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as

d
eterm

in
ed

,an
d
th
e
ab

u
n
d
an

ce
o
f
tran

scrip
ts

o
f
gen

es
o
f
in
terest

w
as

an
alysed

b
y
th
e

Δ
Δ
C
t
m
eth

o
d
u
sin

g
th
e

C
t valu

e
o
f
lactate

d
eh

yd
ro
gen

ase
o
r
h
yp

o
xan

th
in
e
p
h
o
sp
h
o
ri-

b
o
syltran

sferase
1

(H
prt1)

as
th
e

referen
ce

gen
e
(1
9
).

T
h
e

exp
ressio

n
s
o
f
th
ese

referen
ce

gen
es

w
ere

stab
le

in
th
e
livers

o
f
rats

w
ith

im
p
aired

glu
co

se
m
etab

o
lism

,
su
ggestin

g
th
e

u
sefu

ln
ess

as
referen

ce
gen

es
in

R
T
-q
P
C
R
an

alysis
(2
0
).

Statistical
analyses

D
ata

are
exp

ressed
as

m
ean

s
w
ith

th
eir

stan
d
ard

erro
rs.

D
if-

feren
ces

b
etw

een
treatm

en
ts
w
ere

exam
in
ed

b
y
n
o
n
-p
aram

etric
M
an

n
–W

h
itn

ey
U
test.

P
<
0·05

w
as

co
n
sid

ered
sign

ifi
can

t.

R
esults

M
agnesium

de
ficiency

increases
hepatic

levels
of

taurine,
hypotaurine,

glycine,
serine

and
threonine

O
n
ly

o
n
e
rat

fed
th
e
co

n
tro

l
d
iet

exh
ib
ited

severe
fatty

liver
at

th
e
en

d
o
f
th
e
stu

d
y,

w
h
ich

w
as

sh
o
w
n

b
y
ap

p
earan

ce
an

d
h
isto

lo
gy

stain
ed

w
ith

h
aem

ato
xylin

–eo
sin

(d
ata

n
o
t
sh
o
w
n
).

W
e

ju
d
ged

th
at

th
is

rat
w
as

n
eith

er
clin

ically
n
o
rm

al
n
o
r

ap
p
ro
p
riate

as
a
co

n
tro

l
rat,

an
d
,
as

su
ch

,
th
e
sam

p
le

fro
m

th
at

rat
w
as

n
o
t
an

alysed
.
T
h
e
M
g
co

n
cen

tratio
n
s
in

p
lasm

a
an

d
b
o
n
e
w
ere

sign
ifi
can

tly
lo
w
er

in
rats

fed
th
e
M
g-d

e
fi
cien

t
d
iet

th
an

in
th
o
se

fed
th
e
co

n
tro

l
d
iet

(T
ab

le
1).

M
etab

o
lo
m
ic

an
alyses

id
en

tifi
ed

105
m
etab

o
lites

in
th
e
rat

liver.
A
m
o
n
g
th
em

,
th
ree

m
etab

o
lites

(an
th
ran

ilic
acid

,
creati-

n
in
e

an
d

th
ym

in
e)

w
ere

d
etected

in
livers

o
f
rats

fed
th
e

M
g-d

e
fi
cien

t
d
iet

o
n
ly

(d
ata

n
o
t
sh
o
w
n
);
all

th
ese

m
etab

o
lites

w
ere

d
etected

in
th
e
livers

o
f
all

M
g-d

e
fi
cien

t
rats,

w
h
ereas

co
rresp

o
n
d
in
g
p
eaks

o
f
th
ese

m
etab

o
lites

w
ere

n
o
to

b
served

o
r

traces
in

th
e
livers

o
f
all

co
n
tro

l
rats

w
ere

o
b
served

.
A

to
tal

o
f

eigh
teen

m
etab

o
lites

w
ere

sign
ifi
can

tly
h
igh

er
in

th
e

Tab
le

1.
E
ffects

of
m
agnesium

deficiency
on

plasm
a

and
fem

ur
con-

centrations
of

m
agnesium

(M
ean

values
w
ith

their
standard

errors;
n

5,
control;

n
6,

m
agnesium

deficiency)

C
ontrol

M
g
deficiency

M
ean

S
E
M

M
ean

S
E
M

P
lasm

a
M
g
(μm

ol/l)
621

33
177

33**
F
em

ur
M
g
(μm

ol/g)
73·6

1·6
18·5

0·8**

**
P
<
0·01

v.
controlgroup.

M
etab

o
lites

in
th
e
m
agn

esiu
m
-d
e
fi
cien

t
liver
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M
g-d

e
fi
cien

t
gro

u
p
th
an

in
th
e
co

n
tro

l
gro

u
p
,
w
h
ereas

fi
fteen

m
etab

o
lites

w
ere

lo
w
er

in
th
e
M
g-d

e
fi
cien

t
gro

u
p
.

T
h
e

M
etab

o
A
n
alyst

an
alysis

in
d
icated

th
at

tau
rin

e
(T
A
U
)/

h
yp

o
tau

rin
e

(H
Y
P
)
m
etab

o
lism

,
m
eth

io
n
in
e

m
etab

o
lism

an
d

glycin
e/serin

e/th
reo

n
in
e
m
etab

o
lism

w
ere

affected
in

th
e
livers

o
f
M
g-d

e
fi
cien

t
rats

(Fig.
1).

T
h
ese

th
ree

p
ath

w
ays

are
in
ter-

related
as

sh
o
w
n

in
th
e

o
n
lin

e
Su

p
p
lem

en
tary

Fig.
S1.

T
h
e

levels
o
f
th
e
m
etab

o
lites

d
eterm

in
ed

to
b
e
in
vo

lved
in

th
ese

m
etab

o
lic

p
ath

w
ays,

excep
t
fo
r
p
yru

vic
acid

,
are

sh
o
w
n

in
Fig.

3(a),
an

d
free

am
in
o
acid

s
are

sh
o
w
n
in

Fig.
2(a).

Feed
in
g

th
e
M
g-d

e
fi
cien

t
d
iet

sign
ifi
can

tly
in
creased

h
ep

atic
T
A
U
,
H
Y
P
,

glycin
e,serin

e
an

d
th
reo

n
in
e
co

n
ten

ts,w
h
ereas

itd
ecreased

th
e

levels
o
f
5'-m

eth
ylth

io
ad

en
o
sin

e
(M

T
A
D
)
an

d
2-keto

b
u
tyric

acid
(2-K

B
A
).

In
ad

d
itio

n
,
th
e
level

o
f
p
u
trescin

e
(P
U
T
)
w
as

sligh
tly

lo
w
er

in
th
e

M
g-d

e
fi
cien

t
gro

u
p

th
an

in
th
e

co
n
tro

l
gro

u
p
.
T
h
e
levels

o
f
th
ree

m
etab

o
lites

w
ere

also
n
u
m
erically

d
ifferen

t
b
etw

een
th
e
gro

u
p
s
(>

35
%
),
b
u
t
n
o
t
statistically

sig-
n
ifi
can

t:
glu

tam
ic

acid
co

n
ten

t
an

d
p
h
en

ylalan
in
e
co

n
ten

t
w
ere

h
igh

er
in

th
e

M
g-d

e
fi
cien

t
gro

u
p
,
w
h
ereas

N
-m

eth
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e
co

n
ten

t
w
as

lo
w
er.

W
e
also

m
easured

the
m
R
N
A

levels
of

som
e
of

the
enzym

es
involved

in
m
etabolic

p
athw

ays
(Fig.

2(b)),
but

found
no

significant
effects

from
the

M
g-de

ficient
diet,

excep
t
for

the
exp

ression
of

sp
erm

idine/sp
erm

ine
N
1-acetyltransferase

1
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w
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catalyses
the

acetylation
of

sp
erm

idine/sp
erm

ine
to

p
roduce

N
1-acetylsp

erm
idine/sp

erm
ine

(online
Sup

p
lem

entary
Fig.

S1).
Sat1

exp
ression

w
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significantly
higher

in
the

M
g-de

ficient
group

.
Sim

ilar
changes

w
ere

detected
w
hen

H
prt1

w
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used
as

a
reference

gene
(online

Sup
p
lem

entary
Fig.

S2).

M
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de
ficiency

affects
the

hepatic
m
etabolite

content
from

glycolysis/gluconeogenesis,
the

pentose
phosphate

pathw
ay

and
the

citric
acid

cycle

Fig.
3(a)

sh
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w
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th
e

p
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p
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p
ath

w
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an
d
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cycle
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e
livers

o
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rats
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th
e
M
g-d

e
fi
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t
d
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u
r

m
etab

o
lites,

th
at

is,
glu

co
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6-p
h
o
sp
h
ate

(G
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),
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acid
,

fu
m
aric

acid
an

d
m
alic

acid
,
am

o
n
g
th
e
fo
u
rteen

m
etab

o
lites

d
etected

b
y

th
e

m
etab

o
lo
m
ic

an
alysis

w
ere

sign
ifi
can

tly
d
ecreased

b
y
M
g
d
e
fi
cien

cy.In
ad

d
itio

n
,th

e
h
ep

atic
co

n
ten

ts
o
f

fru
cto

se
6-p

h
o
sp
h
ate

an
d
su
ccin

ic
acid

w
ere

n
u
m
erically

lo
w
er

in
th
e
M
g-d

e
fi
cien

t
gro

u
p
th
an

in
th
e
co

n
tro

l
gro

u
p
,
b
u
t
w
ere

n
o
tstatistically

sign
ifi
can

t.In
co

n
trast,d

ifferen
ces

in
th
e
h
ep

atic
co

n
ten

t
o
f
sed

o
h
ep

tu
lo
se

7-p
h
o
sp
h
ate,

p
h
o
sp
h
o
en

o
lp
yru

vic

acid
,
p
yru

vic
acid

,
aco

n
itic

acid
an

d
o
xalo

acetic
acid

b
etw

een
th
e
d
ietary

gro
u
p
s
w
ere

w
ith

in
20

%
.

W
e
fu
rth

er
m
easu

red
th
e
m
R
N
A
levels

o
f
glu

co
kin

ase
(G

ck),
glu

co
se

6-p
h
o
sp
h
atase

(G
6p),

glu
co

se
6-p

h
o
sp
h
ate

d
eh

y-
d
ro
gen

ase
(G

6pd
)
an

d
p
h
o
sp
h
o
en

o
lp
yru

vate
carb

o
xykin

ase
1

(P
ck1

)
in

th
e
livers

o
f
M
g-d

e
fi
cien

t
rats

(Fig.
3(b

));
G
6p,

G
6pd

an
d

P
ck1

catalyse
th
e

reactio
n

o
f
G
6P

to
glu

co
se,

G
6P

to
6-p

h
o
sp
h
o
glu

co
n
o
lacto

n
,
an

d
o
xalo

acetic
acid

to
p
h
o
sp
h
o
e-

n
o
lp
yru

vic
acid

,
resp

ectively.
T
h
e

exp
ressio

n
levels

o
f
G
ck,

G
6p,

G
6pd

an
d
P
ck1

w
ere

n
o
t
sign

ifi
can

tly
d
ifferen

t
b
etw

een
th
e

gro
u
p
s;

co
m
p
arab

le
resu

lts
w
ere

o
b
tain

ed
w
h
en

gen
e

exp
ressio

n
w
as

n
o
rm

alised
again

st
H
prt1

exp
ressio

n
(o
n
lin

e
Su

p
p
lem

en
tary

Fig.
S2).
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1.

M
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ays

affected
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the

m
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-
deficient

diet.
S
ignificantly

different
hepatic

m
etabolite

content
betw

een
the

control
group
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the

m
agnesium

-deficient
group

is
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to
the

enrichm
ent

analysis
of

M
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nalyst.
M
etabolic

pathw
ays
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m
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deficiency
and

their
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are
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n.
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.
2.

R
elative

content
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taurine
(TA

U
),
hypotaurine

(H
Y
P
),
free

am
ino

acids,
N
-m

ethylglycine
(N

M
G
),
putrescine

(P
U
T
),
5'-m

ethylthioadenosine
(M

TA
D
)
and

2-ketobutyric
acid

(2-K
B
A
)as

w
ellas

the
expression

levels
ofenzym

es
related

to
am

ino
acid

m
etabolism

in
the

liver
of

rats
fed

the
control

diet
(

)
or

the
m
agnesium

-deficient(
)diet.R

ats
w
ere

fed
the

controldiet(n
5)orm

agnesium
-

deficient
diet

(n
6)

for
8
w
eeks.

(a)
M
etabolites

in
the

liver
w
ere

analysed
by

m
etabolom

ic
analysis.

T
he

peak
area

of
the

m
etabolite

w
as

divided
by

that
of

2-isopropylm
alic

acid,an
internalcontroland

D
N
A
content.M

etabolite
contentin

the
controlgroup

w
as

setto
100.R

elative
levels

for
TA

U
,H

Y
P,free

am
ino

acids,
N
M
G
,
P
U
T,

M
TA

D
and

2-K
B
A

acid
are

show
n.

V
alues

are
m
eans,

w
ith

their
standard

errors.
*
P
<
0·05

and
**

P
<
0·01,

respectively,
v.

the
control

group.
(b)

G
ene

transcription
levels

of
hepatic

enzym
es

involved
in

TA
U

and
H
Y
P

m
etabolism

,
m
ethionine

(M
et)

m
etabolism

,
and

glycine
(G

ly),
serine

(S
er)

and
threonine

(T
hr)

m
etabolism

s
w
ere

m
easured

by
real-tim

e-quantitative
P
C
R
.

G
ene

expression
w
as

norm
alised

against
lactate

dehydrogenase
expression,

and
expression

levels
in

the
controlgroup

w
ere

set
to

100.
V
alues

are
m
eans,

w
ith

their
standard

errors.
*

P
<
0·05

v.
the

control
group.

A
la,

alanine;
A
sp,

aspartic
acid;

G
lu,

glutam
ic

acid;
G
ln,

glutam
ine;

P
he,

phenylalanine;
P
ro,

proline;
Tyr,

tyrosine;
V
al,

valine;
C
do1,

cysteine
dioxygenase

type
1;

C
sad,

cysteine
sulfinic

acid
decarboxylase;

M
at1a,

m
ethionine

adenosyltransferase
Iα;

M
at2a,

m
ethionine

adenosyltransferase
IIα;

M
at2b,

m
ethionine

adenosyltransferase
IIβ;

G
nm

t,
glycine

N
-m

ethyltransferase;
S
ardh,

sarcosine
dehydrogenase;

A
m
d1,

adenosylm
ethionine

decarboxylase;
S
rm

,
sperm

idine
synthase;

S
at1,

sperm
idine/sperm

ine
N
1-acetyltransferase

1;
S
ds,

serine
dehydratase.
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T
h
e
h
ep

atic
co

n
ten

t
fo
r
th
e
o
th
er

tw
en

ty-tw
o
an

d
fo
rty-eigh

t
m
etab

o
lites,

w
h
ich

w
ere

sign
ifi
can

tly
d
ifferen

t
o
r

n
o
t
sig-

n
ifi
can

tly
d
ifferen

t
b
etw

een
th
e

gro
u
p
s,

is
p
resen

ted
in

th
e

o
n
lin

e
Su

p
p
lem

en
tary

Fig.
S3

an
d
S4,

resp
ectively.

D
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M
ain

findings

T
h
e

p
resen

t
stu

d
y

exp
lo
red

m
etab

o
lite

co
n
ten

t
in

th
e

liver
o
f

rats
fed

a
M
g-d

e
fi
cien

t
d
iet.

C
o
n
sisten

t
w
ith

p
revio

u
s

fi
n
d
in
gs

(7
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1
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2
),
p
lasm

a
an

d
b
o
n
e
M
g
levels

w
ere

d
ecreased

b
y

a
M
g-d

e
fi
cien

t
d
iet,in

d
icatin

g
M
g
d
e
fi
cien

cy
in

rats.T
h
e
resu

lts
an

alysed
b
y
a
m
etab

o
lo
m
ic

an
alysis

revealed
th
at

(1)
M
g
d
e
fi
-

cien
cy

in
d
u
ced

th
e
accu

m
u
latio

n
o
fT

A
U
an

d
its

p
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rso
r
H
Y
P
,

(2)
in

ad
d
itio

n
to

T
A
U
/H

Y
P

m
etab

o
lism

,
th
e

M
g

d
e
fi
cien

cy
u
n
exp

ected
ly

affected
th
e

levels
o
f
m
etab

o
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in
vo

lved
in

m
eth

io
n
in
e
m
etab

o
lism

an
d
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e/serin
e/th

reo
n
in
e
m
etab

o
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lism
,
an

d
(3)
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e
m
etab

o
lite
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n
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t
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glu
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m
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b
o
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w
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b
y
th
e
M
g
d
e
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cy.
T
h
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M
g

d
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cau
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m
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e
m
eth

yl
gro

u
p
o
f
w
h
ich

is
tran

sferred
in

n
u
m
ero

u
s
reactio

n
s
to

p
ro
d
u
ce

S-ad
en

o
sylh

o
m
o
cystein

e
(SA

H
).

SA
H

is
su
b
seq

u
en

tly
cleaved

to
ad

en
o
sin

e
an

d
h
o
m
o
cystein

e;th
e
latter

is
co

n
verted

eith
er

to
m
eth

io
n
in
e

cycle
o
r

to
cystath

io
n
in
e

(C
Y
ST

A
).

C
Y
ST

A
is

cleaved
to

cystein
e
an

d
2-K

B
A
,
w
h
ich

are
fu
rth

er
m
etab

o
lised

to
T
A
U

an
d

su
ccin

yl-C
o
A
,
a

citric
acid

cycle
m
etab

o
lite,

resp
ectively

(o
n
lin

e
Su

p
p
lem

en
tary

Fig.
S1).

T
h
e
h
ep

atic
T
A
U

an
d
H
Y
P
co

n
ten

ts
w
ere

in
creased

in
M
g-d

e
fi
cien

t
rats,w

h
ereas

2-K
B
A

co
n
ten

t
w
as

d
ecreased

.
T
h
ese

resu
lts

su
ggest

th
at

C
Y
ST

A
is

p
referen

tially
m
etab

o
lised

to
cystein

e
rath

er
th
an

2-K
B
A
.
2-K

B
A

is
also

p
ro
d
u
ced

th
ro
u
gh

th
e

catab
o
lism

o
f

glycin
e/serin

e/th
reo

n
in
e;

th
e

h
ep

atic
co

n
ten

ts
o
f

glycin
e/

serin
e/th

reo
n
in
e

w
ere

all
in
creased

b
y

th
e

M
g

d
e
fi
cien

cy.
T
h
erefo

re,
M
g
d
e
fi
cien

cy
m
ay

h
ave

d
ep

ressed
th
e
p
ro
d
u
ctio

n
o
f
2-K

B
A

fro
m

th
e
catab

o
lic

p
ath

w
ay

o
f
th
ese

am
in
o

acid
s.

H
o
w
ever,

serin
e
d
eh

yd
ratase

(Sd
s)

exp
ressio

n
level

w
as

co
m
-

p
arab

le
b
etw

een
th
e
tw

o
gro

u
p
s.

E
n
zym

e
activity

is
regu

lated
th
ro
u
gh

allo
steric

regu
latio

n
as

w
ell

as
th
e

exp
ressio

n
level

o
f
th
e

en
zym

e
itself.

It
m
ay

b
e

regu
lated

th
ro
u
gh

allo
steric

regu
latio

n
o
f
Sd

s
activity.

Taurine/hypotaurine
m
etabolism

T
h
e
seru

m
an

d
m
u
scle

co
n
cen

tratio
n
s
o
fT

A
U
w
ere

in
creased

in
M
g-d

e
fi
cien

t
rats,

an
d
th
is
m
ay

b
e
lin

ked
to

th
e
M
g
d
e
fi
cien

cy-
in
d
u
ced

d
iso

rgan
isatio

n
o
f

th
e

sarco
p
lasm

ic
reticu

lu
m

(2
3
).

A
p
revio

u
s
stu

d
y

also
sh
o
w
ed

th
at

M
g

d
e
fi
cien

cy
in
d
u
ced

h
ep

atic
accu

m
u
latio

n
o
f

T
A
U
(2
4
);

h
o
w
ever,

its
b
io
lo
gical

sign
ifi
can

ce
h
as

n
o
t
yet

b
een

d
iscu

ssed
.In

view
o
f
th
e
in
crease

o
b
served

in
h
ep

atic
H
Y
P

an
d

T
A
U

co
n
ten

ts
d
u
e

to
M
g

d
e
fi
cien

cy,th
e
syn

th
esis

o
f
T
A
U
m
ay

b
e
stim

u
lated

in
th
e
livers

o
fM

g-d
e
fi
cien

trats.T
A
U
is
in
vo

lved
in

th
e
regu

latio
n
o
fd

iverse
(p
ath

o
)p
h
ysio

lo
gical

p
ro
cesses

in
clu

d
in
g

th
e
m
ain

ten
an

ce
o
f

cell
m
em

b
ran

es
an

d
cell

vo
lu
m
e,

th
e
effective

tran
slatio

n
o
f

m
ito

ch
o
n
d
rial

p
ro
tein

s,
an

tio
xid

ative
d
efen

ces
an

d
red

u
ced

ap
o
p
to
sis

(2
5
).

T
h
e

h
ep

atic
accu

m
u
latio

n
o
f
T
A
U

m
ay

re
fl
ect

a
d
efen

sive
reactio

n
to

M
g-d

e
fi
cien

cy-in
d
u
ced

m
etab

o
lic

d
istu

rb
an

ces.

Polyam
ine

m
etabolism

T
h
e

p
ro
p
yl

am
in
o

gro
u
p

o
f

S-ad
en

o
sylm

eth
io
n
in
am

in
e

is
tran

sferred
to

P
U
T

in
o
rd
er

to
syn

th
esise

sp
erm

id
in
e
(SP

M
).

M
T
A
D

is
fo
rm

ed
d
u
rin

g
th
is

reactio
n

(o
n
lin

e
Su

p
p
lem

en
tary

Fig.
S1).

H
ep

atic
M
T
A
D

an
d
P
U
T
levels

w
ere

sign
ifi
can

tly
an

d
sligh

tly
d
ecreased

b
y
M
g
d
e
fi
cien

cy,
resp

ectively
(Fig.

3(a)).
T
h
is

resu
lt
su
ggests

th
at

th
e
SP

M
/sp

erm
in
e
h
ep

atic
co

n
ten

t
is

also
lo
w
er

in
M
g-d

e
fi
cien

trats
th
an

in
co

n
tro

lrats.Fu
rth

erm
o
re,

th
e
h
ep

atic
exp

ressio
n
o
f
Sa

t1,
a
rate-lim

itin
g
en

zym
e
in

th
e

b
reakd

o
w
n
o
f
SP

M
/sp

erm
in
e
an

d
an

en
zym

e
regu

lated
b
y
its

exp
ressio

n
level (2

6
,2
7
),

w
as

sign
ifi
can

tly
in
creased

b
y

M
g

R
elative m

R
N

A
 level

G
ck

G
6p

G
6pd

P
ck1

0
50

100
150

200
250

A
rbitrary unit

G
6P

6P
G

A

S
7P

F
6P

3P
G

P
E

P

P
Y

R

C
IT

A
C

O

2K
G

S
U

C

F
U

M

M
A

L

O
A

A

0
50

100
150

200

****

(a)
(b)

F
ig
.
3.

R
elative

m
etabolite

content
from

glycolysis/gluconeogenesis,
the

citric
acid

cycle
and

pentose
phosphate

pathw
ay,and

expression
levels

ofenzym
es

related
to

glycolysis/gluconeogenesis
and

the
pentose

phosphate
pathw

ay
in

the
liver

of
rats

fed
the

control
diet

(
)
or

the
m
agnesium

-deficient
diet

(
).

R
ats

w
ere

fed
the

control
diet

(n
5)

or
the

m
agnesium

-deficient
diet

(n
6)

for
8
w
eeks.(a)

M
etabolites

in
the

liver
w
ere

analysed
by

a
m
etabolom

ic
analysis.

T
he

peak
area

ofthe
m
etabolite

w
as

divided
by

thatof2-isopropylm
alic

acid,an
internalcontroland

D
N
A

content.
M
etabolite

content
in

the
controlgroup

w
as

set
to

100.
T
he

relative
m
etabolite

contents
from

glycolysis/gluconeogene
sis

and
the

citric
acid

cycle
are

show
n.

V
alues

are
m
eans,

w
ith

their
standard

errors.
*
P
<
0·05

v.
the

control
group.

(b)
G
ene

transcription
levels

of
hepatic

enzym
es

catalysing
glycolysis/gluconeogenesis

and
the

pentose
phosphate

pathw
ay

w
ere

m
easured

by
real-tim

e-quantitative
P
C
R
.
G
ene

expression
w
as

norm
alised

against
lactate

dehydrogenase
expression,

and
expression

levels
in

the
control

group
w
ere

set
to

100.
V
alues

are
m
eans,

w
ith

their
standard

errors.
G
6P,

glucose
6-phosphate;

6P
G
A
,

6-phosphogluconic
acid;

S
7P,

sedoheptulose
7-phosphate;

F
6P,

fructose
6-phosphate;

3P
G
,

3-phosphoglyceric
acid;

P
E
P,

phosphoenolpyruvic
acid;

P
Y
R
,
pyruvic

acid;
C
IT,

citric
acid;

A
C
O
,
aconitic

acid;
2K

G
,
2-ketoglutaric

acid;
S
U
C
,
succinic

acid;
F
U
M
,
fum

aric
acid;

M
A
L,

m
alic

acid;
O
A
A
,
oxaloacetic

acid;
G
ck,

glucokinase;
G
6p,

glucose
6-phosphatase;

G
6pd,

glucose
6-phosphate

dehydrogenase;
P
ck1,

phosphoenolpyruvate
carboxykinase

1.

M
etab

o
lites

in
th
e
m
agn

esiu
m
-d
e
fi
cien

t
liver
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d
e
fi
cien

cy.
T
h
erefo

re,
fu
rth

er
d
ecreases

in
SP

M
/sp

erm
in
e

are
p
o
ssib

le.
In

view
o
f
th
e

req
u
irem

en
t
o
f
SP

M
fo
r
liver

regen
eratio

n
(2
8
),
d
ecreased

SP
M

m
ay

b
e
in
vo

lved
in

ch
ro
n
ic

liver
d
am

age
in
d
u
ced

b
y
M
g
d
e
fi
cien

cy
(9
).

G
lucose

m
etabolism

T
h
e
p
resen

t
stu

d
y
sh
o
w
ed

d
ecreases

in
G
6P

h
ep

atic
co

n
ten

t
o
w
in
g
to

M
g
d
e
fi
cien

cy.
P
revio

u
s
stu

d
ies

h
ave

sh
o
w
n
th
at

th
e

exp
ressio

n
an

d
activity

o
f
en

zym
es

in
vo

lved
in

glu
co

n
eo

gen
-

esis
an

d
th
e
p
en

to
se

p
h
o
sp
h
ate

p
ath

w
ay

are
altered

b
y
M
g

statu
s
(1
0
,2
9
–
3
1
).
In

ad
d
itio

n
,
th
e
exp

ressio
n
level

o
f
G
ck,

w
h
ich

p
ro
d
u
ces

G
6P

fro
m

glu
co

se,
is

altered
b
y

m
o
d
u
latio

n
s

in
glu

co
se

m
etab

o
lism

(3
2
).

H
o
w
ever,

th
e

exp
ressio

n
levels

o
f

h
ep

atic
en

zym
es,w

h
ich

catalyse
th
e
reactio

n
to

p
ro
d
u
ce

(G
ck)

o
r
m
etab

o
lise

(G
6p

an
d
G
6pd

)
G
6P

,
w
ere

n
o
t
ch

an
ged

b
y
M
g

d
e
fi
cien

cy
in

th
is

stu
d
y;

p
revio

u
s
stu

d
ies

h
ave

sh
o
w
n
th
at

th
e

h
ep

atic
activity

o
f
G
6p

is
en

h
an

ced
in

M
g-d

e
fi
cien

t
rats

(1
0
),
an

d
th
at

th
e
activity

o
f
G
6pd

w
as

also
in
creased

in
H
ep

G
2
cells

cu
ltu

red
in

M
g-d

e
fi
cien

t
m
ed

iu
m

(3
1
).
In
creases

in
th
e
activities

o
f
G
6p

an
d
G
6pd

are
su
ggested

to
red

u
ce

G
6P

in
th
e
livers

o
f

M
g-d

e
fi
cien

t
rats.

M
etab

o
lic

p
ath

w
ays

m
ay

b
e

m
o
d
u
lated

th
ro
u
gh

allo
steric

regu
latio

n
rath

er
th
an

th
e

regu
latio

n
o
f

en
zym

e
exp

ressio
n
levels

in
th
e
livers

o
f
M
g-d

e
fi
cien

t
rats.

A
n

ad
ap

tatio
n

to
th
e

M
g-d

e
fi
cien

cy-in
d
u
ced

ab
erratio

n
o
f

m
etab

o
lism

m
ay

also
exp

lain
w
h
y

th
e

in
gestio

n
o
f

th
e

M
g-d

e
fi
cien

td
ietfo

r
8
w
eeks

d
id

n
o
taffectth

e
exp

ressio
n
level

o
f
h
ep

atic
P
ck1

in
th
e
p
resen

t
stu

d
y.A

p
revio

u
s
stu

d
y
revealed

th
at

th
e
m
R
N
A
level

o
f
h
ep

atic
P
ck1

in
rats

fed
a
M
g-d

e
fi
cien

t
d
iet

fo
r
2

w
eeks

w
as

o
n
ly

7
%

o
f
th
at

in
co

n
tro

l
rats

(3
0
).

D
ifferen

tial
resp

o
n
ses

to
M
g

d
e
fi
cien

cy
d
ep

en
d
in
g

o
n

th
e

feed
in
g
p
erio

d
o
f
a
M
g-d

e
fi
cien

t
d
iet

h
ave

b
een

rep
o
rted

(3
3
).

T
h
e
p
resen

t
stu

d
y
revealed

th
at

m
etab

o
lite

co
n
ten

ts
fro

m
th
e

citric
acid

cycle
su
ch

as
citric

acid
,
fu
m
aric

acid
an

d
m
alic

acid
w
ere

sign
ifi
can

tly
d
ecreased

in
th
e
liver

o
f
M
g-d

e
fi
cien

t
rats,

an
d
th
at

o
f
su
ccin

ic
acid

w
as

n
u
m
erically

d
ecreased

b
y
th
e
M
g

d
e
fi
cien

cy.
W
e
sp
ecu

late
th
at

th
ese

resu
lts

relate
to

th
o
se

o
f
a

stu
d
y
sh
o
w
in
g
a
d
ecrease

in
th
e
n
u
m
b
er

o
f
m
ito

ch
o
n
d
ria

in
h
ep

ato
cytes

fro
m

M
g-d

e
fi
cien

trats
(3
4
);th

e
relatio

n
sh
ip

b
etw

een
th
e
cellu

lar
co

n
ten

to
f
m
etab

o
lites

fro
m

th
e
citric

acid
cycle

an
d

th
e

m
o
rp
h
o
lo
gical

n
u
m
b
er

sh
o
u
ld

b
e

exam
in
ed

in
fu
tu
re

stu
d
ies.

In
ad

ip
o
cytes,

in
su
lin

h
as

b
een

sh
o
w
n

to
in
d
u
ce

cellu
lar

accu
m
u
latio

n
o
f
citric

acid
,
su
ccin

ic
acid

,
fu
m
aric

acid
an

d
m
alic

acid
(1
5
).T

h
erefo

re,th
e
m
o
d
u
lated

m
etab

o
lite

co
n
ten

t
m
ay

re
fl
ect

in
su
lin

in
sen

sitivity.
T
h
e
livers

o
f
M
g-d

e
fi
cien

t
rats

m
ay

b
e
relatively

resistan
tto

in
su
lin

sign
allin

g.In
su
lin

-m
ed

iated
glu

co
se

u
p
take

in
th
e

liver
w
as

p
revio

u
sly

rep
o
rted

to
b
e

im
p
aired

in
M
g-d

e
fi
cien

t
rats,

su
ggestin

g
in
su
lin

resistan
ce

(3
5
).

Im
plications

and
future

directions

In
th
e
p
resen

tstu
d
y,w

e
p
ro
p
o
se

th
atM

g
d
e
fi
cien

cy
m
o
d
u
lated

h
ep

atic
m
etab

o
lism

o
f
so
m
e
am

in
o
acid

s
an

d
glu

co
se.

T
h
ese

resu
lts

p
ro
vid

e
an

in
sigh

t
in
to

th
e

m
ech

an
ism

s
u
n
d
erlyin

g
th
e

d
iverse

p
ath

o
lo
gical

featu
res

in
d
u
ced

b
y

M
g

d
e
fi
cien

cy.
In

th
is

stu
d
y,

all
th
e
m
etab

o
lites

in
th
ese

p
ath

w
ays

w
ere

n
o
t

n
ecessarily

d
etected

.T
h
u
s,th

e
p
resen

t
resu

lts
are

fragm
en

talin
th
e
evalu

atio
n
o
f
th
e
co

m
p
lete

p
ath

w
ays

o
f
m
etab

o
lism

.
T
h
e

p
resen

t
stu

d
y
w
as

p
erfo

rm
ed

as
th
e
fi
rst

step
to

u
n
d
erstan

d
in
g

w
h
at

m
etab

o
lic

p
ath

w
ays

are
affected

b
y

M
g

d
e
fi
cien

cy;
a

m
etab

o
lo
m
ic

an
alysis

en
ab

les
m
etab

o
lic

p
ath

w
ays

to
b
e
co

m
-

p
reh

en
sively

evalu
ated

.
Fu

tu
re

stu
d
ies

are
n
eed

ed
in

o
rd
er

to
evalu

ate
all

th
e

m
etab

o
lites

th
ro
u
gh

th
e

sp
ecifi

c
m
etab

o
lic

p
ath

w
ays

th
at

are
affected

b
y
M
g
d
e
fi
cien

cy.
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