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ABSTRACT

A capillary gas chromatographic method, using the chiral stationary phase Chirasil-L-Val, after treatment and isolation with Dowex
50W X8 cation exchanger and conversion into triflucroacetyl-1-propyl esters or pentafluoropropionyl-1 (or 2)-propyl esters, has been
developed for the determination of the relative amounts of free D-amino acids in the blood serum of cighteen patients with renal failure
(continuous ambulatory peritoneal dialysis (CAPD), n = 11; hemodialysis, » = 5; nephrotic syndrome, n = 2) and compared with data
obtained from healthy voluntecrs (2 = 5). Significant amounts of D-Ala (0.5-13%) and D-Asx (1.5 7.7%; Asx = Asp + Asn) were
found in all serum samples. D-Ser was detected in the serum of all patients with renal disorders and, in addition, D-Pro (0.6-2.5%) was
found in the serum of all patients undergoing hemodialysis and with nephrotic syndrome. p-Ser (2.9-3.1%) and D-Pro (0.6-0.9%) were
also found in the samples of three volunteers. D-Leu (1.2-1,7%) was present in three patienis with CAPD, and p-Glx (0.3-1.3%; Glx =
Glu + Gin) was present in eight of eighteen patients with renal malfunction. Linear regression analysis of the relative amounts of
D-amino acids and the serum creatinine levels of all donors revealed positive correlation factors for p-Asx (r = 0.748) and v-Ser (r =
0.667), but not for p-Pro and p-Ala. Remarkably high amounts of p-Ser (12.1 and 19.8%) were found in two hemodialysates in-
vestigated. Participation of intestinal bacteria and nulrition are discussed as possible sources of serum D-amino acids. An increase of
some D-amino acids in the serum of patients with renal diseases might be explained, in part, by decreased activity of renal p-amino acid
oxidase.

INTRODUCTION Using capillary gas chromatography (GC) on

the chiral stationary phase Chirasil-Val {10], we

Despite the overwhelming presence and impor-
tance of L-amino acids in organisms, certain free
D-amino acids (D-AA) have been detected in mi-
croorganisms [1], insects [2], crustaceae [3], as
well as in marine invertebrates [4] and bivalves
[5]. Significant amounts of D-AA were also
found in the serum of guinea-pigs and mice [6], in
human blood plasma [7], in fetal blood [8] and in
human urine [9].

* Corresponding author.

0378-4347/93/506.00 ]

have shown that free D-AA are ubiquitous in fer-
mented foods and beverages [11,12] and have dis-
cussed their microbial origin and possible nutri-
tional aspects with regard to their metabolization
and renal excretion [13-15]. Application of the
GC method to the dialysate of a chronic dialysis
patient revealed the presence of relatively high
amounts of D-Ser (19.8%) and D-Ala (2.5%) [14].
These data prompted us to investigate the
enantiomer patterns of amino acids in the serum
of patients with chronic renal failure, in compari-
son with those of healthy volunteers.
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EXPERIMENTAL

Chemicals

Picric acid and solvents were of analytical
grade from Merck (Darmstadt, Germany). Tri-
fluoroacetic anhydride, acetyl ¢hloride and 2.6-
di-tert.-butyl-p-cresol (BHT) were from Fluka
(Buchs, Switzerland). Pentafluoropropionic an-
hydride was from Pierce (Rockford, 1L, USA).
Dowex 50W-X8 cation exchanger (H* form,
200400 mesh, practical grade from Scrva, Hei-
delberg, Germany) was thoroughly washed prior
to use with 2 M NaOH and 4 M HCI until the
efluents were colorless. The water used was puri-
fied by reversed osmosis (Milli-Q water purifica-
tion system; Millipore, Bedford, MA, USA).
Standard amino acids were from Sigma (St.
Louis, MO, USA) or from Serva or Fluka.
Blanks were analysed regularly by GC in order to
monilor possible contamination of resin, chem-
icals, and solvents by D-AA.

Blood serum samples

The blood samples were collected at the De-
partment of Nephrology of the Robert Bosch
Hospital (Stuttgart, Germany) and originated
from eighteen patients with renal failure. Blood
samples were taken [rom the veins by means of
plastic syringes and, after | h at room temper-
alure, centrifuged at 2000 g for 10 min. Then the
scra were immediately frozen and stored al
= 20°C until analysis. Five healthy voluntcers of
the Department of Nephrology (one female, four
males, age 36—59 vears) served as controls. Serum
creatinine levels were determined with an enzym-
ic assay using the Kodak Ektachem 700 single-
slide method [16].

Serum treatment for amine acid analysis
Immediately after thawing, picric acid (5.0 mi
of a sarurated solution in water) was added to
serum (1 ml) with stirring. After 5 min, 0.1 M
HC1 (5.0 ml) was added, and the sclution was
filtered 1into a separating lunnel and extracted
twice with 20.0-ml portions of light petroleum
(b.p. 50-70°C)—dicthyl cther (1:1. v/v). The aque-
ous phase was passed through a column packed
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with Dowex 50W-X8 cation exchanger (bed size
5cm x 1 cm), the resin was washed with water
(50 ml), amino acids were cluted with 2 M aque-
ous ammonia {30 ml), and the effluent was evap-
orated to dryness at 40 mbar using a rotatory
evaporator. For the determination of the amino
acid enantiomers by GC, the residue was dis-
solved in 1 ml of 0.1 M HCIL, the solution was
transferred to a 1 ml Reacti-vial (Wheaton, Mill-
ville, MA, USA) and evaporated to dryness in a
stream of nitrogen. The antioxidant BHT (ca. 0.3
mg) and 1-propanol in acetyl chloride (8:2, v/v;
200, ul) were added, the vial was securely closed
with a PTFE-lined screw-cap, and the solution
was heated for 1 hat 100°C for esterification. Sol-
vents werc removed in a stream ol nitrogen. Di-
chloromethane (200 ul) and triflucroacetic anhy-
dride (or pentafluoropropionic anhydride, each
50 pul) were added, and the mixture was healed
for 20 min at 100°C for acylation. Solvents were
removed in a stream of nitrogen, and the residue
was dissolved in 10-20 ul of dichleromethane.

In the cases of hemodialysates (records of pa-
tients not available), samples (1 1) were concen-
trated by lyophilization. Acetonitrile (10 ml) was
added to 5-ml samples of the viscous residues,
and the mixtures were stirred for 5 min and then
centrifuged for 15 min at 1600 g. The superna-
tants were evaporated to dryncss in a rotatory
evaporalor. The residues were dissolved in 0.1 M
HCI (10 ml), and the solutions were subjected to
Dowex 50W-X8 treatment and derivatization as
described above.

Gas chromatagraphy

A Model HRGC 5160 gas chromatograph
(Carlo Erba, Milan, Ttaly) was used, with a flame
ionization detector, a Model C-R3A integrator
(Shimadzu, Kyoto, Japan) and Chirasil-L-Val
columns (25m = 0.25mm 1.D.) (column A from
Macherey-Nagel, Diiren, Germany; column B
from C.G.C. Analytic, Mossingen, Germany).
The carrier gas was hydrogen at an inlet pressure
of 45 kPa, and the temperature of the injector
and detector was set to 250°C. Samples of 0.6-1.0
ul were injected in the split mode: the splitting
ratio was ca. 1:15. The temperature programmes
are shown in the captions to Figs. 4.
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Ion-exchange chromatography (1EC)

TEC for quantitative amino acid analysis was
performed on a Model LC 6001 autoanalyser
(Biotronik, Maintal, Germany) with a standard
lithium citrate buflfer programme for physiolog-
ical fluids and post-column derivatization of ami-
no acids with ninhydrin reagent.

Calculations

As a consequence of the limited volumes of se-
rum available, work-up of samples as described
above was performed only once. In order to con-
firm the presence of a certain D-AA found, the
effluents from Dowex columns were split in two
parts and trifluoroacetyl (TFA)-1-propyl esters
and pentafluoropropionyl (PFP)-2-propyl esters
were prepared and investigated by GC on col-
umns A and B, respectively. Aliquots of deriv-
atized amino acids werc analysed four to eight
times by GC, and average values and standard
deviations are given in Tables I-1V. Relative
amounts of D-AA were calculated from the

equation %D = 100 - p/(p + L).
o
L]
5 I 3 g
0. > -t a
Ll | i 1
v -t -1 -
T
a
L L

s = o U

Th opid

d 4 8 g 4

HT

fs 8 D-ieu

E .l D-Pro

WJULEJ

RESULTS

A typical GC celution profile of derivatized
amino acid enantiomers on a Chirasil-L-Val cap-
illary column from the serum of a patient under-
going continuous ambulatory peritoneal dialysis
(CAPD) is shown in Fig. 1, to demonstrate the
performance of the column,

Sections of interest of the chromatograms of
samples from a patient undergoing hemodialysis
(Fig. 2), a patient with nephrotic syndrome (Fig.
3) and of a healthy volunteer (Fig. 4) are shown.
The elution positions of D-AA are indicated by
ATTOWS.

Tables [-1V list the calculated refative amounts
of D-AA, together with the respective serum cre-
atinine concentrations (mg per 100 ml serum) of
patients and of hcalthy voluntecrs. Because the
acid-catalysed esterification of Gln and Asn, if
they are present in the plasma, causes alcoholysis
of the carboxamide group, no differentiation be-
tween these amides and Glu and Asp is possible
under the derivatization conditions used. These
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Fig. 1. GC analysis of free amino acids of the serum of a patient (No. 1 in Table 1) undergoing CAPD. The derivatives were the
PEP-1-propyl esters. Column A was used, with the following temperature programme: 5 min at 80°C; 3.5°C/min to 128°C; 3 min at

128°C; 3.5°C/min to 135°C; 4.5°C/min to 195°C; 10 min at 1953°C.
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Fig. 2. Sections of a gas chromatogram of the serum amino acids of a patient (No. 2 in Table II) undergoing hemodialysis. The
derivatives were the PFP-2-propyl esters. Column B was used, with the following temperature programme: 5 min at 80°C: 4°C/min Lo

112°C; 3 min at 112°C; 3.5°C/min to 162°C; 5°C/min to 193°C; 5 min at 195°C.
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Fig. 3. Sections of a gas chromatogram of the secrum amino acids
of a patient (No. | in Table III) with nephrotic syndrome. The
derivatives were the TEA-1-propyl esters. Column B was used,
with the following temperature programme: 5 min at 80°C;
3.5°C/min to 124°C; 2 min al 124°C; 3.5°C/min to 161°C; 6°C/
min to 195°C; 15 min at 195°C.
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Fig. 4. Sections of a gas chromatogram of the serum amino acids
of a healthy volunteer (No. 2 in Table IV). The derivatives were
the PFP-2-propyl esters. Column B was used, with the following
temperature programme: 5 min at 80°C; 4°C/min to 112°C: 3 min
at 112°C; 3.5°C/min to 162°C: §5°C/min to [95°C; 15 min at

195°C.
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TABLE 1

RELATIVE AMOUNTS OF p-AMINO ACIDS IN THE BLOOD SERUM OF PATIENTS UNDERGOING CONTINUQUS
AMBULATORY PERITONEAL DIALYSIS

Patient  Age Sex Serum D-Amino acid Y%p* n

No. {years} creatining (mean + S.D.)
(mg/100 ml)

1 78 M 9.1 D-Ala 13.01 = 0.137 6

D-Asx 5.85 £ 0.147 7

p-Glx 0,70 + 0.066 4

p-Leu 1.66 + 0.022 5

n-Pro 499 + 0.284 5

p-Ser 370 £ 0.209 6

2 72 M 12.0 p-Ala .70 £ 0.124 S

D-Asx 4.60 = 0.112 5

D-Glx 1.34 + 0.082 6

D-Pro 1.28 + 0.115 5

p-Ser 7.78 + 0.224 7

3 70 M 6.3 n-Ala [.94 + 0.089 8

D-Asx 2.81 £ 0172 5

p-Glx 1.22 + 0.035 6

D-Pro 1.75 £ 0.075 6

D-Ser 425 + 0.136 5

4 63 M 13.1 D-Ala 478 +£ 0.133 8

D-AsK 364 + 0186 6

D-Pro 6.53 = 0.269 6

D-Ser 7.83 + 0.143 6

5 64 M 11.6 D-Ala 273 + 0.064 6

D-Asx 6.38 £ 0.294 7

D-Leu 1.37 + 0.106 ]

D-Ser 823 + (.182 5

6 58 F 5.9 D-Ala 1.67 + 0.061 6

D-Asx 6.12 & 0.264 5

p-Pro 1.00 + 0.066 3

p-Ser 6.53 = 0.172 6

7 58 M 8.0 D-Ala 2.50 £ 0.168 5

D-ASX 513 + 0.256 6

p-Glx 0.52 £ 0.032 6

p-Len 1.20 £ D.152 4

D-Ser 8.14 = 0.306 [

] 57 F 7.6 D-Ala 1.63 £ 0.101 7

D-Asx 512 + 0.245 6

n-Pro 1.33 + 0.059 5

p-Scr 7.47 £ 0.140 3

B 55 M 10.2 D-Ala 1.31 + 0.09% S

D-AsX 6.28 + 0.292 7

D-Pro 1.94 + 1.83 6

1n-Ser 517 + 0123 6

10 53 M 58 D-Ala 1.74 + 0.098 7

D-Asx 3.68 £ 0.115 6

D-Glx 0.46 + 0.012 4

p-Scr 4.57 + 0.195 4

11 33 M 10.0 D-Ala 0.53 £ 0.025 5

D-Asx 145 £ 0.123 7

13-Ser 0.90 + 0.045 5

# %D = 100 - D/(D+L).
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TABLE 1l

RELATIVE AMOUNTS OF p-AMINO ACIDS IN THE SERUM OF PATIENTS UNDERGOING HEMODIALYSIS

Patient  Age Sex Serum Amino acid %D I
Nao. (years) creatinine (mean £ S.D.)
{mg/100 ml)

I 73 M 11.3 D-Ala 235 + 0183 4
n-Asx 8.13 + 0.248 8
B-Pro 1.66 & 0.065 3
p-Ser 801 £ 0.157 5
2 72 M 9.7 u-Ala 4.38 = 0.172 3
D-ASX 6.10 + 0.249 7
D-Gilx 0.72 + 0.100 b
n-Pro 0.85 £ 0.030 6
n-Ser 1.5 £ (1.386 7
3 66 F 1.5 D-Ala 1.74 £ 0.083 5
D-Asx 6.45 £ 0.130 7
-Pro 0.73 £ 0.049 4
D-Ser 8.74 + 0.359 7
4 55 F 4.4 D-Ala 410 + 0.147 6
13- ASX 6.69 1 0.243 4
n-Pro 252 £ 0111 4
D>-Ser 14.50 £ 0.715 5
5 51 F 10.6 D-Ala 1.96 £ 0.180 8
D-ASX 706 £ 0.27 5
D-Glx 0.86 + 0.062 5
D-Pro 0.56 1+ 0.084 ]
13-Ser 384 + 0.203 f

“ 2 = 100 - p/(p+1L).

TABLE II1
RELATIVE AMOUNTS OF p-AMINO ACIDS IN THE SERUM OF PATIENTS WITH NEPHROTIC SYNDROM

Paticnt Age Scx Serum p-Amino acid %D* "
(years) creatinine (mean = 5.D.)
{mg/100 ml)

1 50 M 6.0 -Ala 1.31 = 0.101 6
D-Asx 5.79 £ 0.160 5
-Pro 0.72 + 0L045 6
D-Ser B.44 £+ 0.109 5
2 28 M 1.1 D-Ala 0.90 + 0.022 6
D-Asx .47 + 0095 [
»-Glx 0.34 +£ 0.031 3
b-Pro 0.57 £ 0.037 [¢]
-Ser 2.89 = 0.100 6

=

%D = 100 Di(p+1).
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TABLE IV

RLELATIVE AMOUNTS OF p-AMINO ACIDS IN THE SERUM OF HEALTHY VOLUNTEERS

Volunteer Age Sex Serum D-Amino acid YoD? A
No, (years) creatining (mean + S.D.)
{mg/ 100 ml)
1 59 M 0.8 p-Ala 045 + 0.049 5
D-Asx 1.59 £ 0.102 6
2 51 M 0.9 D-Ala 148 = 0.170 5
D-Asx 1.71 = 0.061 6
D-Pro 4.57 £ 0.010 5
n-5Ser 3.14 + 0.156 4]
3 51 M 0.9 D-Ala .52 + 0.099 4
D-Asx 2.08 £ 0.119 5
»-Glx 0.32 £ 0.028 4
D-Pro 0.91 £ 0.069 5
D-Ser 367 + 0132 6
4 42 M 0.8 D-Ala 1.79 + 0.147 6
n-Asx [.63 £ 0111 7
5 36 F 09 D-Ala [.36 £ 0.113 6
D-Asx 219 £ 0.120 5
p-Pro 0.87 £ 0.039 5
D-Ser 2.86 + 0.070 7

4 %D = 100 - Df(D+1).

amino acids are therefore described as Glx and
Asx in the tables. In the chromatograms they are
designated as Glu and Asp as they are deter-
mined. The basic amino acids, Arg and His,
could not be determined under the derivatization
conditions and analyses using fused-silica col-
umns. The reducing agent BHT was added to the
samples prior to derivatization. D-AA in serum
samples have been characterized as follows.

Patients undergoing continuous ambulatory peri-
toneal dialysis (CAPD) (Table I, Fig. 1)

D-Asx (Asx = Asp + Asn), D-Ala and p-Ser
were found in the scra of all eleven patients. b-
Pro was detectable in seven cases, small amounts
of D-Glx were found in five cases and D-Leu was
found in three samples. Patient | showed an ex-
ceptionally high amount of D-Ala (13%). Note-
worthy are the relatively high amounts of 3.7-
8.2% D-Ser, with the cxception of patient 11 who
only exhibited 0.9% bD-Ser. Patients 1 and 4
showed high amounts of D-Pro, 5 and 6.5%, rc-

spectively. Serum creatinine levels ranged from
5.9 to 13.1 mg per 100 m! serum, indicating renal
insufficiency. The gas chromatogram of the se-
rum of patient | is shown in Fig. .

Patients undergoing hemodialysis ( Table I, Fig.
2)

D-Asx, D-Ala, D-Ser and D-Pro were present in
the sera of all five patients and low amounts of
D-Glx were found in the sera of two patients. The
high amount of D-Ser (14.5%) in the serum of
patient 4 is noteworthy. Serum crcatinine levels
ranged [rom 4.4 to 11.5 mg per 100 ml serum,
apain indicating renal insufliciency. Sections of a
chromatogram of the amino acids from patient 2
are displayed in Fig. 2. The hemodialysales of
lwo patients were also analysed. Patient 1 con-
tained on average 6.9% D-Asx, 2.1% DbD-Ala,
12.1% b-Ser and 1.0% »-Pro, and patient 2 con-
tained 2.5% D-Ala and an exceptionally high
amount of D-Ser (19.8%) [14] (for a chromato-
gram seg¢ ref, 14).
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Patients with nephrotic syndrome ( Table 111, Fig.
3)

D-Asx, D-Ala, D-Ser and D-Pro were detected
in both samples. There were surprisingly high
amounts of D-Ser (8.4%) in the serum of patient
1. Serum creatinine levels were 6.0 and 1.1 mg per
100 ml plasma. The chromatogram of the amino
acids from patient 1 is shown in Fig. 3.

Healthy volunteers { Table 1V, Fig. 4)

Significant amounts of D-AA wecre detected.
D-Asx and D-Ala were present in the sera of all
five volunteers: p-Ser and p-Pro were found in
three samples, and a small amount of D-Glx was
found in one sample. Sections of a chromato-
gram of the amino acids from volunteer 2 are
shown in Fig. 4. Serum creatinine levels were
within the normal range and amounted to 0.8-0.9
mg/100 ml serum.

DISCUSSION

Using an enzymic assay, Nagata e/ «f. [7] have
shown that significant amounts of free D-AA oc-
cur in human blood plasma, and Dunlop et al. [8]
reported the liquid chromatographic detection of
free D-Asp in the blood of human foetuses and
adults.

Nagata et al. [17], again using the enzymic
method, found a positive corrclation between the
plasma D-AA content and the age of the donors.
Further, positive correlations between the
amount of D-AA in plasma of patients with glo-
merulonephritis and the serum levels of creati-
nine, f;-microglobulin, and to the glomerular fil-
tration rate were reported [17]. However, this en-
zymic assay, based on the oxidation of [>-AA by
p-amino acid oxidase (DAO) isolated from por-
cine kidney, does not distinguish between indi-
vidual D-AA and shows a very low affinity for
Dp-Asp and pD-Glu [18]. Our results show that cap-
illary GC cmploying a chiral stationary phase
(Chirasil-L-Val) is a highly suitable mecthod for
the resolution and determination of the relative
amounts of individual amino acid cnantiomers in
human blood serum. After the samples had been
deproteinized the amino acids were isolated by
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cation-exchange treatmenlt before conversion in-
to volatile derivatives for GC analysis.
Application of the method to the sera of eigh-
teen patients sullering from renal insufficney re-
vealed that b-Asx and D-Ala were present in all
cases and that n-Ser, »-Pro and p-Glx were de-
tectable in certain sera. The, in part, relatively
high amounts of certain D-AA (see tables) in the
sera of patients with renal discases is noteworthy.
Healthy volunteers also cxhibited D-Asx and »-
Ala in all cases and p-Pro and p-Ser in three in-
stances. In order to evaluate a possible correla-
tion between the relative amounts of D-AA in the
sera and the creatinine levels, which serve as an
indicator of renal malfunction, the rclative
amounts of D-Ala, D-Pro, D-Asx and p-Ser were
subjected to linear regression analysis. The D-
AA contents of all serum donors were used, with
the exception of those mentioned in Figs. 5 and 6.
Linear regression analysis leads to positive corre-
lation factors for p-Asx (r = 0.748, Fig. 3) and
p-Ser (r = 0.667, Fig. 6) with statistical%signif-
icance al the 95% confidence level (sec legends to
Figs. 5 and 6). No positive correlation could be
found for n-Pro {r = 0.185) and p-Ala (r =
0.451). Further, using IEC, the absolute amounts

% D—-Asx
-

T
2 4

T T ¥ 1
a8 10 12 14
creatinine Lrmg ~ 100 ml1

m-

Fig. 5. p-Aspartic acid (Asx = Asp + Asn) versuy creatinine
content of humun blood sera; the dotted line represents the fitted
regression line: y = 2.13 + 0.36x, r = 0.748; » = 22. Symbols
are means of multiple measurements (sce Lubles) of patients un-
dergoing CAPD (), undergoing hemodialysis (% ), with neph-
rotic syndrome ( % ), and of healthy volunteers (4); () not with-
in the 95% confidence limit and was not used for caleulation.
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Fig. 6. D-Ser versus creatinine content of human blood sera; the
dotted line represenis the fitted rcgression line: p = 3.11 +
0.41x, r = 0.667, r = 19. Symbols are means of multiple mea-
surements (see tables) of patients undergoing CAPD (@), under-
going hemodialysis (%), with nephrotic syndrome (%), and of
healthy volunteers (& ); () not within the 93% confidence limit
and was not used for calculation.

of all amino acids in the sera of three patients
undergoing CAPD were determined, and the ab-
solute amounts of D-AA were calculated from
the relative amounts as determined by GC (cf.
Table I}. For paticat 2, 52.2 mg of free AA per
100 ml of serum were found, and a value of 0.46
mg of free D-AA per 100 ml of serum (40.3 nmol/
ml serum) was calculated. For patient 7, 46.2 mg
of free AA per 100 ml of serum were found, and a
value of 0.54 mg of frec D-AA per 100 ml of
serum {50.7 nmol/ml) was calculated. For patient
11, 52.8 mg of free AA per 100 ml of serum were
found, and a value of 0.07 mg of free D-AA per
100 ml (6.6 nmol/ml serum)} was calculated.
These values are similar to those reported by Na-
gata ¢t al. [17] lor patients with glomerulonephri-
tis (3.6-52.6 nmol D-AA per mi plasma).

The results show that the application of the
GC method described allows the characterization
of D-AA in the blood serum of healthy denors
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and patients suffering from renal diseases. It ap-
pears that a positive correlation exists between
the amounts of D-Asx and D-Ser and the serum
creatinine level in patients with renal malfunc-
tion. One might speculate that a reduced renal
function and excretion, and the probably not ful-
ly active D-AA oxidase systems, result in an in-
crease of the relative amounts of D-AA which
are, however, also present in healthy individuals.
1t should be stressed thal only a limited number
of patients were available and therefore no corre-
lation of serum creatinine levels with respect to
the age or scx of the donors could be done, in
contrast to the work of Nagata et al. [17]. Fur-
ther, with respect Lo the activity and presence of
DAO, not only renal malfunction has to be taken
into account, because DAQ and Dp-aspartate ox-
idasc also occur in human liver and other tissues
[18,19] and have been proposed by Hamilton and
Buckthal [20] to be present in virtually all cells.
These authors have also reported that certain me-
tabolites and drugs inhibit mammalian DAQ
[20]. In our investigations, with one exception,
the patients undergoing CAPD were also being
treated with various drugs, such as diuretics,
analgetics, cardiacs, antihistamines and insulin.
These data were not available for the patients on
hemodialysis or suffering from nephrotic syn-
drome. Further, the composition of the food in-
gested by the donors was not controlled, al-
though this certainly has an influence on the in-
testinal flora (see below).

Possible origin of D-amino acids in human blood
Serum

The release of free D-AA, in particular D-Asp,
from long lived proteins, such as tooth enamel,
human lenses, human brain and human myelin
basic protein (see ref. 21 and the literature cited
therein), is not considered to be a likely source
for the D-AA lound in serum. Intramolecular
conversion of L-Asp into D-Asp in proteins is at-
tributed to a temperature- and age-dcpendent,
chemically induced isomerization process, and
the D-Asp formed has to be released from the
protein by total acidic hydrolysis. The exogenous
uptake of free D-AA with foodstuffs, which
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might result in the intake of several hundred mil-
ligrams when certain cheeses are consumed, has
already been reported, and nutritional aspects
have bheen discussed; we therefore refer to a re-
cent publication [15] and the references cited
therein.

Besides food, the gastrointestinal microbial
flora in humans, the most common genera being
Streptococci, Lactobacifli and Enterobacteriaceae
[22-24], are suspected as possible sources for D-
AA found in blood. The p-cnantiomers of Ala,
Asp and Glu are typical constituents of the pepti-
doglycan-forming bacterial cell walls [25], and
these as well as other D-AA have been found in
the cytoplasma of bacteria [1]. Bacterial amino
acid racemases that catalyse the conversion of al-
most all physiological L-AA into their D-
enantiomers have been described, including those
that catalyse the inversion of L-Ser and L-Pro into
their v-enantiomers, as well as p-proline reduc-
lases thal catalyse the conversion of S-aminoval-
erate into D-Pro [26]. From these data it appcars
that D-AA originate as metabolites or through
autolysis and digestion of intestinal bacteria.
They are, therefore, after permeation through the
mucosa [27], a possible source of the D-AA
found in serum, or at Icast a contribution. This
view is indirectly supported by the appearance of
Y*N-labelled intestinal microbial amino acids in
the venous blood of the pig colon [28]. An exten-
sion of this concept would be that bacterial in-
fection of tissues might also be a source for D-
AA under certain circumstances, as indicated by
a report ol Ueda et ¢f. {29]. However, in contrast
to this view, Nagata and Akino [30] also found
free I}-AA 1n the kidney, liver, serum, and urine
of germ-free mice and no significant differences
were observed in comparison with normally
raised controls. Thercfore these authors cxelude
a microbial origin of free D-AA in mice, and
guestion an carlier report by Hoceprich [6] who
found no D-Ala in the sera of germ-Iree guinea-
pigs and mice. Furthermore, free b-Asp has been
found in various tissues of 36-h-old rats and hu-
man foctuses [8].

Taking all the data into accounl, a partial en-
dogenous formation of certain D-AA in humans
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cannot be excluded. These findings might cxplain
the as yet not fully understood presence of DAO
and D-aspartic acid oxidase in a multitude of hu-
man and animal cells (for a discussion of the role
of DAQ see refs. 18 20 and the references cited
therein). Finally, the presence of free p-Scr and
p-Pro in most human blood scra 1s of interest, be-
cause toxic effects of p-8er [31,32], and p-Pro [33]
have been reported in rats, and kidney homog-
cnates of rats show a high oxidation rate for -
Pro [34].

ADDENDUM

After this paper was submitted for publication
Nagata et af. [35] published a paper on the liquid
chromatographic determination of individual D-
AA in human plasma, in which they come to sim-
ilar conclusions.
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