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Previous in vivo studies in the ovine fetus have demonstrated
net serine production by the fetal liver, a pattern not seen in the
adult sheep. The goal of this study was to determine the major
metabolic pathway s responsible for fetal hepatic serine produc
tion by using stable isotope methodology in primary culture of
late ges tation ovine fetal hepatocytes. Specifically selected trac
ers of glycine were added to individual cultures, with production
of labeled serine determin ed after 24 h of incubati on. When
[1- 13C ,lglycine or [2- 13C1]glycine was used as the initial tracer ,
serine enrichment at 24 h indic ated that approximately 30% of
serine production comes from glycine. Quantitative comparison
of serin e enrichment from these two tracers suggests that serine
synthesis from glycine occurs via the combined action of the
glycine cleavage enzyme system (GCE) and serine hydrox ym
ethyltransferase (SHMT). Using [1,2-13 C:z J5 N1]glycine as the
tracer , there was no significant increase in M + 2 glycine in the

During fetal life, amino acids are used for many functions
such as precursors for prote in synthesis and metabolic fuels,
and for the synthesis of other carbon- and nitrogen- containing
compounds including nucleic acids, glycogen, and lipid. There
is increasing evidence that fetal amino acid metabolism has
unique characteristics when compared with adult metabolism
(1, 2). Some of these differences are due to ontologie changes
in organ-specific amino acid metabolism (3). In particular,
there appear to be differences in fetal hepatic serine metabo
lism when compared with adult hepatic serine metabolism (2,
4-8). In the sheep, in vivo studies have indicated that serine
and glycin e have unique fetal metabolic characteristics com
pared with those that have been demonstrated in adult animals
of other species. Using the unique ability to chronically cath
eterize the ovine fetal liver, it has been demonstrated that in the
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medium over 24 h, suggesting no reversibl e transamination of
glycine, and therefore no significant movement of glycine
through the glyox alate pathw ay. These data demon strate that in
primary culture offetal ovine hepatoctyes, approximately 30% of
serine biosynthesis is derived from glycine, primarily via the
comb ined action of GCE and SHMT. (Pediatr Res 38: 775-782,
1995)

Abbreviations
SHMT, serine hydroxymethyltransferase
GCE, glycine cleavage enzyme system
THF, tetrahydrofolate
M, mass (atomic mass unit , amu) of the natural 12C or 14N
isomer of serine or glycine
MPE, mole percent enrichment

late-ge station ovine fetal liver there is net hepatic uptake of
glycine with net hepatic release of serine (2, 7). In contrast,
studi es in the adult dog, cow, and rabbit have demonstrated a
net hepatic uptake of both serine and glycine (5, 9-11).

In the fetus, serine is important for nucleotide biosynthesis
and as a potential donor of methyl carbon (12) . The metabolic
precursors for fetal hepatic serine production are unknown.
Studies suggest that glucose in the fetal rat (4) and glycine in
the fetal sheep (2) are significant precursors of fetal hepatic
serine biosynthesis.

The enzymatic pathways by which glycin e carbon could
contribute to serine synthesis are shown in Figure 1 and may
include : 1) SHMT where glycine is combined with the donor
methyl group derived from a non-gl ycine source, 2) coupling
of GeE with SHMT such that 2 glycine molecules are used to
form 1 molecule of serine, or 3) by a more indirect pathway
involving the transamination of glycine to glyoxalate and the
eventual contribution of glycine carbon to methylene-THF.

We have recently developed a system of primary culture of
ovine fetal hepat ocytes which maintains a pattern of net me
dium amino acid production and utilization similar to that seen
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METHODS

2 X 106 cells/25-mm plate. Cells were incubated in humidified
air/C0 2 (19:1) at 37°C and the medium was changed every
24 h. After adherence for 4-10 h, the medium was changed to
standard medium (arginine-free minimal essential medium-a
supplem ented with 1.1 mM glucose , 2 mM lactate, 0.4 mM
ornithine, 10 nM insulin, and antibiotics). The glucose and
lactate levels were selected to approximate ovine fetal levels
(14).

All aspects of animal care and use were reviewed and
approved by the institutional animal care and use committee.

Experimental design. In a typical experiment, after adher
ence, hepatocytes were cultured in standard medium supple
mented with the stable isotope of interest at a 10-15% target
enrichment. The medium was sampled at 0 and 24 h, and then
analyzed for amino acid concentration and enrichment as
outlined below. Preliminary data demonstrated linear changes
in both MPE and serine/glycine concentration changes over
time. For determination of serine to glycine interconversion,
[l-13Cd serine was used as the tracer. For assessment of gly
cine to serine in tercon version , [1- 13Cdglycine and
[2-13Cd glycine were used as the tracers. These two stable
isotopes allow the determination of the contribution of the
combined action ("coupling") of GCE and SHMT to the
biosynthesis of serine from glycine compared with the contri
bution of SHMT alone. The degree of coupling of these two
enzymes was expressed as the ratio of the 24-h serine M+1
MPE fro m [2- 13 C1]glycine/24-h serine MPE from
[l-13Cd glycine. A ratio = 1 indicates the absence of coupling,
whereas a ratio = 2 suggests complete coupling of these GCE
and SHMT. For further evidence supporting or refuting cou
pling of GCE and SHMT, and to investigate the contribution of
the glyoxalate pathway to serine biosynthesis, studies were
performed with [1,2-13 C2] glycine, [2-13C

l
15Ndglycine, and

[1,2-13 C2
15Nd glycine.

Changes in medium serine and glycine concentrations over
24 h were studied in parallel cultures to which no serine or
glycine isotopes had been added. The number of replicate
cultures per isotope per animal ranged from 2 to 11 (mean of
4). Medium was harvested by aspirating with a sterile pipette at
the indicated times, followed by centrifugation (10,000 X g, 30
s at 4°C) and then the medium was snap frozen for subsequent
analysis. As a control, medium was incubated without cells for
24 h and analyzed in a similar manner.

To determine the effect of medium serine concentration on
hepatocyte serine production, experiments were performed
under normal medium conditions (serine concentration approx
imately 0.24 }..LmollmL) and compared with medium conditions
where the serine concentration was approximately 3.5 times
the normal level (serine approximately 0.79 }..LmollmL).

For most of the results, a sampling time of 24 h was selected
for the following reasons: 1) Initial cultures with multiple time
points over 24 h demonstrated linear changes in both serine and
glycine concentrations and enrichments (see Results); 2) cell
viability was maintained over 24 h as determined by constant
protein and total RNA content (13); 3) significant differences in
serine and glycine enrichments were demonstrable by 24 h
using the initial tracer enrichment levels that were selected; and
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across the fetal ovine liver in vivo (13). Specifically, there is a
net production of serine and a net uptake of glycine. The aims
of this study were: 1) to compare stable isotope studies of
serine biosynthesis in primar y culture of fetal ovine hepato
cytes with our previous in vivo studies, and 2) to identify the
relative contribution of the speci fic pathways (i.e. GCE,
SHMT, and glyoxalate pathways) by which glycine is con
verted to serine in primary fetal ovine hepatocytes using this
tracer methodology.
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Figure 1. Metabolic pathways of serine and glycine interconversion . Possible
pathways of serine production from glycine and the source of the different
serine carbons when serine is produced from glycine. The 3 carbon (or the "B"
car bon) of se rine is prov ided by the intermed iate CH2-THF (tvS,N IO

›

methylene-tetrahydrofolic acid) which is produced from glycine by the action
of GCE . An alternative way of cont ributing the "B" carbon to the one-carbon
pool is via Iransamination of glycin e to glyoxalate with eventual production of
CH2-THF. Serin e carbons 1 and 2 come directly from glycine, which combi nes
with CH2-THF via the enzyme SHMT.

Cell isolation and primary culture of hepatocytes. Colum
bia-Rambouillet pregnant ewes were anesthetized with pento
barbital (25 mg/kg i.v.). The fetus was delivered by cesarean
section, anesthetized with pentobarbital (20 rug/kg), and hep
arinized (1000 U/kg of body weight). Hepatocytes were iso
lated from these late gestation fetal lambs by in situ perfusion
and collagenase digestion as previously reported (13). Cell
viability was assessed by trypan blue exclusion. Only cell
isolations with > 92% viable cells were used for primary
culture. After isolation, cells were resuspended in seeding
medium (arginine-free minimal essential medium-a , supple
mented with 1.1 mM glucose, 2 mM lactate, 0.4 mM ornithine
(Life Technologies, Inc., Gaithersberg, MD); 10% fetal calf
serum, 10 IU/mL penicillin, 100 }..Lg/mL streptomycin, 50
}..Lg/mL kanamycin, and 10 nM dexamethasone), and plated at
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0.3% were considered to be the lower limit of reliable enrich
ment detection in this laboratory.
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2. Changes in serine and glycine enrichment over time. Representa
tive MPE data showing the linear changes in serine and glycine medium MPE
over 24 h when [1,2· 13C2

15Ndglycine is added to the medium at time O.

RESULTS

Study hepatocytes. Hepatocytes were isolated from 10 fetal
lambs with a mean gestational age of 132.9 :±: 1.4 d (range of
123-142 d, with term gestation in the sheep being approxi
mately 145 d). Cell yield averaged over one billion cells/
isolation. Cell viability was always greater than 95% as as
sess ed by trypan blue exclusion .

Change in medium serine and glycine concentration over
time. Change in medium serine and glycine concentrations
over 24 h was determined in nine different cultures from four
different animal s to which no serine or glycine stable isotopes
were added. There was a net reduction of medium glycine
concentrati on of 0.26 :±: 0.03 urnol/Ifl? cells/24 h, and a net
increase in medi um serine of 0.12 :±: 0.02 p,mol/106 cells/24 h.
Both changes were significantly different from 0, with p <
0.0001. Thu s, as previously demonstrated, primary cultures of
fetal ovine hepatocytes maintain the fetal pattern of net serine
biosynthesis and net glycine utilization (13).

Linearity of MPE changes over time. To determine the
appropriate times for medium sampling for the assessm ent of

multiple MPE sampling
time POInts(3- 5 time points per culture) were obtained over 24
h for each of the isotop es studied. For all cultures wi th :::=:3
sampling times in 24 h (n = 87), the mean r value for the

of MPE versus time was 0.90 3 :±: 0.11. A represen
tative example is shown in Figure 2 where after the addition of
[l ,2-13ez 15Ndglycine as the tracer at time 0, there is a linear
increase in M+3 serine and linear decline in M +3 glycine over
time.

Stable isotope data: glycine tracers. Tabl e 1 demon strat es
the 24-h change in medium glycine isotop omer enrichments for

where R sampl e is the ratio of the M+11M peak areas in the
sample, and R stand is the ratio of the M+11Mpeak areas

In the unlabeled standard. The stable isotope enrichments of
both substrate and product were corrected for the natural
background occurrence of the isotopomers of these molecules
as describ ed by Biemann (16). Although the interp retation of
the results of some stable isotope studies may not be affected
by this correction, failure to make this adjustment can produ ce

enrichments which may result in inaccurate interpre
tations of the data (17- 19). In addition, a "skew correction"
was applied which adjusts for the fact that the abund ances in
the gas chromatography-mass spectrometry spectrum of a la
beled molecule are different from those in the same molecule
which is unlabeled (19).

concentration in the media (micromole . mL -1 ) was
obtained by multiplying the amino acid concentration of the
tracer in the medi a X its MPE (%) X 0.01.

Statistical methods. Values are expressed as the mean :±:
SEM . Net positive values over 24 h for MPE , tracer conc en
tration and amino acid values indicate an increase in the
med ium over this time period , and negative values indicate a

in amount in the medium. Twenty- four-hour changes
of ennchment or tracer concentrations in the media were

to be different from 0 by the paired,
two-tailed t test. Comp anson of corrected versus uncorrected
enrichments were done by the paired, two-t ailed t test. Com
parisons in enrichment between various isotopes were per
form ed by the unpaired, two-t ailed t test. Enrichment values of

MPE = {(R sample - R stand)/[l + (R sample - R stand)]} X 100

4) There is a significant decre ase in medium glutamine by 30
h, precluding longer experimental studies.

Media amino acid determinations. For amino acid and mass
spectral analysi s, the froz en medium supernatant was rapidly
thaw ed and deproteinized with 15% sulfosalicylic acid, and the
pH was adjusted to 2.2 with 2.35 N LiOH. Samples were
centrifuged and the supernatants anal yzed for amino acid
content with a JEOL-200A amino acid analyzer using nor
leucine as the internal standard.

Mass spectral isotope ratio analysis. All isotopes had a
purity :::=:98% atom% excess (ClL, Woburn, MA). Medium
containing stable isotopes was analyzed for serine and glycine
mass spectral isotop e ratios following the methods previously
described for amino acids (15) . Analyses were performed on a
Hewl ett-P ackard 5890 gas chromat ograph fitted with a 7673T
Autosampl er and interfaced to a 5970 mass selective detector
and a Hewlett-Packard-9000 worksta tion. Multiple ion selec
tion was performed on derivat ized samples. Peaks for serine
enrichment were recorded at masses of 390-394. Peaks for
glycine enrichment were record ed at masses 246-249. These

the M-57 moiety from the z-butyl-dimethylsilyl
derivative of both amino acids. Aliquots of media obtained at
time 0 and subsequent time points were analyzed for MPE .
Specimens were analyzed in tripli cate.

Calculations. The MPE was calculated by using the differ
ence in peak area ratios betwe en unenriched and enriched
samples according to the following calcul ation:
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Starting MPE (%)
24-h change in MPE (%)t

M+ 1
M+2
M+ 3

Replicate cultures
Number of animals

THUREEN ET AL.

Table 1. Net decrease in media tracer glycine MPE over 24 h

10.7 ::': 0.2 12.2::': 0.4 9.8::': 0.2 12.1 ::': 0.5

-2.0 ::': 0.2* -2.8 ::': 0.2* 0 0
-2.6 ::': 0.3 ' -2.8 ::': 0.3'

16 11 11 12
3 4 4 4

10.6::': 0.6

o
o

-1.9 ::': 0.2'
12
4

• Twent y-four-hour MPE change significantly different from 0, p < 0.001.
t Positive value indicates increase in medium enrichment, negative value indica tes decline in media enrichment.

each of the five glycine tracers studied. The observed dilution
of enrichment implies active synthesis of unlabeled glycine at
the same time a net decline in the medium glycine concentra
tion is occurring. The comparable decrease in glycine MPE
with all of the tracers suggests a comparable rate of glycine
synthesis in all cultures.

Figure 3A presents the changes in medium over 24 h when
hepatocytes were cultured in medium enriched with either
[1-13Cdglycine or [2-13Cdglycine as the tracer. To factor out
the effect of initial tracer enrichment on the amount of labeled
serine produced, the bars in this figure represent the 24-h
change in medium serine MPE for each serine isotopomer as a
percent of the starting MPE of the glycine tracer. There is a
significant production of M+ 1 serine from [1-l3Cdglycine,
which would occur via the action of SHMT. As seen in Figure
1, GCE produces CO2 from the first carbon in glycine, and
methylene-THF from the second carbon. With [l_ l3Cdglycine,
under the action of GCE the l3C label is lost as l3C02. Thus
M+ l serine can only be produced by [1-13C1]glycine serving
as a substrate for SHMT.

As shown in Figure 3A, when [2-l3Cdglycine is used as the
tracer, the production of M+ 1 serine is twice as great as that
seen when [1-l3Cdglycine is used as the tracer. In Figure 1 it
can be seen that M + 1 serine can be produced from
[2-13C

1]glycine either by glycine functioning as a methyl
donor in the GCE pathway (i.e. carbon "B" in glycine becomes
the 3 carbon in serine), or by glycine serving as substrate for
SHMT (i.e. carbon 2 in glycine becomes the 2 carbon in
serine). Under the action of SHMT, either [l_l3Cdglycine or
[2-13Cdglycine will produce M+ 1 serine (the label appearing
at the 1 and 2 carbon positions of serine, respectively). How
ever, only [2-l3Cdglycine (and not [1-l3Cdglycine) could
result in the production of M+ 2 serine. This would occur by
labeled carbon being derived from both the GCE and SHMT
reactions occurring sequentially. The 2:1 ratio of M+l serine
from [2-l3C1]glycine to M+ 1 serine from [1-l3C1]glycine
suggests a significant degree of coupling of GCE and SHMT.
This 2:1 ratio was similar when either the cumulative data for
all cultures enriched with these isotopes were used (11 repli
cate cultures in 4 animals and 16 replicates in 3 animals for
[2-13Cdglycine and [l-13Cdglycine, respectively) (ratio =

2.1), or when culture data where [2-13Cdglycine and
[1-13C1]glycine were studied in parallel cultures from the same
fetus (1 animal with 11 and 3 replicate cultures, respectively)
(ratio = 1.7). This latter group of studies is more specific in
that possible variables such as cell density and viability are
factored out.

Further evidence for coupling of GCE and SHMT comes
from the production of M+ 2 serine from [2-13Cdglycine (Fig.
3A). This should only occur by the sequential action of GCE
and SHMT.

Figure 3B demonstrates the changes in serine isotopomer
enrichment over 24 h with the initial tracer being [1,2
l3C2]glycine, [2_ l3Cl

15Ndglycine, or [1,2-13C
2 15Ndglycine.

As described above for Figure 3A, the same correction was
made for the initial tracer enrichment. There are two potential
ways that serine could be produced from glycine via the
glyoxalate pathway as seen in Figure 1: 1) by deamination of
glycine before its conversion to serine by SHMT, and 2) loss
of an amino group by glycine with subsequent donation of the
"B" CH2-THF to another glycine molecule. If the first pathway
were active, there should be production of M+ 1 glycine from
[2_13Cl 15Ndglycin e and M +2 glycine from [1,2-13C2
15Nd glycine (i.e. loss of the 15N label in both cases). As shown
in Table 1, this did not occur. Also, as demonstrated in Table
1, the decline in M+ 2 glycine enrichment over 24 h is similar
for [1,2-13C2]glycine and [2-13Cl I5N1]glycine, which would
not occur if glycine were significantly deaminated. Additional
evidence supporting the lack of deamination/reamination of
glycine are the similar enrichments of M+ 2 serine from [1,2
l3C2]glycine, M+ 2 serine from [2_13C

1
15Ndglycine, and M+ 3

serine from [1,2-l3C2 15Ndglycine. It would be expected that
there would be a relatively greater enrichment of M+2 serine
from [1,2-13C2]glycine if significant glycine deamination were
occurring. The second scenario of glyoxalate pathway activity
(i.e. loss of an amino group by glycine with subsequent dona
tion of the "B" CH2-THF to another glycine) is more difficult
to prove directly because the THF pool could be labeled either
via GCE or the glyoxalate pathway. However, it is unlikely to
be a major source of serine production because deamination of
glycine is a prerequisite step, and glycine deamination doesn' t
appear to be active for the reasons noted above.

In the absence of an active glyoxalate pathway production of
serine (see above), production of M+ 1 serine from [1,2
l3C2]glycine, [2-13C1

15Ndglycine, or [1,2_13C
2
15Ndglycine

(Fig. 3B) would occur only if l3C-labeled methylene-THF is
produced from anyone of these tracers by the action of GCE
followed by use of the labeled methylene-THF and unlabeled
glycine by the action of SHMT. This provides further support
for the combined action of GCE and SHMT in these fetal ovine
hepatocytes.

Stable isotope data: serine tracer. When [1-13Cd-L-serine
tracer was added to the medium at time 0, there was a decline
of M+ 1 serine from 18.5 :±: 0.6 to 7.1 :±: 0.7% enrichment over
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Figu re 3. (A and B) Change in serine enrichment over 24 h expressed as a percent of initial glycine enrichment. Bars represent the mean change in medium
enrichment of serine iso toporners ove r 24 h expressed as a percent of the starti ng enrichment for va rious glyci ne tracer s. This facto rs out the effect of the glycine
enrichment on the magnit ude of the labeled serine prod uced. Error bars indicate SEM. For eac h bar, the mean isotopome r change over 24 h is significa ntly
different from 0 ( p < O.OOS for all isoto pomers). SHMT and GCE indicate ser ine which cou ld only have bee n produced from glycine via SHM T or GCE,
respectively. SHMT or GCE indicates that SHM T and GeE are s imultaneously act ing on the glycine subs trate pool to prod uce serine. GCE -> SHMT indic ates
two sequential reactions whereby there is initia l glyci ne cleav age to methylene-THF, and this specific methylcnc-TH f combines with glycine thro ugh the action
of SH MT to produce serin e. Transamination indicat es reversibl e transa mination through glyoxa late.

24 h (implying dilut ion of the serine pool by serine synt hesis),
and an increase in M+ 1 glycine from 0 to 0.9 :t 0.1%
enrichment. Both of these changes were significantly differe nt
from 0 (p < 0.0001).

Table 2 shows chan ges in serin e conc entration and enrich
ments betwe en the two media wit h different serine concentra
tions. These data demonstrate that both net serine production
and the extent of glycine to serine conversion are a function of
seri ne concentration.

Tracer concentration studies. Table 3 demonstrates the
glycine and serine tracer concentration changes (i.e. MPE X

am ino acid concentration) in the medium over 24 h for each of
the glycine tracers used. The ratios of serine:g lycine trace r
concentrations averaged 0.27 (range of 0.22-0.35).

Because SHMT is a bidirectional enzyme, we investigated
the change in glycine tracer concentration after the addition of
[ l . 13C t ]-L-serine to the medium. Figure 4 demons trates that
when labeled serine is added to minimal essent ial medium
(which has a serin e concentration at wh ich there is net serine
production and glycine consumption by cultured feta l hepato
cytes), labeled glycine does appear in the medium. This indi
cates the reversibility of the interconversion of serine to gly
cine in vitro.

DISCUSSION

In studies of various adult anima l spec ies, the liver exhib its
a net uptake of both serine and glycine (5, 9- ] I). In contrast,
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Table 2. Change in medium serine concentration and enrichments
over 24 h in "low" vs "high" serine medium

Blank values indicate an MPE value :5 0.3%, which is considered to be the
lowest accurate level of enrichment detection by gas chromatography-mass
spectrometry in this laboratory.

Data from six replicate cultures in three animals.
§ Positive value indicates an increase and negative value a decrease in

medium serine concentration over 24 h.
• Significantly different from value in low concentration serine media, P <

0.05.
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This study demonstrates that in ovine fetal hepatocytes
cultured at "maternal" serine (low) concentrations there was a
net consumpt ion of glycine and a net production of serine. This
same pattern was seen in a prior study of amino acid fluxes in
primary culture of fetal sheep hepatocytes (13). In contrast, net
serine utilization has been described for adult rat hepatocytes
cultured at comparable serine concentrat ions (8).

The primar y aim of this study was to identify the pathways
by which glycine is converted to serine in fetal ovine hepato
cytes by determining the enrichment of serine in the medium
after the addition of stable isotopes of glycine. The pathwa ys
involved could include SHMT, GCE, or transaminat ion (via
the glyoxalate pathway).

In vivo studies of the fetal liver suggested the import ance of
a pathway involving the oxidation of glycine via GCE in that
the net efflux of tracer COz and tracer serine from the liver
were in approximately equimolar amounts (2). Tight coupling
of GCE and SHMT has been described for the adult rat kidney
(25) . Coupling suggests that there is either a close physical
proximitiy of these two enzymes, a small local pool of meth
ylene-THF producti on, or both. In the present study, the com
bined action of GCE and SHMT in serine producti on from
gycine is suggested in several ways. As seen in Figure 3A,
M+1 se rine enrichm ent wa s twice as great from
[2-13C]]glycine when compared with [l-13Cdglycine (MPE
ratio of 2.1). The M+1 serine peak from [1-13C]]glycine is due
to the action of SHMT, whereas the M+1 serine peak from
[2-13C]]glycine is due to the action of SHMT and GCE both
acting independently on a common glycine substrate pool.

Th e find ing of M +2 ser ine enr ichment whe n
[2-13Cdglycine is the initial tracer (Fig. 3A) could occur only
by the sequenti al action of GCE and SHMT. In addition, one
would expect to find M+3 serine enrichments with [1,2
13Cz]glycine and [2_13C]15Nd and an M+ 4 serine enrichment
with [1,2_13C

z
15Nl]glycine (Fig. 3B), and these were not ob

served. It is possible that these enrichments are below the limit
of detection.

Time (hours)

Figure 4. Change in serine and glycine enrichment over time with serine as
the initial tracer. With the addition of labeled serine to the medium at time 0,
a significant decrease in serine tracer concentration and increase in the glycine
tracer concentration occurs over 24 h (difference from 0 determined by paired
I test, p < 0.0001 for both serine and glycine tracer concentration changes).
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Table 3. Corrected tracer concentration change over 24 h
(nanomole tracer/mL medium124 h)

[1-l3Cd [2-l3Cd [2_l3C
I

15N,]

Initial tracer
glycine

M+l glycine -49.2 -115.1
M+ 2 glycine -89.0 -67.3
M+3 glycine -56.6
Total glycine -49.2 -115.1 -89.0 -67.3 -56.6

Tracer serine
production

M+ 1 serine 10.9 26.1 8.3 9.6 5.7
M+ 2 serine 2.9 12.2 14.9 2.2
M+3 serine 9.2
M+4 serine
Total serine 10.9 29.0 20.5 24.5 17.1

Ratio serine: 0.22 0.25 0.23 0.36 0.30
glycine

Replicate 16 11 11 12 12
cultures

No. of animals 3 4 4 4 4

in vivo studies in fetal sheep have demonstrated a net hepatic
uptake of glycine but a net hepatic production of serine (20,
21). This suggests that serine and glycine have unique fetal
metabolic characteristics when compared with their metabo
lism in the adult. These same studies in fetal sheep have shown
a negligible uterine uptake of glycine but a large umbilic al
release of glycine from the placenta to the fetus (20, 21), and
the converse for serine, a measurable net uterine uptake with
no measurable release of this amino acid from the placenta to
the fetus in both the mid- and late-gestation fetus (7, 22, 23).
Therefore, there is no apparent transfer of serine from the
mother to the fetus. This establishes the fact that in the fetal
sheep, serine requirements must be met by endogenous fetal
serine production. A recent study suggests that a similar situ
ation exists in the human fetus (24). Several studies have led to
the hypothesis of interorgan cycling between the the placenta
and the fetus (particularly the fetal liver) for these two amino
acids (2, 23). The present studies were undertaken to confirm
the in vivo findings of ovine fetal hepatic glycine uptake and
serine production in an in vitro system, and to determine the
relative contribution of specific metabolic pathways to serine
biosynthesis.
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The changes in glycine enr ichment in the medium over 24 h
when eithe r [2- 13C I

15N,]glycine or [1,2- 13C215Ndglycine is
the tracer (Table 1) indic ate that virtually no reversible
transamination of glycine occurs. For [2_13C

I
15N

I ]glycine
there is a significant declin e in the M + 2 glycine enrich ment,
and no production of M + 1 glycine (i.e. glycine which has
exc hanged the labeled nitrogen), and for [1,2-13CzI5NI]glycine
there is a significant decl ine in the M + 3 glycine enrichment
and no pr oduction of M +2 glyc ine. Wh en [1,2
13CZI5Nd glycine is the tracer there is no significant change in
either the M + 1 or M + 2 glycine enrichment, suggesting that
the glycine molecule remains intact. Th is suggests that revers
ible transamination of glycine throu gh glyoxalate is either not
active or not detectable (whi ch might occur , for example, if the
glyoxalate pool were very large) under these experimental
conditions.

The significant increase in M+ 1 serine enrichment from
[1,2- I3CzI5NI]glycine (Fig. 38) suggests an enriched methyl
group derived from [1,2- 13ezI5NI]glycine combines with un
labeled glycine to produc e serine. The increased M + 2 serine
enrichment could occur in 2 ways : 1) from reversible transam
ination of the significant pool of M + 3 serine whereby M + 3
serine is converted to M + 2 serine through exchange of the
labeled nitrogen for unlabeled nitrogen, and 2) conv ersion of
M+3 glycin e to M+2 glycine by transamination, and then
subsequent addition of an unlabeled meth yl group to this M+2
glycine. The former pathway is the most likely because no
M+ 2 glycine production was detected (Tab le 1).

In sum, these data sugges t serine is produced from glycine
via the simultaneous action of GCE and SHMT on the same
glycine substrate pool, with minimal glycine transamination.

At a "fe tal" plasma level of ser ine in the culture medium we
were unable to demonstrate net medium serine production
(Table 2). Because net serine production is found across the
fetal liver in vivo, it impli es that the culture conditions may not
exactly mimi c the in vivo system (e.g. hormones, grow th
factors, etc). Howev er, the pattern of the stable isotope data
demonstrates that glycine to serine conversion is still active at
the high "fetal" serine concentration, though at a somewhat
reduced magnitude.

Based on the labeled glycine:serine tracer concentration data
(Table 3), the present study demonstrat es that of the extrace l
lular glycine used by cultured fetal ovine hepatocytes, approx 
imatel y 30 % is directed to seri ne synthesis. The carbon ske l
eton source for the remainder of the serine produced was not
determined in these experiments. In adult tissues, serine bio
synthes is has been studied in detail , and three different path
ways of serine biosynthesis desc ribed (26 -29). Two of these
pathways are through 3-ca rbon carbohydrate intermediates
involving the phosphorylated and nonphosphorylated path
ways of glucose degr adation. The se pathways have not yet
been invest igated either in vivo across the fetal liver or in fetal
hepatocyte cultures.

From this study and prior in vivo studies it is clear that the
ovine fetal liver has unique serine and glycine fluxes through
metabolic pathways comp ared with adult liver. Ascertaining
the specific mechani sms by which this and other biochemical
pathways operate in utero is impor tant in determining the

unique metabolism that occurs in fetal life. Stable isotope
methodology can be much more specific than radioisotopic
methodology in that it allows the ability to dissect metabolic
events by labeling and quantifying individual atoms or com
bina tions of atoms within the molecule of intere st rather than
just detecting total counts. Comp ared with in vivo studies, the
use of a fetal ovine hepatocyte culture, which has been shown
to retain fetal characteristics, has the advantage of allowing the
investigation of mult iple metabolic pathways simultaneously.
Also, cell culture allows access to studies of metabolism in
younger gestation fetuses where transhepatic catheter place
ment is not techni cally possible. We believe this is the first
study which has confirmed and attempted to further define in
vivo metabolic findings using stable isotopes in an in vitro
prepa ration.
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