<
od
4)
r-*
ra
o

o©o•CT

©
41
in
m©

m
o
d
-H
VO
d

•<3

©
d
-H
c->

d

eos

©d
-H

ro
c5

g

§H 1
oU

•B

1
Q D

ia
be

tic
 +

 

In
su

lin s
0
oU

.o

Q D
ia

be
tic

 +
 

In
su

lin

8*1
1

<§

fg

8

o



T
ab

le
 3

. E
ffe

ct
 o

f a
llo

xa
n 

di
ab

et
es

 a
nd

 in
su

lin
 tr

ea
tm

en
t o

n 
F0

F1
 A

TP
as

e 
ac

tiv
ity

 in
 r

at
 b

ra
in

 m
ito

ch
on

dr
ia

19
1

Th
e 

ex
pe

ri
m

en
ta

l d
et

ai
ls 

ar
e g

iv
en

 in
 th

e t
ex

t.

A
ct

iv
ity

 ra
tio

 w
as

 ca
lc

ul
at

ed
 a

s;
 ac

tiv
ity

 a
t 3

7 °
C

/a
ct

iv
ity

 a
t °

C

T
he

 re
su

lts
 ar

e g
iv

en
 a

s m
ea

n 
± 

S.
 E

. M
. o

f 6
-8

 in
de

pe
nd

en
t o

bs
er

va
tio

ns
.

a,
 p

<0
.0

5;
 b

, p
< 

0.
02

 an
d 

c,
 p

<0
.0

01
 co

m
pa

re
d 

w
ith

 co
nt

ro
l v

al
ue

s.

A
ct

iv
ity

R
at

io

2.
36

 ±
0.

12
2.

25
 ±

0.
09

2.
02

 ±
0.

08

2.
64

 ±
0.

10
2.

55
 ±

0.
08

1.
81

 ±
0.

09

A
ct

iv
ity

(li
m

ol
e 

of
 P

i l
ib

er
at

ed
 / 

hr
 / m

g 
pr

ot
ei

n)

uQ
t^
m

2.
88

 ±
0.

19
2.

54
 ±

0.
11 sor-i

d
-H

•n00
»n 3.

20
 ±

0.
15

80

fH
d
-H
m
f-.
fS

003
xT
Os

d

m
OS
c6

oo
<N

1.
22

 ±
0.

05
1.

13
 ±

 0
.0

7

OCM
t?

o
d

-H
oOS

CN 1.
21

 ±
0.

04

JO
m
Od
-H

t-o.
1—i

(J

o-H
r-
i-H

<N

G
ro

up
 

T
re

at
m

en
t

O
ne

 w
ee

k Co
nt

ro
l

D
ia

be
tic

D
ia

be
tic

 +
 

In
su

lin

O
ne

 m
on

th
 C

on
tr

ol

D
ia

be
tic

D
ia

be
tic

 +
 

In
su

lin

§,
 p

< 
0.

00
1 c

om
pa

re
d 

w
ith

 co
rr

es
po

nd
in

g 
di

ab
et

ic
 v

al
ue

s.



The typical substrate saturation curves and corresponding Eadie-Hofetee plots are shown 

in Fig. 1 and 2 Panels A, B, C and D, E, F. As can be noted, the substrate saturation curve 

for controls was sigmoidal (Fig. 1 and 2 Panels A). The pattern remained the same for 

one week diabetic and insulin treated one week diabetic groups (Fig. 1 Panels B and C) 

whereas typical Michaelis-Menten pattern was observed in one month diabetic and one 

month insulin treated diabetic groups (Fig 2 Panel B and C). These differences were 

confirmed when the data were transformed in Eadie-Hofetee plots (Fig. 1 and 2 Panels D, 

E, F). As can be seen from the corresponding Eadie-Hofstee plots the ATPase activity in 

one month diabetic and one month insulin treated diabetic animals resolved in two kinetic 

components whereas all other groups displayed allosteric behavior.

The values of Km and Vmax for one month diabetic and one month insulin treated 

diabetic groups are given in Table 4. Since the pattern was allosteric in other groups (Fig. 

1 Panels A, B, C and Fig. 2 Panel A), it is not possible to calculate Km and Vmax values.

Typical Hill plots are shown in Fig. 1 and 2, Panels G, H, I and data is given in Table 5. It 

can be noted that, at the late diabetic stage Hill coefficients m and ns decreased. Insulin 

treatment had no restorative effects. It is also seen that up to 0.35 mM ATP concentration 

one ATP molecule was bound while beyond this concentration apparently two ATP 

molecules were bound to the enzyme under all the experimental conditions.

In the next set of experiments the temperature dependence of the enzyme activity was 

examined. The typical temperature curve (Fig. 3 and 4, Panels A, B, C) and 

corresponding Arrhenius plots (Fig. 3 and 4, Panels A, B, C) are shown. The difference in 

the temperature curves are self evident (Fig. 1 and 2, Panels A, B, C). As evident, the
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Figure 1. Typical substrate saturation curve (Panels A, B, C), corresponding Eadie- 

Hofstee (Panels D, E, F) and Hill (Panels G, H, I) plots for F0F1 ATPase from brain 

mitochondria for one week group. In substrate saturation curve the enzyme activity v on 

abscissa is plotted versus [S] on ordinate v is the enzyme activity at the given ATP 

concentration [S], A, B and C represent to the control, diabetic and insulin-treated 

diabetic groups. In Eadie-Hofstee plot the enzyme activity v on abscissa is plotted versus 

v/[S] on ordinate. D, E and F represent to the control, diabetic and insulin-treated diabetic 

groups. In Hill plot log (v/Vmax-v) on abscissa is plotted versus log [S] on ordinate. The 

Hill coefficients m and n2 depict number of ATP molecules bound for the given 

concentration range of ATP. G, H and I represent to the control, diabetic and insulin- 

treated diabetic groups. The plots are typical of 6-8 independent experiments in each 

group.

Figure 2. Typical substrate saturation curve (Panels A, B, C), corresponding Eadie- 

Hofstee (Panels D, E, F) and Hill (Panels G, H, I) plots for FoFi ATPase from brain 

mitochondria for one week group. In substrate saturation curve the enzyme activity v on 

abscissa is plotted versus [S] on ordinate v is the enzyme activity at the given ATP 

concentration [S]. A, B and C represent to the control, diabetic and insulin-treated 

diabetic groups. In Eadie-Hofstee plot the enzyme activity v on abscissa is plotted versus 

v/[S] on ordinate. D, E and F represent to the control, diabetic and insulin-treated diabetic 

groups. In Hill plot log (v/Vmax-v) on abscissa is plotted versus log [S] on ordinate. The 

Hill coefficients ni and n2 depict number of ATP molecules bound for the given 

concentration range of ATP. G, H and I represent to the control, diabetic and insulin- 

treated diabetic groups. The plots are typical of 6-8 independent experiments in each 

group.
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optimum temperature for the control groups was beyond 53 °C which decrease to 45 °C in

both the diabetic as well as insulin treated diabetic groups (Fig. 3 and 4, Panels A, B, C).

In addition to this, the Arrhenius plots for the controls was chair shaped with two phase

transition temperatures around 19 and 34 °C. One week and one month diabetic groups

displayed biphasic Arrhenius plots with single phase transition temperature 17 and 13 °C

respectively which increased upon insulin treatment at late stage (Fig. 3 and 4, Panels D,

E, F; Table 5). Other researchers have also reported chair shaped Arrhenius plots for

mitochondrial ATPase and cytochrome oxidase (10,11). In control animals, the energy of

activation in intermediate temperature ranges (Ei) was highest (about 74 KJ/mole)

whereas that of in low and high temperature ranges (El and Eh respectively) the values

were much lower and are almost comparable with each other (Table 5). In both the

diabetic groups the energy of activation in low temperature ranges (El) did not changes

whereas in high temperature ranges the energy of activation (Eh) increased significantly

(Table 5). Insulin treatment partially restored the Eh in one week diabetic animals while

no restorative effect was seen in one month diabetic animals (Table 5).

Since insulin status considerably altered the substrate and temperature kinetic properties 

of ATPase; in the next set of experiments the effects of alloxan-diabetes and insulin 

treatment on lipid/phospholipid make-up of the brain mitochondria was evaluated. The 

data in Table 6 show that the TPL and CHL contents decreased by 34 and 19 % 

respectively in one week diabetic animals. Insulin treatment had no effect on CHL 

content but partially restored the TPL content. In one month diabetic animals the TPL 

and CHL contents were unchanged. Insulin treatment lowered the TPL and CHL contents 

by 15 and 36 %. The TPL/CHL (mole : mole) ratios decreased in the one week diabetic
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Figure 3
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Figure 4
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Figure 3. Typical plots depicting dependence of enzyme activity on the temperature and 

corresponding Arrhenius plots for one week groups. In temperature curves, enzyme 

activity v on abscissa is plotted verses temperature (°C) on ordinate. A, B and C represent 

to the control, diabetic and insulin-treated diabetic groups. In Arrhenius plots log of v on 

ordinate is plotted against 1000/T on abscissa where v and T represent respectively, the 

activity at corresponding absolute temperature T (temperature in ° Celcius + 273.2). D, E 

and F represent to the control, diabetic and insulin treated diabetic groups. The plots are 

typical of 6-8 independent experiments in each group.

Figure 4. Typical plots depicting dependence of enzyme activity on the temperature and 

corresponding Arrhenius plots for one month groups. In temperature curves, enzyme 

activity v on abscissa is plotted verses temperature (°C) on ordinate. A, B and C represent 

to the control, diabetic and insulin-treated diabetic groups. In Arrhenius plots log of v on 

ordinate is plotted against 1000/T on abscissa where v and T represent respectively, the 

activity at corresponding absolute temperature T (temperature in 0 Celcius + 273.2). D, E 

and F represent to the control, diabetic and insulin treated diabetic groups. The plots are 

typical of 6-8 independent experiments in each group.
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group; insulin treatment elevated the TPL/CHL (mole : mole) ratios in both the groups.

The data on phospholipid composition are given in Table 8. In one week diabetic animals 

the phospholipid composition was practically unchanged except for a significant 

reduction in lysophospholipids (Lyso) and a tendency towards decrease in 

diphosphatidylglycerol (DPG) component. Insulin treatment lowered the Lyso and 

phosphatidylserin (PS) composition while DPG increased significantly with marginal 

increase in sphingomyelin (SPM) compared to the control group. In one month diabetic 

animals also the phospholipid composition was practically unchanged except for a small 

reduction in Phosphatidylethanolamine (PE). Insulin treatment caused significant 

reduction in phosphatidylinositol (PI) and PS components and almost 2 fold increases in 

DPG (Table 9). The data on phospholipid content are given in Table 8 and are consistent 

with the composition data.

The membrane fluidity increased in one week diabetic animals and insulin treatment 

farther fluidized the membrane. In one month diabetic animals the membrane fluidity 

increased marginally and insulin treatment restored it to normality (Table 10).

Discussion

From the data presented, it can be seen that at early stage of diabetes the ATPase activity 

did not change whereas it decreased significantly at late stage (Table 3), Similarly from 

the substrate kinetics data it is evident that the early diabetic state had no effects whereas 

the substrate kinetic properties of the enzyme the late diabetic state (Fig. 1 and 2, Table 4 

and 5). Our earlier reports suggest that in one month diabetic animals the oxidative
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phosphorylation in the brain mitochondria decreased significantly (9). Taken together, 

these observations corroborate the known fact that effects of diabetes on CNS are seen 

only at the later stage (5).

The results of the present studies point out that the early as well as late diabetic state 

created imbalance in the relative proportion of TPL and CHL, Insulin treatment was 

effective in restoring the relative proportion of the two lipid classes (Tables 2 and 3).

In the mitochondria, diabetic state had only marginal influence on the phospholipid 

composition and insulin treatment had an acidic phospholipids lowering effect. Also, 

insulin treatment significantly increased the content of DPG in both the diabetic groups. 

Previously it has been shown that the mitochondrial synthesis of DPG in the liver is 

regulated by thyroid hormones (9). Results of our present study would imply that at least 

in the brain mitochondria insulin may have regulatory role in DPG biosynthesis.

Changes in the gross parameters such as TPL and CHL content in whole brain, synaptic 

membranes and mitochondria as affected by diabetic condition have been reported (12- 

15). It also been demonstrated that the diabetic state affects the metabolism of glycolipids 

except for gangliosides and that the fatty acid composition of the phospholipid classes 

changes significantly (16).

The significant changes in the temperature kinetics properties of FoFj ATPase and 

lipid/phospholipid make-up of the brain mitochondrial membrane prompt us to carry out 

the correlation between kinetic parameter and phospholipid classes. The regression 

analysis data revealed that Eh showed negative correlation with PS and CHL (r = - 0.606
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and - 0.623 respectively) and positive correlation with ratio of TPL/CHL and TPL/PS (r 

= + 0.666 and 0.804 respectively). El showed negative correlation with DPG and ratio of 

DPG/basic phospholipids (BPL) (r = - 0.634 and - 0.648 respectively) while showing 

positive correlation with PC (r - - 0.616). Based on these results, it may suggested that 

that besides changes in the phospholipid composition the charge distribution across the 

membrane and especially in the lipid microdomains in which FoFi ATPase is embedded 

and changes in membrane fluidity may be a significant modulatory factor.
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Summary

At late stage F0F1 activity decreased by about 15 % and insulin treatment resulted in 

hyper-stimulation.

The brain mitochondrial enzyme in control animal showed sigmoidal substrate saturation 

curve i.e. allosteric pattern. In one month diabetic and insulin treated diabetic groups the 

typical Michaelis-Menten pattern was observed and corresponding Eadie-Hofetee plots 

displayed two component system.

In one month diabetic group treated with insulin Km values of both the components were 

low while Vmax values increased compared with the corresponding diabetic groups.

Hill plot analysis indicated that the Hill coefficients ni and 1*2 decreased in late diabetic 

state and insulin treatment was ineffective in normalization. Up to 035 mM ATP 

concentration one ATP molecule was bound while beyond this concentration two ATP 

molecules were bound to the enzyme under all the experimental conditions.

From the temperature kinetics analysis it was noted that in control animals the enzyme 

activity displayed two phase transition temperatures (Tti and Ta) and three values for 

energy of activation (Eh, Ei and El), whereas in both diabetic and insulin treated diabetic 

groups only one Tt and two values for energies of activation (EH and EL) were noted.
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In one week diabetic group the TPL and the CHL content decreased significantly whereas 

no change was observed in one month diabetic group. Insulin treatment in one week 

diabetic animals had only marginal effects on the TPL and no corrective effects on the 

CHL. The TPL and the CHL content decreased in one month diabetic animals after 

insulin treatment.

The phospholipid composition remained practically unchanged except in the one week 

diabetic animals where Lyso and DPG decreased ’while in one month diabetic group PE 

decreased. Insulin treatment in one week diabetic animals decreased Lyso and PS 

whereas DPG and SPM increased. In one month diabetic animals insulin treatment 

resulted in significant reduction in PI and PS composition and almost 2 fold increase in 

the DPG.
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