TABLE 4

Citrate and Acetoacetate Pathways in Human Islets

The fraction of pyruvate carboxylated is low in human islets as judged from the '*CO, ratios method

The [2-"*C]pyruvate/[3-*C]pyruvate CO, ratio was calculated by dividing the "*CO, released from [2-""Clglucose by that from [6-""Clglucose, and the [1-'*Clacetate/
[2-"*Clacetate ratio was calculated by dividing the '*CO, released from dimethyl {1,4-'"Clsuccinate by that from dimethyl [2,3-"*Clsuccinate (14-16). The fraction of
pyruvate carboxylated expressed as a percent of pyruvate carboxylation plus pyruvate decarboxylation was calculated from the pyruvate and acetate ratios using the formula
described under “Experimental Procedures.” The ratios were calculated assuming 80% (the lower estimate) and 100% randomization (the higher estimate) of oxaloacetate
carbon in the combined malate dehydrogenase and fumarase reactions prior to metabolism in the citric acid cycle. Results of CO, formation are shown as the mean + S.E.
(N) of data from experiments with N batches of rat islets or batches of human islets from N donors. In each experiment, there were 3 or 4 replicate test tubes of rat islets and
6 replicate test tubes of human islets (100 islets/test tube for each condition). The mean * S.E. BMI and age of the human islet donors whose islets were used for these
measurements were 27.7 = 1.5 kg/m” and 46.9 = 4.2 years.

Islets Tracer CO, formation CO, ratios Pyruvate carboxylation
amol M*CO/90 min %
Rat [2-"*C]Glucose 2.33 = 0.33 (5) Pyruvate **CO, ratio
Rat [6-**C]Glucose 1.29 £ 0.16 (5) 1.81
Rat Dimethyl [1,4-"*C]succinate 4.30 £ 0.57 (3) Acetate *CO, ratio
Rat Dimethyl [2,3-**C]succinate 0.92 + 045 (3) 4.67 4655
Human [2-"*C]Glucose 1.85 + 0.19 (7) Pyruvate “*CO, ratio
Human [6-**C]Glucose 112 £ 0.11(7) A
Human Dimethyl [1,4-"*Clsuccinate 232+ 041 (7) Acetate "*CO, ratio
Human Dimethyl [2,3-*C]succinate 1.26 =+ 0.34 (7) 1.84 14-17
TABLE 5

The ratio of pancreatic islet PC mRNA to liver PC mRNA is much lower in the human than in the rat

mRNA levels were estimated by quantitative PCR. The level of PC mRNA was divided by the levels of various other mRNAs in the same tissue. The islet ratio was then
divided by the same ratio in liver, and the islet value was expressed as a percentage of the value from liver of the same species with the average values from two human livers
and four rat livers each set at 100%. Two primer sets were used for human liver. Results are the mean = S.E. of islets from nine human donors and four batches of rat islets.
The mean * $.E. BMI and age of the human donors whose islets were used for these measurements were 30 = 1.8 kg/m” and 46.3 * 5.4 years. FAS is fatty-acid synthase.

Ratio of human islet PC
mRNA to liver PC mRNA Ratio of rat islet PC Ratio of rat islet
PC mRNA/other mRNA PC1 primers PC2 primers mRNA to liver PC mRNA to human islet
% of liver % of liver Sfold
PC/Gludl 89+ 0.9 150+ 3.2 737 6.1
PC/ME1L 1.6 £0.3 3.0*04 9+%19 3.9
PC/mGPD 04 %01 07 £0.1 39%03 7.1
PC/Idh1 14 %26 27 £ 6.0 216 = 28 10.5
PC/Idh3a 1.6 = 0.4 2.9+ 0.6 8.6+ 1.3 3.8
PC/EAS 52*x0.1 9.7+ 15 41+ 8 55

tive ratios for human islets, the average of these ratios in rat
islets was 6.2 times their average in human islets (range 3.8 -
10.5). This suggests that the low level of PC in human islets is a
result of a low level of transcription of the PC gene.

Low PC in Human Islets Is Intrinsic to the Islets—Our surpris-
ing observation of low PC in human islets demands that we
eliminate all possible reasons to explain why the low PC could
be an artifact of islet handling or donor conditions even though
an artifact would seem unlikely because, as shown in Table 6,
glucose-stimulated insulin release in these islets is robust.

Islet Donor Conditions—The low PC is not likely explained by
the long term conditions or short term medical management of
the islet donors because there were numerous different causes
of death, and some died after an illness, and some died sud-
denly. Because obesity is diabetogenic by causing insulin resis-
tance and can directly influence the condition of an individual’s
islet beta cells, the possible cotrelation of BMIs of the islet
donors with PC activity was considered. Also Pietilainen et al.
(49) recently reported down-regulation of PC mRNA tran-
scripts in adipose tissue of the obese twin of twin pairs discord-
ant for obesity. In our study, the body mass index of the human
donors ranged from 20 to 51 kg/m?, but islet PC activity showed
no relationship with body mass index, as judged from linear
regression analysis (correlation coefficient r = 0.1; see supple-
mental Fig. 1). (Indeed, the person with a BMI of 51 kg/m® had
one of the highest islet PC activities (10.1 nmol of CO, fixed per
min/mg of protein).) There was also no correlation of PC activ-
ity or PC protein with age or gender of the donors.
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TABLE 6

The magnitude of glucose-stimulated insulin release in humanislets is
similar to rat islets and B-hydroxybutyrate potentiates glucose-stim-
ulated insulin release

As described under “Experimental Procedures,” islets were incubated with a sub-
maximal stimulatory concentration of glucose (5.6 mm) with or without B-hydroxy-
butyrate (HB) for 1 h. Stimulation with 16.7 mwm glucose, which provides a near
maximal insulin release, is shown as a positive control. Results are from up to six
experiments with 5-6 replicates for each condition in each experiment with islet
preparations from six human donors and are the mean * S.E. with the number of
replicates in parentheses. The mean * S.E. BMI and age of the human islet donors
whose islets were used for these measurements were 28 * 2.4 kg/m” and 49.8 + 4.3
years. Insulin release from up to 6 batches of rat islets with 6 ~12 replicates for each
condition are shown to demonstrate that the magnitude of glucose-induced insulin
release from human islets is similar to that from rat islets. Insulin release is expressed
in microunits of insulin/pg islet protein/1 h.

Insulin release

Secretagogue Human islets Rat islets
No addition 16 = 1(36) 12 =+ 0.5 (36)
Glucose (5.6 mm) 60 * 4 (36)* 57 = 4 (24)*
Glucose (5.6 mm) + HB (5 mm) 128 * 8 (36)" 102 £ 12(33)"
Glucose (5.6 mM) + HB (1 mm) 91 * 8 (18)°
HB (5 mm) 21 = 3(12) 30 +=2(37)

Glucose (16.7 mm) 263 * 23 (33)"

“p < 0.001 is versus no addition.
b p < 0.001 is versus glucose (5.6 mm).
¢p < 0.002 is versus glucose (5.6 mm).

273 = 25 (48)¢

PC Protein Stability—The lower PC enzyme activity and PC
protein in human pancreatic islets compared with rodent islets
and clonal cell lines cannot be explained by rapid degradation of
the human PC protein during the islet isolation procedure or
more rapid loss of PC activity in human islets (compared with
rodent islets or INS-1 832/13 cells) during frozen storage of
tissue. We did notice that PC enzyme activity in human islets or

JOURNAL OF BIOLOGICAL CHEMISTRY 18391

1102 ‘P2 ABN UO ‘UOSIPBIN-UISUODSIAA JO Alisianiun 1e Bio-ogl-mmm woiy pspeojumoq



Citrate and Acetoacetate Pathways in Human Islets

rat islets and other tissues decreased extensively with repeated
freezing and thawing of frozen cell homogenates; therefore, we
have reported measurements of PC enzyme activity on only
freshly prepared homogenates of tissue that had either not been
frozen or on the first thaw of a homogenate stored for about 1
day. However, repeated freezing and thawing of tissue homo-
genates and length of frozen storage of the islets and other
tissues did not affect the level of PC protein.

The PC protein was not low in human liver after 7 months
of frozen storage (Fig. 3). However, the PC level of protein in
human islets analyzed by streptavidin blotting after intervals
of a few hours to 30 days and even up to 8 ~10 years of frozen
storage was extremely low, whereas the level of the PC pro-
tein in rat islets and mouse islets stored frozen for similar
lengths of time and also for up to 10 years was not low (Fig.
2). In the rat, the level of PC in islets is similar to the PC levels
in liver or kidney (Fig. 3) (4), whereas in the human, the level
of the PC protein is lower in the islet than in liver (Fig. 3).

Islet Purity, Composition, and Viability—To explain the low
PC in human islets on the basis of low islet purity or low viabil-
ity, the purity and/or viability would need to equal 10-15%, an
implausibly low number. In addition, as mentioned above, the
activity of the mitochondrial enzyme mGPD, which is as highly
expressed in human islets as in rat islets and mouse islets (31,
43-47) and is even more beta cell-specific than PC, was as high
in the human islets as in the rat islets (Table 3). This indicates
the purity and percentage of beta cells of the human islets were
similar to those of the rat islets. In addition, the relative rate of
pyruvate carboxylation was low in intact human islets com-
pared with intact rat islets (Table 4). For these experiments,
islets were selected manually under a dissecting microscope,
and therefore, purity should have been excellent for both
human and rat islets. Regarding the cell composition of human
islet preparations, recent analyses by experts in this field indi-
cate that the percentage of beta cells in human islets is similar to
rodent islets (50, 51). Furthermore, the low human islet PC
cannot be explained by poor islet quality. Some of the highest
quality human islets as judged by high ATP/ADP ratios and
high ratios of glucose-stimulated insulin release to unstimu-
lated insulin release possessed some of the lowest PC activities
(see supplemental material).

Is There Down-regulation of PC and ATP Citrate Islets
during Preparation of Human Islets?—If low PC and ATP
citrate lyase is not a characteristic of human islets in vivo,
then down-regulation of these enzyme during the prepara-
tion and tissue culture of the islets would seem the most
likely explanation for the low levels of these enzymes. How-
ever, if this is the case, then it appears that isolated human
islets operate normally with low PC and low ATP citrate
lyase because they secrete insulin as well as rat islets (Table
6) (13, 27) and metabolize glucose to similar extents (13-17,
52). PC activity did not change in human islets maintained in
RPMI 1640 medium containing 5 mm glucose for 2 or 24 h,
identical to the medium used for rat islets, which showed
high PC levels instead of CMRL medium or PIM medium,
which also contain 5 mm glucose.

Our quantitative PCR data (Table 5) and our mRNA
microarray data (25), as well as microarray data found in data-
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bases (53, 54),* show that PC mRNA is low in comparison with
other mRNAs in isolated human islets. It is likely the PC mRNA
is low in human islets before the islet isolation procedure has
begun. Weir® has noticed that the level of PC mRNA is very low
compared with many other mRNAs in beta cells of islets of
human pancreas analyzed in sitis by laser capture microdissec-
tion (which, of course, does not involve islet isolation). Thus, it
is likely that the cause of the low PC in the human beta cell is
due to a low rate of transcription of the PC gene in vivo.

mGPD is regulated similarly to PC in rodent islets and clonal
cell lines. Its transcription is influenced by some of the same
transcription factors that influence the transcription of PC (8,
55-57), and both PC and mGPD are down-regulated in human
islets isolated from subjects with type 2 diabetes (25), similarly
to islets isolated from rodent models of type 2 diabetes (43,
5860, 62). Because the level of mGPD is as high in normal
human islets as in normal rat islets (Table 3), this is consistent
with the idea that the low PC in human islets is specific for
human islets.

SCOT Is Plentiful in Human Islets—The level of SCOT pro-
tein in human islets was much higher than in the INS-1 832/13
cell line and about twice as high as in rat islets and mouse islets
as judged from immunoblot analysis (Fig. 6).

Acetoacetyl-CoA Synthetase Is Plentiful in Human Islets—
The level of acetoacetyl-CoA synthetase protein in human islets
and INS-1 832/13 cells was much higher than in rat islets and
mouse islets as judged by immunoblot analysis (Fig. 7).

Islet Thiolases—Previous immunoblot analysis and estimates
of specific mRNAs showed that pancreatic islets possess thio-
lases (26) that can reversibly convert acetyl-CoA to acetoacetyl-
CoA. The levels of the proteins of the mitochondrial thiolase,
acetyl-CoA acetyltransferase 1 (ACAT1), and the cytosolic
thiolase, acetyl-CoA acetyltransferase 2 (ACAT2), were about
the same in human islets as in rat pancreatic islets, liver, and
kidney (Fig. 5).

Fatty-acid Synthase—The level of fatty-acid synthase protein
in human islets was higher than in rat islets and equal to that in
INS-1 832/13 cells also as judged by immunoblot analysis
(Fig. 8).

Higher Acetoacetate and Lower Malate Levels in Glucose-
stimulated Human Islets than in Rat Islets—Human islets and
rat islets were incubated with a concentration of glucose that
stimulates insulin secretion for 30 min, a time interval that
includes the first phase of insulin secretion plus the initial part
of the second phase of insulin secretion, which is the phase
associated with metabolism of insulin secretagogues. Acetoac-
etate (Fig. 9) increased to a higher level in the human islets than
in the rat islets, and malate (Fig. 10) increased to a lower level in
the human islets than in the rat islets as judged by alkali-en-
hanced fluorescence assays.

In six samples of human islets maintained in CMRL or PIM
medium prior to being washed and incubated in Krebs-Ringer
bicarbonate buffer for 30 min, the fluorescence was extremely
high. CMRL anhd PIM media contain NAD and NADP, which
increased the fluorescence background and thus the measured

4 GEO Database accession number GSE2060 is from Ref. 53.
® Gordon Weir, personal communication.
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FIGURE 6. Level of SCOT protein is higher in human islets than in ratislets
and INS-1832/13 cells. Immunoblots were probed with anti-SCOT antibody.
Top panel, 13 ug (lane 6) or 20 g of whole-cell protein/lane (other lanes).
(Hum is human islets.) Middle panel, immunoblot with 15 ug of whole-cell
protein/lane. Bottom panel, 10 pg of whole-cell protein. The densities of the
SCOT protein bands in each panel are expressed relative to the bands within
the same panel. Membranes were stripped of antibody and reprobed with
anti-B-actin antibody to discern relatively equal loading of protein across the
lanes. In the bottom panel, due to the lower protein loaded in the lane of
mouse islets, densities of the actin bands are also shown. The ratio of the
relative density of the SCOT band to the actin band in the mouse lane shows
the level of SCOT in mouse islets is about one-half the level in human islets,
similar to in rat islets.
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FIGURE 7. Higher levels of acetoacetyl-CoA synthetase (AACS) protein in
human pancreatic islets than in rat and mouse islets. Two immunoblots
with 15 ug of whole-cell protein/lane. The level of the enzyme (acetoacetyl-
CoA synthetase) is much higher in human islets and INS-1832/13 cells than in
Sprague-Dawley rat islets and islets from the NSA (CF-1) mouse and the
C57BL/6 (B6) mouse. Membranes were stripped of antibody and reprobed
with anti-B-actin antibody to discern equal loading of protein across the
lanes. A human islet lane that showed extremely dark staining was deleted
from both panels.
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FIGURE 8. High level of fatty-acid synthase protein in human islets. immu-
noblot, 15 ug of whole-cell protein/lane. The level of fatty-acid synthase (FAS)
in human islets is as high as in INS-1 832/13 cells and much higher than in rat
islets. The level of fatty-acid synthase in rat islets in this same blot was not
visible, and the lane with rat islet protein is not shown.
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FIGURE 9. Higher glucose-stimulated acetoacetate in glucose-stimulated
human islets than in rat islets. Islets were maintained in tissue culture
medium containing 5 mmglucose for 4 h (some human) to 24 h (some human
and all rat), washed, and then incubated in Krebs-Ringer bicarbonate buffer,
pH 7.35, in the presence or absence of 16.7 mm glucose for 30 min. The figure
shows the mean == S.E. acetoacetate levels from eight separate experiments
with 3-4 replicates of 100 rat islets for each condition (left side of figure) and
4-6 replicates of 100-200 islets for each condition from six separate experi-
ments with islets from human donors (P11, C1, UM1, 258, P14, and P15) (mid-
dle of figure). Because of the high background fluorescence in the experi-
ments with these six preparations of human islets that were shipped and
maintained in media (CMRL or PIM) that contain NAD and NADP (see
“Results"), which increased measured acetoacetate values to unrealistic high
values, the no addition value for these experiments was assigned zero, and
the glucose-stimulated increase in acetoacetate above the control is shown.
Results of individual experiments with islets from four additional human
donors are shown on the right side of the figure. For these experiments, to
lower the background fluorescence, islets were maintained in RPMI 1640 tis-
sue culture medium (modified to contain 5 mm glucose) for 24 h before incu-
bation in the presence or absence of 16.7 mm glucose for 30 min as described
above. 9, p < 0.01, or b, p < 0.001 glucose-stimulated human islets versus
glucose-stimulated ratislets. The mean * S.E.BMland age of the human islets
donors whose islets were used for these measurements were 26.2 *= 1.6
kg/m? and 41.7 % 5.3 years.
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FIGURE 10. Lower glucose-stimulated malate in human islets than in rat
islets. Malate was measured in the extracts from the experiments described
in Fig. 9. Results are the mean = S.E. of three experiments with rat islets and
eight experiments with islets from human islets donors. %, p = 0.05 glucose-
stimulated human islets versus glucose-stimulated rat islets.

acetoacetate levels to unrealistically high values in the alkali-
enhanced fluorescence assay for acetoacetate. (These pyridine
nucleotides must adhere tightly to the islets as they cannot be
removed by simple washing.) For the experiments with these
islet preparations from six donors, the unstimulated measured
acetoacetate levels were subtracted from the glucose-stimu-
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Citrate and Acetoacetate Pathways in Human Islets

lated measured acetoacetate values, and the averages of the
individual differences between the stimulated and unstimu-
lated acetoacetate values are shown in the middle of Fig, 9. This
average was 3.5-4 times higher in human islets than in rat
islets.

In addition, islets from four additional donors were main-
tained in RPMI 1640 medium containing 5 mm glucose for 24 h
before they were washed and incubated in Krebs-Ringer bicar-
bonate buffer for 30 min. This lowered the background fluores-
cence to the low values seen with incubating rat islets in the
same culture medium prior to the experiment. These experi-
ments shown on the right side of Fig. 9 also showed that glucose
stimulated acetoacetate to 3.5—4 times higher levels in human
islets than in rodent islets; in addition, in islets from some
donors the unstimulated acetoacetate levels were significantly
higher than in unstimulated rat islets. Fig. 10 shows that malate,
an immediate metabolite of oxaloacetate the product of the PC
reaction, was about 50% lower in glucose-stimulated human
islets than in similarly stimulated rat islets.

B-Hydroxybutyrate Augments Insulin Release in Human
Islets, and the Magnitude of Glucose-stimulated Insulin Release
Is Similar to That from Rat Islets—Table 6 shows that B-hy-
droxybutyrate, the redox partner of acetoacetate, potentiates
insulin release from human islets in the presence of a physio-
logical concentration of glucose (5.6 mm) that provides a sub-
maximal stimulus of insulin secretion. Table 6 also shows that
human islets stimulated with 5.6 mm glucose or 16.7 mm glu-
cose, which provides a near maximal insulin stimulus, can
release the same amount of insulin as rat islets of similar aver-
age size and total cellular protein.

DISCUSSION

Pathways That Use Pyruvate Carboxylase and ATP Citrate
Lyase or SCOT and Acetoacetyl-CoA Synthetase in Beta Cells—
The importance of PC and ATP citrate lyase for insulin secre-
tion in rodent beta cells is underscored by their high levels in
rodent islets compared with many other body tissues. As men-
tioned above, the level of PC in rat islets is known to be rela-
tivelyhigh (4, 9-11). In addition, we have found that the activity
of ATP citrate lyase in rat islets is >10 times higher than in rat
liver and kidney.® Also Berne (63) previously reported that the
activity of ATP citrate lyase in islets of the New England obese
mouse is 4~7 times higher than in liver or kidney. If high levels
of PC and ATP citrate lyase are important for insulin release,
then it must be explained how human islets with low levels of
these two enzymes (Tables 1-3 and Figs. 2— 4) achieve the same
glucose-stimulated insulin release as rat islets (Table 6) that
have high levels of these enzymes.

In the beta cell, as in other cells containing PC, PC can cata-
lyze the unidirectional carboxylation of aerobic-glycolysis-de-
rived pyruvate to form oxaloacetate in the mitochondrial
matrix. The oxaloacetate can either be converted to malate,
which can be exported from the mitochondria to the cytosol to
participate in the pyruvate malate shuttle (3, 4), or oxaloacetate
can combine with acetyl-CoA derived from the decarboxyla-
tion of pyruvate catalyzed by the pyruvate dehydrogenase com-
plex to form citrate. Citrate, formed by the condensation of
oxaloacetate and acetyl-CoA in the citrate synthase reaction,
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can be exported from the mitochondria to the cytosol where
ATP citrate lyase converts the citrate into oxaloacetate and
acetyl-CoA. The cytosolic oxaloacetate can be used in the cit-
rate pyruvate shuttle (3, 5, 6), and the acetyl-CoA can be used
for short chain acyl-CoA synthesis and lipid synthesis (Fig. 1) (3,
26, 29). However, as we suggest below, there is evidence for
another pathway in islets and beta cell lines that can accomplish
a similar result in respect to delivering precursors of short chain
acyl-CoAs to the cytosol.

Enzyme levels and metabolic and insulin release studies (27—
29, 40) suggest an alternative pathway (26) for exporting mito-
chondrially synthesized products to the cytosol in rodent islets
and insulin cell lines and, especially, human islets (this study).
In this pathway acetyl-CoA formed in the pyruvate dehydro-
genase complex reaction can be converted to acetoacetyl-CoA
catalyzed by mitochondrial thiolases (ACAT1 or ACAA2) fol-
lowed by the reaction of acetoacetyl-CoA plus succinate to
form succinyl-CoA plus acetoacetate catalyzed by SCOT. In
this scheme, acetoacetyl-CoA and acetoacetate are consumed,
and succinate is regenerated in a cycle catalyzed by succinyl-
CoA synthetases. The acetoacetate can be exported from the
mitochondria to the cytosol where acetoacetyl-CoA synthetase
can catalyze the first step in a series of reactions that form short
chain acyl-CoAs and lipids in the cytosol (Fig. 1).

Low Pyruvate Carboxylation and ATP Citrate Lyase and a
More Active Alternative Pathway Involving Acetoacetate in
Human Islets—The “Results” provide evidence to support the
idea that the low levels of PC and ATP citrate lyase in human
islets compared with rodent islets and clonal rodent beta cell
lines are intrinsic properties of human islets and suggest there
are important quantitative differences between humans and
rodents in mitochondrial biosynthesis and cytosolic pathways
used in stimulating insulin secretion. In rodent beta cells, there
is no question that PC has a role in insulin secretion. PC has
been shown to be responsible for the high rate of carboxylation
of pyruvate in rat islets (3, 11, 14-16) and to be involved in
cycling of pyruvate in clonal rodent insulin cell lines (17-20),
and knockdown of PC inhibits insulin release from clonal insu-
lin cell lines (22) and from rat or mouse islets (23).

The low level of PC in human islets compared with rodent
islets and clonal insulinoma cells (Tables 1 and 2 and Figs. 2 and
3) and the low rate of pyruvate carboxylation relative to pyru-
vate decarboxylation in comparison with rat islets (Table 4)
suggest that flux through the PC reaction, although present in
the human beta cell, occurs at a lower rate than in rodent beta
cells. ATP citrate lyase activity (Table 3) and protein (Fig. 4)
were also found to be low in human islets. Might there be path-
ways of biosynthesis in addition to those involving PC and ATP
citrate lyase that are more active in the human beta cell relative
to rodent beta cells? In this respect, the level of SCOT in human
islets appears to be very high compared with rodent islets (Fig.
6). As described above, SCOT can catalyze the formation of
acetoacetate from glucose-derived carbon (Fig. 1), and indeed,
acetoacetate increased to 3.5—4-fold higher levels in human
islets after 30 min of incubation with glucose than in similarly
incubated rat islets (Fig. 9). In contrast, malate, which is an
immediate metabolite of oxaloacetate the product of the PC
reaction, increased to a lower level in glucose-stimulated
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human islets than in glucose-stimulated rat islets (Fig. 10). The
lower increase in malate in human islets is also consistent with
the lower level of PC in human islets.

Short chain acyl-CoAs by themselves, as well as acting as
precursors for long chain acyl-CoAs, have been proposed to
have a role in supporting insulin secretion (reviewed in Refs. 3,
64). We recently accumulated a large amount of circumstantial
evidence from metabolic and insulin release studies that sug-
gests acetoacetate can act as a carrier of carbon from mitochon-
dria to the cytosol for the synthesis of short chain acyl-CoAs
and lipid in beta cells (26 —29). Knockdown of either SCOT (65)
oracetoacetyl-CoA synthetase (26) in the INS-1 832/13 cell line
lowers glucose-stimulated insulin release. In addition, leucine
alone, as well as hydroxybutyrate or a-ketoisocaproic acid,
which each can be metabolized to acetoacetate, and acetoace-
tate itself, in combination with other metabolites, stimulate
insulin release in INS-1 832/13 cells (27, 28). B-Hydroxybu-
tyrate also potentiates insulin release in the presence of a phys-
iological concentration of glucose in human islets (Table 6) and
in rat pancreatic islets as well (27, 66, 67). PC is not directly
involved in the metabolism of B-hydroxybutyrate (Fig. 1).
Along these lines, it is noteworthy that mitochondria from rat
heart, which is a tissue with very low PC (4, 68, 69), when pro-
vided with pyruvate, the end product of aerobic glycolysis, syn-
thesize a large amount of acetoacetate (70). It is also notable
that in single mouse islets stimulated with glucose and analyzed
by capillary LC-MS/MS, the signal for succinate, a substrate of
the SCOT reaction, increased 8.3-fold and the signal for acetyl-
CoA, a direct precursor of acetoacetyl-CoA, increased 7.7-fold
(71). Another fact that supports the idea of an alternate path-
way to acetoacetate in addition to a pathway to citrate is that
acetoacetyl-CoA, at physiological levels, is a competitive inhib-
itor of citrate synthase (Fig. 1) in respect to acetyl-CoA, making
more acetyl-CoA available for synthesis of acetoacetyl-CoA
itself (72). In line with the idea that the human beta cell might
preferentially use a pathway in which the SCOT reaction forms
acetoacetate for export to the extramitochondrial space where
it is converted into acetoacetyl-CoA, which then can be con-
verted to other short chain acyl-CoAs beginning with the ace-
toacetyl-CoA synthetase reaction (Fig. 1), the level of aceto-
acetyl-CoA synthetase in human islets is much higher than in
rat islets and mouse islets (Fig. 7).

Although there is evidence for metabolic pathways that uti-
lize ATP citrate lyase in rodent islets and rodent insulin cell
lines (3, 5, 6), it is noteworthy that the Newgard laboratory
studying INS-1 832/13 cells and rat islets (73) and our labora-
tory studying INS-1 832/13 cells (26) have shown that severely
lowering ATP citrate lyase activity with siRNA technology does
not inhibit glucose-stimulated insulin release. The Prentki lab-
oratory did achieve inhibition of glucose-stimulated insulin
release with knockdown of the enzyme in the INS-1 832/13 cell
line (61). The results from the first two studies suggest a path-
way redundant with a pathway involving ATP citrate lyase in
beta cells.

In contrast to the situation with glucose-stimulated insulin
release, BCH-stimulated insulin release was significantly inhib-
ited in our INS-1 832/13-derived cells lines with severely
knocked down (>87%) ATP citrate lyase (28). With the very
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low ATP citrate lyase in these cells, the formation of cytosolic
acetyl-CoA from the glutamate-derived citrate to produce
other cytosolic short chain acyl-CoAs would be almost nonex-
istent leaving any short chain acyl-CoA formation in the cytosol
to come from acetoacetate exported from the mitochondria
(see Fig. 1 to view the acetoacetate and citrate pathways). BCH
is a nonmetabolizable leucine analogue that can allosterically
activate glutamate dehydrogenase and enhance metabolism of
endogenous glutamate to provide carbon to part of the citric
acid cycle. Unlike leucine (which also can allosterically activate
glutamate dehydrogenase) or glucose, BCH cannot be metabo-
lized to acetyl-CoA and acetoacetyl-CoA to produce acetoace-
tate. We hypothesized that the inhibited BCH-stimulated insu-
lin release was because short chain acyl-CoA production from
glutamate carbon through the acetoacetate pathway was inad-
equate. Providing a source of acetoacetate by adding p-hy-
droxybutyrate or a-ketoisocaproate to these ATP citrate lyase-
deficient cells raised BCH-stimulated insulin release to that in
contro] INS-1 832/13 cells (28). This experiment also suggests
that acetoacetate through the action of acetoacetyl-CoA syn-
thetase can provide the short chain acyl-CoAs required for
insulin release.

Conclusions—The pathway that requires SCOT and aceto-
acetyl-CoA synthetase for the export of acetoacetate from
mitochondria to the cytosol to provide substrates for synthesis
of short chain acyl-CoAs and lipid in the cytosol (Fig. 1) is pres-
ent in rat islets and the INS-1 832/13 cell line (26 -29). How-
ever, this pathway appears to be more active in human islets. It
also appears that the pathway that requires PC and ATP citrate
lyase is used relatively less (Fig. 1) in human islets than in rodent
islets. Glucose acutely stimulates increases in the levels of var-
ious lipids in the INS-1 832/13 cell line (29). In addition, glucose
carbon (29) and B-hydroxybutyrate carbon (27) are acutely
incorporated into lipid in these same cells. In human islets, the
level of fatty-acid synthase, which forms longer chain acyl-
CoAs, appears to be very high (Fig. 8). The acetoacetate path-
way could theoretically very effectively provide short chain
acyl-CoAs for the synthesis of cytosolic long chain acyl-CoAs
that have long been thought to act as signaling molecules for
insulin exocytosis (64). The relative rate of pyruvate carboxyl-
ation in human islets, which is 20-30% the relative rate in rat
islets (Table 4), should be adequate to support other pathways,
including the pyruvate malate shuttle (4) and the pyruvate cit-
rate shuttle (5, 6), which are also probably needed for insulin
secretion.
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Abstract Mitochondrial acetoacetyl-CoA thiolase (T2)
deficiency affects both isoleucine catabolism and ketone
body metabolism. The disorder is characterized by inter-
mittent ketoacidotic episodes. We report three Japanese
patients. One patient (GK69) experienced two ketoacidotic
episodes at the age of 9 months and 3 years, and no further
episodes until the age of 25 years. She had two uncompli-
cated pregnancies. GK69 was a compound heterozygote of
the ¢.431A>C (H144P) and c.1168T>C (S390P) mutations
in T2 (ACATI) gene. She was not suspected of having T2
deficiency during her childhood, but she was diagnosed as
T2 deficient at the age of 25 years by enzyme assay using
fibroblasts. The other two patients were identical twin
siblings who presented their first ketoacidotic crisis
simultaneously at the age of 3 years 4 months. One of
them (GK77b) died during the first crisis and the other
(GK77) survived. Even during severe crises, C5-OH and
C5:1 were within normal ranges in their blood acylcarnitine
profiles and trace amounts of tiglylglycine and small
amounts of 2-methyl-3-hydroxybutyrate were detected in
their urinary organic acid profiles. They were H144P
homozygotes. This H144P mutation has retained the high-
est residual T2 activity in the transient expression analysis
of mutant cDNA thus far, while the S390P mutation did not
retain any residual T2 activity. The “mild” H144P mutation
may result in subtle profiles in blood acylcarnitine and
urinary organic acid analyses. T2-deficient patients with
“mild” mutations have severe ketoacidotic crises but their
chemical phenotypes may be subtle even during acute
crises.

@ Springer

— 103 —



108

JIMD Reports

Abbreviations
SCOT Succinyl-CoA:3-ketoacid CoA transferase
T2 Mitochondrial acetoacetyl-CoA thiolase

Introduction

Mitochondrial acetoacetyl-CoA thiolase (T2, gene symbol
ACAT1) deficiency (OMIM 203750) is an autosomal
recessive inborn error of metabolism that affects the
catabolism of isoleucine and ketone bodies. This disorder,
first described by Daum et al. (1971), is characterized by
intermittent episodes of metabolic ketoacidosis associated
with vomiting and unconsciousness often triggered by
infections (Fukao et al. 2001). There are no clinical
symptoms between episodes. Typical T2 deficiency is
easily diagnosed by urinary organic acid analysis, charac-
terized by massive excretion of tiglylglycine, 2-methyl-
3-hydroxybutyrate and 2-methylacetoacetate both during
ketoacidotic episodes and between episodes (Fukao et al.
2001, 2003). Diagnosis is confirmed by measurement of T2
activity on cultured skin fibroblasts (Robinson et al. 1979;
Zhang et al. 2004). T2 deficiency is caused by mutations in
the A4CATI1 (T2) gene located on chromosome 11q22.3-
q23.1 (Fukao et al. 1990; Kano et al. 1991). T2 deficiency
is very heterogeneous at the genotype level, with at least 50
different mutations described (Fukao et al. 1995, 1997,
1998, 2001, 2002, 2003, 2007, 2008, 2010a, b; Wakazono
et al. 1995; Nakamura et al. 2001; Zhang et al. 2004, 2006;
Sakurai et al. 2007).

Some T2-deficient patients with mutations which retain
some residual activity do not show typical urinary organic
acid profiles (Fukao et al. 2001, 2003). We herein describe
three Japanese patients with T2 deficiency whose H144P
mutation retains significant residual activity. Their urinary
organic acid and blood acylcarnitine profiles were atypical
and subtle even during severe ketoacidotic crises.

Materials and Methods
Case Reports
GK69

This Japanese woman (GK69), born in 1984, developed
severe metabolic acidosis at the age of 9 months. On
admission to a third-level hospital, she was semicomatose,
polypneic (48/min), and hypotonic. Laboratory values
were: blood glucose 6.8 mmol/L, NH; 92 pmol/L, blood
pH 7.225, pCO, 7.2 mmHg, bicarbonate 3 mmol/L, base
excess —21.3, Na 153 mEq/L (normal range: 139-146),
BUN 28.5 mg/dL. (normal range: 10-18), and creatinine

@ Springer

1.1 mg/dL (normal range: 0.18-0.46). Metabolic acidosis
was refractory to sodium bicarbonate therapy. Peritoneal
dialysis was performed for 2 days. On the second hospital
day, polypnea and unconsciousness disappeared and the
blood gas data improved. Urinary organic acid analysis
showed massive amounts of acetoacetate and 3-hydrox-
ybutyrate with dicarboxylic aciduria. No increases in
2-methyl-3-hydroxybutyrate or tiglylglycine were noted,
although this analysis was performed in an outside
laboratory and no urine samples were available for
reanalysis. At that time, T2 deficiency was excluded from
differential diagnosis based on this organic acid data and
the tentative diagnosis was succinyl-CoA:3-ketoacid CoA
transferase (SCOT) deficiency. However, an enzyme assay
for SCOT was not performed. At the age of 3 years, the
patient had a similar but milder episode. Subsequently,
she had no further ketoacidotic episodes. Growth and
development were normal. She had two uncomplicated
pregnancies.

Twin Siblings (GK77b and GK77)

GK77b is a twin Japanese boy. He was bomn at 36 weeks
gestation weighing 2,400 g. His parents had no known
consanguinity but both were from a small island in Amami
islands in Japan. He experienced several febrile illnesses
without ketoacidosis. However, at 3 years 4 months of age,
after a 3-day history of fever, cough, and vomiting, he
developed anorexia, lethargy, and polypnea. He was
admitted to a local hospital. His blood glucose level was
2.3 mmol/L. Blood gas analysis was not performed.
Hypoglycemia was corrected with intravenous glucose
injection of 20 ml of 20% glucose solution followed by
continuous infusion of a 2.6% glucose solution. About 30 h
after admission, his condition worsened. Blood gas analysis
revealed severe metabolic acidosis showed pH 6.88, pCO,
6.1 mmHg, and bicarbonate 1.1 mmol/L. He was trans-
ferred to a regional hospital. On arrival at the hospital, he
was unconscious with a heart rate of 168/min and
respiratory rate of 39/min. Blood laboratory data were:
WBC 19,050/uL, CRP 0.2 mg/dL (normal values: <0.15),
BUN 36.2 mg/dL (normal range: 10-18) creatinine
0.5 mg/dL (normal range: 0.25-0.49), NH3 33.5 pmol/L,
glucose 3.8 mmol/L, pH 7.17, pCO, 20 mmHg, bicarbonate
6.3 mmol/L, base excess —22.4 mmol/L, and total ketone
bodies 16.3 mmol/L. He received continuous infusion of
5% glucose solution at 3.4 mg/kg/min and sodium
bicarbonate at 0.4—0.47 mEq/kg/h. However, unconscious-
ness and metabolic acidosis did not improve. On the fifth
hospital day, he died before being transferred to a third-
level hospital.

GK77 is the twin brother of GK77b. Pyloric stenosis was
diagnosed at the age of 1 month and corrected surgically;
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thereafter, he was well until 3 years 4 months of age. Two
days after the onset of his twin brother, he developed
frequent repeated vomiting after cough and nasal discharge.
Therefore, he was admitted to the regional hospital at the
same time as his twin. On admission, he was lethargic.
Laboratory findings were: WBC 7,760/uL, CRP 0.5 mg/dL
(normal values: <0.15), BUN 20.2 mg/dL (normal range:
10-18), creatinine 0.4 mg/dL (normal range: 0.25-0.49),
glucose 3.7 mmol/L, NH3 25 pumol/L, blood pH 7.135,
pCO, 19.5 mmHg, bicarbonate 6.3 mmol/L, base excess
—22.4 mmol/L, and total ketone bodies 10.1 mmol/L. He
received a continuous infusion of 5% glucose solution at
3.4 mg/kg/min and sodium bicarbonate at 0.3 mEq/kg/h.
On the third hospital day, his condition worsened and he
was transferred to a third-level hospital. On admission, the
blood gasses were pH 7.372, pCO, 21.6 mmHg, bicarbonate
12.2 mmol/L, and base excess —11.2 mmol/L. A glucose
infusion rate was further increased to 6.5 mg/kg/min with
10% glucose solution. Acidosis normalized with 9 h (pH
7.399, bicarbonate 21.7 mmol/L, base excess —2.6 mmol/L).
Two days later, the urinary ketones became negative and he
started eating. :

GK77 is now 4 years 8 months and has experienced no
further ketoacidotic episodes. The family has been advised
to avoid fasting and to come to the local hospital if he has a
high fever or appetite loss. His growth and development are
within normal ranges.

Urinary Organic Acid Analysis and Acylcarnitine
Analysis

Urine samples containing 0.2 mg of creatinine were used
for our high risk screening of organic acids. As internal
standards, 20 mg each of tropate (TA, C9), margarate
(MGA, C17), and tetracosane (C24) were added to these
samples. Trimethylsilylated samples were analyzed using
capillary gas chromatography-mass spectrometry (QP
5050A, Shimadzu Co. Ltd., Kyoto, Japan), as described
earlier (Kimura et al. 1999). The values of organic acids
were expressed as the peak area (%) relative to IS-1
(margarate) on the mass chromatogram. Quantification of
2-methyl-3-hydroxybutyrate and tiglylglycine in urine
samples from GK77b and GK77 was kindly done by
Dr. Sass (Freiburg University) (Lehnert 1994). For compar-
ison, quantification was also done in urine samples from
T2-deficient patients whose urinary screening profiles had
typical T2 deficient ones. We used urine sample in stable
condition from GKO1 who is a compound heterozygote of
A333P and c¢.149delC (Fukao et al. 1998) and samples in
acute and stable conditions from T2-deficient patients from
India (GK(Ind)) in our high-risk screening. Blood spot
and serum acylcarnitine analysis using tandem mass

spectrometry was also done, as described (Kobayashi
et al. 2007), and blood spot samples from GK75 and
GK79, who are R208X homozygotes (Fukao et al. 2010b)
were used as positive controls.

Enzyme Assay and Immunoblot Analysis Using
Fibroblasts

Control and patients’ fibroblasts were cultured in Eagle’s
minimum essential medium containing 10% fetal calf
serum. Acetoacetyl-CoA thiolase activity was assayed, as
described (Robinson et al. 1979; Zhang et al. 2004). We
assayed acetoacetyl-CoA thiolase activity in the presence
and absence of potassium-ion, since T2 is the only thiolase
which is activated by the ion. Immunoblot analysis was
done, as described (Fukao et al. 1997). In the cases of the
controls, twofold serial dilution samples from 30 to 3.75 pg
were electrophoresed together with samples (30 pg) of
GK68 and GK77 to determine the amount of T2 protein in
the patients’ fibroblasts relative to that in the control
fibroblasts.

Mutation Analysis

This study was approved by the Ethical Committee of the
Graduate School of Medicine, Gifu University. Genomic
DNA was extracted from fibroblasts using a SepaGene kit
(Sanko Junyaku, Tokyo, Japan). Mutation screening was
performed by PCR and direct sequencing of genomic
fragments that included each exon and its surrounding
intron sequences (Fukao et al. 1998). For GK77b and the
parents, exon 5 was amplified from a dried blood spot
1.25 mm in diameter, which was used for tandem mass
spectrometry, using Amplidirect Plus (Shimadzu Biotech,
Tsukuba, Japan).

Restriction Enzyme Assay to Detect ¢.431A>C (H144P)

The ¢.431A>C (H144P) mutation creates a new BmgT120
I site (GGACC). DNAs from 110 Japanese controls were
examined using a restriction enzyme assay, as follows.

A fragment (314 bp), including exon 5 and its
surrounding introns, was amplified using the following
primers:

In4 as (in intron, —69 to —48)5'-CATGCTCTATTAAG-
TTCTGCAG-3’

In5 as (in intron, +137 to +119) 5~ ATCCAGACACTCT-
TGAGCA-3

An aliquot of the resulting amplicon was digested with
BmgT120 I, then resolved on a 5% polyacrylamide gel. The
c.431A fragment (wild-type) is 314-bp long and the c.421C
fragment is cut into 162-bp and 152-bp fragments.
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Transient Expression Analysis of Mutant cDNAs

Transient expression of T2 ¢cDNAs was performed using a
pCAGGS eukaryote expression vector (Niwa et al. 1991),
as described (Sakurai et al. 2007). After transfection, cells
were cultured at 37°C or 40°C for 48 h, then harvested and
kept at —80°C until use. Cells were freeze-thawed and
sonicated in 50 mM sodium phosphate (pH 8.0) and 0.1%
Triton X-100. After centrifugation at 10,000 x g for
10 min, the supernatant was used in an enzyme assay for
acetoacetyl-CoA thiolase activity and for immunoblot
analysis.

Results and Discussion
Confirmation of the Diagnosis

GK69’s fibroblasts were assayed for SCOT activity to
confirm the diagnosis in 2008, when GK69 was 24 years
old. As shown in Table 1, she was diagnosed as having T2
deficiency but not as having SCOT deficiency.

SCOT deficiency was first suspected in GK77 and
GK77b, based on the following facts (1) Two of the four
SCOT deficient Japanese families were from the Amami
islands, the population of which is about 120,000. They
were T435N homozygotes (Fukao et al. 2004). (2) The
acylcarnitine profiles and urinary organic acid analysis
during acute ketoacidotic crisis in both patients had no
typical profile for T2 deficiency, as discussed below. As
shown in Table 1, GK69’s and GK77’s fibroblasts had
normal SCOT activity and a higher ratio (1.3) of acetoace-
tyl-CoA thiolase activity in the presence to the absence of
potassium ions than typical T2-deficient fibroblasts (the
ratio was around 1.0). Immunoblot analysis also showed a
clearly detectable amount of T2 protein in GK77’s
fibroblasts, and a lower amount in GK69’s fibroblasts.
Densitometric analysis showed that the amounts of T2

Table 1 Acetoacetyl-CoA thiolase activities in the absence and
presence of potassium ions

Fibroblasts Acetoacetyl-CoA thiolase activity SCOT

activity
~K* +K* +K77-K*
Controls 50407 10809 22403 67+21
(n=25)

GK69 3.6 +05 41£09 12+£01 47414

GK77 42+ 03 58415 14+£03 39405

T2D 45+ 14 47+x16 10£01 56405

Enzyme activity is expressed as nmol/min/mg of protein. In cases of
patients, enzyme assay was done three times and shows average
4+ SD. T2D, A disease control
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Control GK77 GK69
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Fig. 1 Immunoblot analysis. In the cases of the controls, serial
twofold dilutions from 30 to 3.75 pg were studied together with
samples (30 pg) from GK68 and GK77. The first antibody was a
mixture of an anti-T2 antibody and an anti-SCOT antibody. The
positions of the bands for T2 and SCOT are indicated by arrows

protein in GK77 and GK69 were estimated to be 50% and
25% of control, respectively (Fig. 1).

Mutations and Their Effects on T2 Protein

Mutation screening revealed that GK69 was a compound
heterozygote of c.431A>C (H144P) and c.1163T>C
(S390P). Her mother had S390P heterozygously but did not
have H144P. The father’s DNA was not available for analysis.
GK77 bad an H144P mutation homozygously, shown by
mutation screening at the genomic level. Their parents and
GK77b were heterozygous carriers and a homozygote of
H144P, respectively. The c.431A>C (H144P) mutation
creates a BmgT1201 site (GGACA to GGACC). We could
not find c431A>C (H144P) in the 110 Japanese controls
using the restriction enzyme assay with BmgT120L

We performed transient expression analysis of wild-type
and mutant cDNAs in T2-deficient SV40-transformed
fibroblasts. Following expression of T2 cDNAs for 48 h
at 37°C, an enzyme assay and immunoblots were per-
formed (Fig. 2a,b). The transfection of wild-type T2 cDNA
produced high potassium ion-activated acetoacetyl-CoA
thiolase activity (T2 activity), whereas that of mock cDNA
produced no demonstrable enzyme activity at any tempera-
ture. The H144P mutant retained a residual T2 activity of
~25% of the wild-type value (Fig. 2a). The S390P mutant
did not retain any residual T2 activity. In immunoblot
analysis (Fig. 2b), the H144P mutant protein was detected,
whereas no S390P protein was detected. The relative
amount of the H144P mutant protein, as compared to the
wild-type, was estimated to be 50%. Hence, the specific
activity (unit/mg of T2 protein) of the H144P mutant
protein was estimated to be about 50% of the wild type.
Protein-folding and post-folding stability is predicted to
vary with the incubation temperature. Hence, we also
performed transient expression at 40°C for 48 h. The
H144P mutant in expression at 40°C had a similar level of
residual activity to that at 37°C.

We reported the tertiary structure of the human T2
tetramer (Haapalainen et al. 2007). Figure 3a shows the
positions of the H144P and S390P mutations on the dimer.
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Fig. 2 Transient expression analysis of H144P and S390P mutant
cDNAs. Transient expression analysis was performed at 40°C and
37°C. (a) Potassium ion-activated acetoacetyl-CoA thiolase assay.
Acetoacetyl-CoA thiolase activity in the supernatant of the cell extract
was measured. The mean values of acetoacetyl-CoA thiolase activity
in the absence (—~K) and presence (+K) of potassium ions are shown

Wild-type  H144P S390P
10 52512510 5 10 5 pug

together with the SD of three independent experiments. (b) Immuno-
blot analysis. The protein amounts applied are indicated above the
lanes. The first antibody was a mixture of an anti-T2 antibody and an
anti-SCOT antibody. The positions of the bands for T2 and SCOT are
indicated by arrows

Fig. 3 The positions of H144P and S390P on the tertiary structure of human T2 dimers with substrates of coenzyme A

As seen in the figure, S390 is close to the active site and
H144 is at the dimer interface close to the surface of the
protein. Figure 3b shows a zoomed-in view around S390.
This mutant is located at the active site. S390 is hydrogen-
bonded to catalytic histidine, H385; it could be that this
serine is needed to orient histidine in a way that the
histidine can stabilize the transient negative charge of the
substrate optimally. S390 is also hydrogen-bonded to a
water molecule that is needed in stabilizing parts of the
enzyme. So, if S390 is mutated into proline, these two
hydrogen bonds do not exist. Hence, this S390P is expected

to bring about a serious change in T2 catalytic cavity. In our
expression analysis, this S390P was also too unstable to
detect mutant protein. Figure 3¢ shows a zoomed-in view at
the dimer interface. H144 is interacting with the residues of
the neighboring subunit. If this residue is mutated into Pro,
there is less dimeric interaction, which in turn might
destabilize the overall structure. Since this residue is far
from the active site and substrate binding site, it is difficult
to explain why this H144P mutant had reduced specific
activity in transient expression analysis from the viewpoint
of structural analysis.
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Urinary Organic Acid Analysis

GK69 was first suspected to having T2 deficiency as a
probable diagnosis; however, urinary organic acid analysis
at the first ketoacidotic crisis indicated no characteristic
profile for T2 deficiency such as elevated 2-methyl-3-
hydroxybutyrate and tiglylglycine in 1985 (no data was
available). The results of the urinary organic acid analysis
of our patients are shown in comparison with those of
typical T2-deficient patients, GK0O1 and GK(Ind) (Table 2,
Fig. 4). At the age of 24 years when her condition was
stable, GK69’s urinary organic acid analysis showed that
there were only trace amounts of 2-methyl-3-hydroxybuty-
rate and tiglylglycine (Table 2). In our screening, this low
level of tiglylglycine was difficult to detect. Urinary organic
acid analysis during the acute crises of GK77 and GK77b
showed huge amounts of 3-hydroxybutyrate and acetoace-
tate with elevated 2-methyl-3-hydroxybutyrate but only
trace amounts of tiglylglycine. The levels of 2-methyl-3-
hydroxybutyrate and tiglylglycine during a stable condition
in GK77 are similar with those in GK69.

In cases of typical T2-deficient patients, it is easy to
suspect T2 deficiency based on large amounts of 2-methyl-
3-hydroxybutyrate and tiglylglycine as shown in Fig. 4.
However, even in cases of trace amounts of tiglylglycine
(possibly under the detection limit), T2 deficiency cannot
be excluded. An H144P mutation, which retained high

residual activity, may contribute to atypical profiles in the
presented cases. These findings strengthen our previous
observations that some T2-deficient patients with muta-
tions, which retain some residual activity do not show
typical urinary organic acid profiles (Fukao et al. 2001,
2003).

Table 2 Quantitative analysis of urinary organic acid analysis during
acute crises and stable conditions

Patients Acute crises Stable conditions

2M3HB  Tiglylglycine 2M3HB Tiglylglycine
GK69 NA NA 14.0 13.3
GK77b 405.7 45.8 NA NA
GK77 160.2 6.7 27.3 14.8
GKO1 NA NA 399.1 732.1
GK(Ind) 484.6 503.9 195.1 797.6
Controls 107 £ 7.6 246+ 14.6

(n = 42)

Values are expressed as mmol/mol creatinine

NA means that samples were not available for the analysis. GKO1 is a
compound heterozygote of ¢.149delC and A333P, which retained no
residual activity (Fukao et al. 1998). GK(Ind) indicates a patient with
typical T2-deficient profiles of urinary organic acids in our screening

GK77 GK(Ind)
3HBMHB
LA 3HB 2M3HB
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Fig. 4 Urinary organic acid profiles of GK77 during the acute
episode and an asymptomatic period in comparison with those of a
typical T2-deficient patient (GK(Ind)). LA Lactate, 3HB 3-OH-
butyrate, 3HIV 3-OH-isovalerate, 44 Acetoacetate, 2M3HB
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2-Methyl-3-OH-butyrate, TG Tiglylglycine, 1S-2 and IS Internal
standards, UK Unknown. Since acetoacetate is unstable and samples
from GK(Ind) were shipped on filter papers after thoroughly drying,
the levels of acetoacetate are likely underestimated
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Table 3 C5-OH and C5:1 carnitines in blood filters and serum samples from GK77 and GK77b during acute crises
Patients Dried blood spots Serum
C5:1 C5-OH Cs:1 C5-OH
GK77b 0.027 0.11 ND 0.12
GK77 0.012 0.11 0.044 0.10
R208X homozygotes
GK75 (acute) 0.89 2.89 NA NA
GK79 (stable) 1.20 2.35 NA NA
Controls (n = 30)
Average + SD 0.015 £+ 0.016 0.26 & 0.15 0.015 & 0.013 0.059 =+ 0.024

ND not detected, N4 not applicable

The values are expressed as pmol/L

GK75 and GK79 are positive controls for T2 deficient patients who are R208X homozygotes (Fukao et al. 2010b)

Blood and Serum Acylcamitine Analyses

Acylcamitine analysis was done using samples during the
acute crises of GK77 and GK77b. Table 3 shows the results
in comparison with those of typical T2-deficient patients
(R208X homozygotes) (Fukao et al. 2010b). C5:1 and
C50H elevation in blood spots, characteristic for T2
deficiency, was clearly detected in the samples from the
typical T2-deficient patients but was absent in samples from
GK77 and GK77b. We previously reported that the
abnormality of the acylcarnitine profiles in T2-deficient
patients with mutations which retain some residual activity
is subtle during nonepisodic conditions (Fukao et al. 2003),
but the present study clearly showed that it could be also
subtle even during severe ketoacidotic episodes. This
means that acylcarnitine analysis using blood spots cannot
detect some T2-deficient patients like GK77 and GK77b.
Serum acylcarnitine analysis might detect elevation of these
compounds to some extent, but we need to analyze more
cases to clarify the usefulness of serum acylcarnitine
analysis in such T2-deficient patients with mutations which
retain some residual activity.

T2 deficiency cannot be excluded even if acylcaritine
profiles during acute episodes are within normal ranges.
Careful evaluation of urinary organic acids, especially for
the presence of 2-methyl-3-hydroxybutyrate, is necessary
not to overlook T2 deficiency.

Clinical Issues

Since they were confirmed as identical twins by DNA
analysis (data not shown), their genetic backgrounds were
identical and most environmental factors were also very
similar between them. One died during the ketoacidotic
crisis and the other survived.

In Japan, intravenous infusion therapy for vomiting,
appetite loss, and dehydration is commonly performed with
commercially available initial infusion solution, such as
Solita T1 (2.6% glucose) followed by maintenance solu-
tion, such as Solita T2 and T3 (4.3% glucose). These
solutions are effective for physiological ketosis. However,
in the case of T2 deficiency, a higher concentration of
glucose may be necessary. Accordingly, we had the
impression that GK77 became much better after the glucose
concentration was changed from 5% to 10%. In the case of
prolonged ketoacidosis, consideration should be given to
increasing the infusion rate of glucose to ensure high
normal blood glucose level to suppress ketone body
synthesis and isoleucine catabolism via insulin secretion.
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Concise One-Sentence Take-Home Message

Patients with beta-ketothiolase deficiency having a muta-
tion which retains some residual activity showed subtle
abnormality in urinary organic acid analysis and blood
acylcarnitine analysis even during acute ketoacidotic
episodes.
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