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Studies on Carnitine Metabolism of Various Disorders
Accompanied by Hyperammonemia
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Department of Pediatrics, Sapporo Medical College
(Chief : Prof. S. CHIBA)

ABSTRACT Recently, the carnitine status of various disorders accompanied by hyperammonemia
has been studied, and carnitine deficiency syndromes, secondary to a variety of genetic disorders,
have been found.

The author measured the serum and tissue carnitine levels of various disorders accompanied by
hyperammonemia. In patients with ornithine transcarbamylase (OTC) and carbamylphosphate
synthetase (CPS-I) deficiencies, free carnitine levels in the serum were decreased and acylcarnitine
levels were increased. These findings were also observed in liver tissues. Howe{'er, the serum and
hepatic carnitine concentrations of congenital hyperammonemic patients with other cytosolic enzyme
deficiencies of the urea cycle were within normal limits. Carnitine levels in the serum and liver
tissues of some patients with OTC deficiency decreased gradually with age. In the patient with CPS
-1 deficiency, the mean blood ammonia levels decreased significantly, accompanied by an increase in
serum and urine free carnitine levels after oral administration of L-carnitine (IOmg/kg/day). The
serum free carnitine levels of patients receiving sodium valproate (VPA) therapy decreased and their
acylcarnitine free carnitine ratios increased. There existed a definite correlation between serum free
carnitine and blood ammonia.

Primary cultured rat hepatocytes were used to study the effect of VPA on the levels of ammonia
and urea synthesis in culture medium. The addition of VPA to the culture medium resulted in an
increase of ammonia and a decrease of urea synthesis. The carnitine content of hepatocytes and
citrulline synthesis by hepatocytes were also decreased following VPA addition, but OTC and CPS-1
activities were unchanged. When L-carnitine was added with VPA to the medium, the levels of
ammonia decreased and urea synthesis increased. These observations indicate that VPA-induced
hyperammonemia is caused by inhibition of citrulline synthesis followed by hepatic carnitine
deficiency, and suggest that L-carnitine may be effective in preventing VPA-induced hyperam-
monemia. ’

In future studies, the carnitine status in congenital hyperammonemia and VPA therapy should be
investigated, since oral administration of L-carnitine may be effective in patients with secondary
carnitine deficiency. (Received March 27, 1991 and accepted April 18, 1991)
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Ornithine transcarbamylase deficiency,
Primary cultured hepatocytes

DVIEERH BT v E=TME 16, EAL=F
VIGE s BT v E=TIE « A by VRE (B
T HHH &£853) 14D, OTC RIBFED~7 » 36l
I UCESEER/MNEREREART O, SR ECFE
EORWERLIEER B HATH B,

2:1-2 K &

BIEGIOIME, ReIOWMBE (A, F, BB M
D # v =F v % McGarry and Foster 55 % —f
BELLFORZBIEL 2. H A= vl
ABIZ—B0CTHE ETRFL, MESIORIZ—20C
TRE L. BEEEH AV =5 v [HOBIE 13 14C-Acetyl
CoA & carnitine acetyltransferase # f\>, L-car-
nitine+acetyl CoA 2 acetylcarnitine+CoA SH @
BRI X » T & hiic labeled  acetylcarnitine %
unreacted acetyl CoA X b anion exchange resin %
BWCHBEL, TORNE®RLEIE LR, 2, o
BRI HRIETH B, TR Eh5 CoA SH %
trap ‘§ % #c % N-ethylmaleimide % i\ /2. Mg
IURGERE, FF, B BMXI0EED, B2
B D0.25M sucrose, 10mM Tris-HCl, 0.5 mM
EGTA, pH7.4 %Mz AT T+ 4 X Lt d O 50 1l %
BiEE Lk, EROBEIER, = v =V IFAT7Fa—F
CmiAEE8) #* A\, 2.8mM phosphate-buffer,
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Table 1 Serum and hepatic carnitine levels of patients with ornithine transcarbamylase (OTC)

deficiency
E Seé‘um c?/rnilt%ne %Iepatlif carnNiggg
’ nzyme : n mol/m:
Cases | Sex | Age activities tI;é\Sflelé 1 Mot/ Aql/F g Al
(% of controls) Free Acyl Total =% rraet?o Free Acyl Total 4% rft?o

1 M | 28 days | not detected | autopsy | 28.7 18.1 46.8 0.63 3.26 3.15 6.41 0.97
2 M 6 days 6% autopsy | 36.8 28.8 65.6 0.78 3.01 2.61 5.62 0.87
3 M 3mo 9% biopsy | 21.8 30.9 52.7 1.42 5.91 2.8 8.73 0.32
3yrs ° autopsy | 17.3  27.2 44.5 1.57 2.86 1.85 4.71 0.65
4 M 3mo 15% autopsy | 48.2 31.8 80.0 0.66 2.93 1.26 4.19 0.43
6 yrs biopsy | 38.7 35.6 74.3 0.92 7.54 2.16 9.70 0.29
5 F 9yrs 17% biopsy | 19.1 56.9. 76.0 2.98 5.68 3.91 9.59 0.69
10 yrs autopsy | 6.3 30.5 36.8 4.85 3.26 1.65 4.91 0.51
6 F 30 yrs 45% biopsy | 43.2 27.5 70.7 0.64 5.24 2.97 8.21 0.57

7 M 1yrs 5% biopsy | 25.6 17.4 43.0 0.68 n. d.

Controls
Serum Liver

Newborns (n1=25) ~ Newborns (n=17)33.947.5 15.247.8 49.5+11.5 0.46%0.26 “4.10+1.12 1.61£0.25 5.71+1.55 0.42+0.25
1-1imo (n=51) lmo-5yrs(n=11337.4%£9.9 21.3+8.9 58.8+14.8 0.60+0.31 5.160.60 2.24%0.56 7.40£0.85 0.45%0.21
1-10yrs (0=20) >6yrs  (n=10)59.6+11.7 29.7+12.6 80.8+20.5 0.55%0.16 9.34*1.20 2.03%0.35 11.3740.69 0.24:0.12
Adults  (n=20) 53.5£13.0 ' 28.6+10.1 78.0x9.7 0.6040.30

M:: male, F: female, n: number of cases, NCP: non collagen protein, n. d.: not determined

Table 113 OTC KIBRE DIEEEA{LZHWFT B2 T L [ Arginine 0.8g/ke/day ]
fbDThB. OTCRIBIETILT Bt 361 GER 3, L Evsantal amino acid ]
5 T wiiF#EMEn v=FvDIET, 664 445 GEH — Sodium bnzonts N
3, 4, 5 6) KHEHEI v =FVEBEDETALDN [ 2 j
o, ZED5H2HITR, FLEbTrr=FvRZ

EEBE s oot FEFIS L, OTC H4 RIBIED 5 3,000 4
TRTHHH, 10RHFECHEEARLIZEETSR ¢
VY ADOBHC I D IEEORE L L T\l SlE
BoldEd7vE=7 MEREBCSbWY, Ex0
RECAPbLFRT LTSS, RERES 48 K
Ft L BRIy, EWRMBEE Y v =F v OET
& A/F ftosmpisbhie (Fig 1), %7, ST
BOTEFI L= VvEBIETLTO, B
U CIME T 23 bivish -7 (Table. 2). CPS 4
KABEEGIIAER 53 A el 7 v & = 7 MAE i Bl C _
ABELTz, ARRIEECH-Tonr =5 VBT 12 R -ﬂmmmgmmmemQme
Bty v = 52 OET & A/F LOBEIS Fig. 1 Clinical course and serum iti

bhte. BEEEN, REFBF Y v Loy ' tions of a patient with pariiaarlmot;rri?t}fi(;lr;ci?;;i
el L-»r=5v (20mg/kg/day) #HHL, carbamylase deficiency during hyperam-
BT E= T MEOHEC MBS L =F S monemic coma. Open columns: free car-

' nitine ; closed columns: acyl carnitine ; num-
Heiote (Fig. 2). ENMET OB » A~ =5 v {EIL bers: acyl! free ratio.

Serum ammonia { #g/d

Serum carnitine (nmol/ml)
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Table 2 Serum and tissue carnitine concentrations of a patient with partial ornithine transcar-
bamylase (OTC) deficiency
Serum carnitine Hepatic carnitine Renal carnitine Brain carnitine
A (n mol/ml) (n mol/mg NCP) (n mol/mg NCP) (n mol/mg NCP)
ge
Free Acyl Total %‘%’g Free Acyl Total ‘%\izg Free Acyl Total %ﬁgg Free Acyl Total %‘?Zg
6 yrs 38.7 35.6 T74.3 0.92| 7.54 2.66 9.70 0.29 n d n d.
(biopsy)
9 ysr 19.1 56.9 76.0 2.98| 5.68 3.91 9.59 0.69 n d. n d
(biopsy)
10 yrs 6.3 30.5 36.8 4.8 3.26 1.65 4.91 0.51] 5.16 3.94 9.10 0.76] 1.22 3.86 5.08 3.16
(autopsy) (autopsy) (autopsy)
59.6 29.7 89.3 0.55_- 9.3¢4 2.03 11.37 0.24| 6.45 1.89 8.33 0.29| 1.24 4.02 5.37 3.12
Controls |[+11.7 £12.6 £20.5 £0.16|%£1.20 £0.35 £0.69 £0.12|+0.91 £0.75 £1.39 +£0.10{£0.57 +2.85 +2.67 +£0.56
(=200 (n=10) (n=6) (n=14)

NCP: non collagen protein, n: number of cases, n. d.: not determined

r Essential amino acids

[ arginine (0.8g/kg/day)

r Sodium benzoate (250mg/kg/day)

Peritoneal dialysis

l L-carnitine {20 mg/kg/day)

800

600

400

200
oz 165 0.83
At 12 28

Blood ammonia (xg/dl)

Serum carnitine (n mol/ml}

admission
Time thours) after admission

Fig. 2 Clinical course and serum carnitine concentra-
tions of a patient with carbamylphosphate
synthetase-1 deficiency after admission. Open
columns: free carnitine; closed columns:
acyl carnitine ; numbers : acyl free ratio.

4.6nmol/ml THH, BREECOEHRI NV =FVD
BFRINEEET L Cuish o/, BEBIEE &bk
BREBEA T 2EESE (1.5~1.7g/kg/day) % B
AL, BEBBF M) 9 ABLOL-TA¥=v RS
kL, L-ha=s v 50320 HRgED, S
35 HE X060 HEDIME» L =F VEIRERETHY,
Frr=9v&BIEEo 4 fZc@mL T L

L, B85 75 ABCHEOmEEE v =5 v EITEY
CIETL, A/FHAEMLIz0oTL-sAr=%v (10
mg/kg/day) BEXER L. L-»a=5vEEMH
ofh 7y E=T7#EIETREh, 135.2142.5 pg/dl
(h=74) ¥ X 08103.1%19.0 pg/dl (n=22) (P<
0.0 Tthv, BEHERELHEE (1.8~2.0g/ke/
day) + 5z & vER. BREIAR I HABE &
HEROATEEIEL LT TBY, NFEIr=F
VEDIEFTHS (Table 3).

BT vE=v A0ATRBRICL 2IREZZH 1T
OTC RIBRED~T = LHB LIRE GEM2, 3, 60
B crlEEsg s v = v EHRTEEO TR v E
TFLTRY, A/FHoiEnd &bk (Table 4).

ORFE A 7 VEEREBZIAERES7 v E=
7 EFI HHH Ficik, mERIOFTthrr=F
YHMET LT\ AEEMI e » 7o (Table. 5.

3+1:2 VPA %50

M7 v =7 {Hi% VPA 8 5 Clgei 5B X
THELRBEYRLE. LaL, lirh7ve=7MEL
VPA #5585 X OUHEE & oI E B EBE R
Siiehso fo. MIEHEER X OFB» L = VfEIX VPA
BEBE TSR CEREECEEL R LIS, 7
INH L= F U EITEEREXI DT (Table. 6).
¥, MEEE» L= vBLlF7 v E=TEOMH
CHBEATREL—0.38 TRAOMBEMNA BN (Fig. 3), A/F
e i 7 v = 7 EOKCHBERE 0.59 OIEDFEES
nabit: (Fig. 4. VPAHREE L MEEHEH L =F
VAR CHBIRE —0.46 TEOMBINZ S it
(Fig.5), Mi5#E#EH» =5 v{EL VPANHEE LD
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Table 3 Carnitine concentrations in serum, urvine, liver and peritoneal dialysis fluid in the
patient with carbamylphosphate synthetase-I deficiency

Serum carnitine (n mol/m/)

Free Acyl Total Acyl/Free ratio
After termination of L-carnitine therapy
35 days 35.7 22.7 58.4 0.64
60 days 37.7 10.6 48.3 0.28
5 months 11.5 16.5 28.0 1.44
After administration of L-carnitine (10mg/kg/day)
7 days 48.5 25.5 74.0 0.53
1 months 58.2 26.9 85.1 0.46
3 months 55.0 23.8 78.8 0.43
controls 37.4 21.3 58.7 0.60
1-11mo (n=5D) £99 +£89 =£14.8 +0.31
Liver carnitine (n mol/mg NCP)
Free Acyl Total Acyl/Free ratio
35 days after temination of L-carnitine therapy 17.18 2.74 19.92 0.16
controls 3.99 2.15 6.14 0.54
1-11mo (n=15) +0.63 £0.31 *£1.36 +0.18
Urine carnitine (n mol/mg creatinine)
Free Acyl Total RRFC (%)
5 months after termination of L-carnitine therapy
ND 98.4 98.4
After administration of L-carnitine (10mg/kg/day)
7 days 285.0 415.3 700.2 98.8
3 months 885.1 454.1 1339.2 98.4
controls 685.3 854.7 1540.3 98.5
(n=30) +438.0 +350.2 +528.7 = 1.3 (n=1D

Peritoneal dialysis fluid (n mol/m{)
Free Acyl Total

4.6 37.6 42.2

RRFC: renal reabsorption of free carnitine, NCP: non collagen protein,
ND': not detectable, n: number of cases.

Table 4 Serum carnitine concenirations of hetevozygotes with ovnithine transcarbamylase (OTC)

deficiency
' Age Loading tests of Serum carnitine (n mol/m/)
Subjects , .
(yrs) ammonium chloride Free Acyl Total Acyl/Free ratio
mother (Case 2) 31 positive 34.8 36.0 70.8 1.04
mother (Case 3) 32 positive 32.5 36.9 69.4 1.14
mother (Case 4) 28 negative 48.2 31.8 80.0 0.66
mother (Case 6) 56 positive 33.7 38.6 72.3 1.15
controls (n=20) 53.5x13.0 28.6+10.1 78.0%9.7 0.60+0.30

n: number of cases
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Table 5 Serum and hepatic carnitine levels of patients with congenital defects of the urea cycle

Hepatic enzyme Serum carnitine (n mol/m/{) | Hepatic carnitine (n mol/mg NCP)

Cases Age |activities :
(% of controls) | Free Acyl Total Acyl/ gi?g Free Acyl Total Acyl/ gi?g

Citrullinemia 1| 6mo [ASS 30%| 31.4 24.1 55.5 0.77 10.26 2.73 12.93 0.27
(tyre ID 21 9mo |ASS 40%| 42.4 20.2 62.6 0.48 5.28 1.88 7.16 0.36
3|31 yrs |ASS 25%(103.2 109.3 212.5 1.06 5.99 2.87 8.86 0.48
4|56 yrs | ASS 26% 68.3 21.1 89.4 0.31 7.05 1.80 8.85 0.26

Argininosuccinic
. 6 mo | ASase 6%| 50.6 33.2 83.8 0.66 6.21 1.04 7.25 0.17

aciduria

Hyperlysinemia with Arginase 29%
22 yrs

77.1 20.5 97.6 0.27
hyperammonemia ASS 22%

11.26 0.65 11.91 0.06

Hyperornithinemia, .
. normal activities
hyperammonemia and

41 yrs |in urea cycle 77.0 12.0 89.0 0.16 7.48 2.75 10.23 0.37

homocitrullinuria
. enzymes
(HHH)
1-11mo 37.4£9.9 21.348.9 58.8+14.8 0.60+0.31 3.99+0.63 2.15+0.31 6.14+1.36 0.54£0.18
(=51 (n=15)
Controls
Adults 53.5+13.0 28.6+10.1 78.049.7 0.60£0.30 9.34£1.20 2.03+0.3511.37+0.69 0.24£0.12
(@=20) (n=10)

ASS : Argininosuccinate Synthetase, ASase: Argininosuccinase, NCP: non collagen protein,
n: number of cases.

Table 6 Serum carnitine concentrations, blood ammonia values and hepatocellular enzymes in
the patients :

NO carnitine (n mol/ml) - ammonia S-GOT S-GPT

‘ Free Acyl Total Acvl/grgg (ug/dD | au/D au/n

VPA () 09 32.1* 26.1 58.2* 0.92* 69.9* 27.6* 19.0*
(£9.3) | (£4.6) | (£10.D (£0.41) (£41.8) | (£ 4.5 | (£11.5)

VPA () o6 43.1 27.1 70.2 0.64 43.4 20.3 13.9
(£ 8.8 (£ 4.1 (£11.3 (£0.12) (£10.8) (£ 8.0) (£ 5.7

* P<0.005; VPA (+) VS. VPA (=)

Bc3AEREE IR sk, S-GOT X W
S-GPT fix VPA 5B cHERBEYR LR, 2
AR UL e T, i, BEERET Stu-
dent-t BEIZ X - .
3.2 EEFTMERICX T3 VPA ORE
3:.2:1 EEFPOHT L E-FHEEREZRENEL
REHrs VPA 2N$5 &, SR oREERR
VPA B 50 pug/m! X h{ETL, 200 xg/m/ BT
2V b e—=AD 12U TFTRETL W =75, 7V

=7 EBL 200 ug/mlI U ETEavEe—1D2
B Fimis o Tt (Fig. 6).

3.2-2 HEEFFMEAO CPS-1;EM4H & U OTC &L

i VPA 28U T, VPA ¥ 500 pg/

m! T% CPS-1 88X OTC EHDET RO -
o (Fig. 7).
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Bz VPA T 5 &, FMleA o L=
FvEEL, VPARBE S0 ug/ml LVETL, 200 g/
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Blood ammonia (zg/db)

Fig. 3

Fig. 5

Serum free carnitine (nmol/ml)
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Serum free carnitine (nmol/ml)

Relationship between serum free carnitine
concentrations and blood ammonia values in
the patients receiving anticonvulsants in com-
bination with (0) or without (®) VPA.
Calculated regression line, Y=99.63—1.16X,
where Y is blood ammonia levels and X is
serum carnitine concentrations. Coefficient of
correlation (r=—0.38, n=48, P<0.01).

60

50 4 .

10 20 30 40
Dosage of VPA (ma/ka/day)

50

Relationship between the dosage of VPA and
serum free carnitine concentrations in the
patients receiving VPA. Calculated regres-
sion line, Y=44.06—0.451X, where Y is
serum free carnitine concentrations and X is
dosage of VPA. Coefficient of correlation
(r=-0.49, n=22, P<0.05).
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Blood ammonia {zg/dl)

Fig. 4

Urea (mg/dg) ( o )

Fig. 6
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50 1

T T -

1 2 3
Acyl free ratio

Relationship between acyl free ratios and
blood ammonia values in the patients receiv-
ing anticovulsants in combination with (©)
or without (@) VPA. Calculated regression
line, Y=10.14+59.04X, Where Y is blood
ammonia levels and X is acyl free ratios.
Coeﬂi)cient of correlation (r=0.59, n=48, P<
0.001).

4 &
o
o
3 300
— —~
L] L ] *
2 200
o %
2
K]
§
£
€
<
1 100
0 D.
0 50 100 150 200 500
VPA (ug/mg)

Effects of VPA on the concentration of urea
and ammonia during the culture of he-
patocytes. Hepatocytes were cultured in
Hanks’ complete-Hepes solution containing
VPA at concentrations ranging from 0 to 500
ug/mi for 24 hr. Aliquots of incubation
medium were taken and the concentration of
urea (O) and ammonia (®) was measured.
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CPS activity (zmog/min/mg protein) (a)
OTC activity (umog/min/mg protein) (m)
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Fig. 7 Changes of free carnitine contents, CPS-I
activity and OTC activity in the hepatocytes
by VPA. (e): free carnitine contents;
(A) : CPS-I activity ; (m): OTC activity.

15 4

Citrulline synthesis (nmol/min/mg protein)

/4

50 100 200
VPA (pg/mi)

500

Fig. 8 Effects of VPA on citrulline synthesis in the
hepatocytes. Hepatocytes were cultured in
Hanks’ complete-Hepes solution containing
VPA at concentrations ranging from 0 to 500
ug/mi for 24hr and citrulline synthesis of he-
patocytes was measured by the method of
Yamazaki'® with some modifications.

BE7vEs7 MEYETAERICITS L =5 v (BB 5 H5 347

ml Ttz v b v — LD 60%ICTzo T (Fig. D.
3+2-4 HEEFTHRBADS b IV S BREE

Btz VPA 255 &, FFfiflaos by va
BAEIE, VPAEE 50 ug/ml X H{ETL TR D, 200
pg/ml TiEav b e—A D 1/2 Kito T (Fig
8).

325 L-AIN=FFmngeE

VPA % 200 pg/ml OEE-CTHINL -85 L-h v
=F Vv RMZT2UHGEEETS L, BHFOREER
BL-pr=FvEE0M IV ERL, —HTvE=
FIET L%, Lhl, L-2r=FvoEEEEIIR
bhvied otz (Fig. 9.

4 2 =

H A =F VIR T BRI L § b =V
FY 7 BREORECLEANTR DB TH Y, EEA
T2 OOEBEREEYL - T3, 1 2l=x1rF—
FehsrRMIEHBRE It 2V F ) 7HCESTHE
2T, 4512 a2 v I TARER LY e Y
* vl & oIS ER % short chain acylcarnitine
ELTIbav Py THET2EETh L.
=5V /RIBRELL 1973 412 Engel and Angelini'® iz X »
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Carnitine (nmo2/mg)
Fig. 9 Effects of L-carnitine on ammonia detoxica-

tion and urea synthesis in hepatocytes. L-
carnitine was added at concentrations ranging
from 0 to 500 nmol/m/ in Hanks’ complete-
Hepes solution containing 200ug/m! VPA.
(0): urea; (®): ammonia.
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