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ABSTRACT

The disposition of dodecanedioic acid (C12) was investigated in
six overnight-fasting healthy male vofunieers, who received a
165-min 1.v. infusion of 42.45 mmaol of C12 added to 150 xCi of
[1-12-1*C]C12. Blood samples were collected up to 360 min
after the start of infusion, and concentration of serum labeled
C12 was determined. Expired radioactivity (uCi/min) was mea-
sured up to 600 min and at 24 h. The 24-h G12 urinary excretion
was around 5% of the administered amount. The percentage of
C12 oxidized was 81.7 * 9.5% (mean = 8.D.) of administered
amount as estimated from the area under the curve of mea-
sured CO, expiration rate. C12 kinetics was described by
assuming a single compartment. A saturable rate of C12 tissue
uptake (model A) and a linear rate of tissue uptake {(model B)

were considered. The kinetics of CO, produced by C12 oxida-
tion was described by a fast pathway acting in parallel to a slow
pathway modeled by first order kinetics. Parameters of mode| B
were estimated for each subject, whereas model A was iden-
tified by fiting the pooled data of all subjects. On ihe basis of
estimates obtained from model B, an average calorie delivery of
500 kcal/day was predicted in the plateau phase for the infusion
rate of our experiments. When estimated from model A, the
maximal rate of tissue uptake was 0.38 = 0.08 mmal/min, with
a maximai calorie delivery of 750 kcal/day. These results ap-
pear promising for C12 utilization in parenteral nutrition, be-
cause G12 elimination with urine is low, whereas tissue uptake
and oxidation are rather efficient.

The first evidence of w-oxidation of monocarboxylic acids
was reported by Verkade and Van der Lee (1934). After the
oral administration of triundecylin, a compound that con-
tains undecanoic acid, the straight saturated monocarboxylic
acid with 11 carbon atoms, the homologous dicarboxylic acid
{DA) was recovered in the urine. The term w-oxidation was
used by these authors to indicate the oxidation of the methyl
group of a monocarhoxylic acid to a carboxyl group. Since this
first experimental observation, many studies have been per-
formed regarding the fate of DAs, both in experimental ani-
mals and in humans (Greco and Mingrone, 1995). Medium-
chain DAs (chain length of 6-12 carbon atoms) are rapidly
B-oxidized in mitochondria and peroxisomes (Pettersen,
1973; Mortensen ct al., 1982; Leighton et al., 1989; Vamecq
and Draye, 1989). Petiersen and Iaas (1973) showed that
DAs with 10 to 16 carbon atoms could be activated in rat liver
mitochondria in the presence of CoA and ATP and that the
DA with 16 carbon atoms was a substrate for the carnitine
palmitoyltransferase. In accordance with these observations,
Mortensen and Gregersen (1982) found that the in vitro
p-oxidation of dodecanedioic acid (C12) was dependent on
ATP, CoA, carnitine, and NAD™. However, the relative role of
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mitochondrial and peroxisomal B-oxidation has not been
completely elucidated.

Whereas cdd-chain DAs give acetyl-CoA and, as a terminal
product, malonic acid that cannot be further oxidized, even-
chain DAs appear to be completely oxidized (Mingrone et al.,
1988, 1991). Succinyl-CoA, produced ag an intermediate me-
tabolite of even-chain DAs, is a gluconeogenic substrate that
can play an important role in clinical conditions in which
glucose metabolism is impaired, such as starvation, sepsis,
and diabetes mellitus (Kou and Tserng Shiow-Jen, 1991).
The transport of DAs of short-chain length through the cell
membrane seems to be mediated by a carrier that has been
characterized in rat hepatocytes (Boelsterli et al., 1995) and
renal tubules (Sheridan et al., 1983; Ullrich et al., 1984). An
active dicarboxylate transport system has also been evi-
denced in rat mitochondria (Saint-Macary and Foucher,
1985).

Among medium-chain DAs, C12 seems to he the most
suitable for nutritional purpeses. In fact, the urinary excre-
tion of C12 is low (3-5% of administered dose) (Mingrone et
al., 1994; Bertuzzi et al., 1995) compared with azelaic acid
(DA with nine carbon atoms) (Bertuzzi et al., 1991) and
gebacic acid (DA with 10 carhon atoms) (Mingrone et al,
1991; Bertuzzi et al., 1994), and the energy density is high
(7.18 keal/g of (12 oxidized) (Mingrone et al,, 1994). The C12

ABBREVIATIONS: DA, dicarboxylic acid; G12, dodecanedioic acid; BMI, body mass index; MH, methylbenzethoniumTydroxide; 3.A., specific

activity.
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respiratory quotient {0.77) is rather low, representing an
advantage in patients with respiratory distress, in whom
(0, pulmonary exchange is low with subsequent hypercap-
nia and acidosis. Furthermere, the free fraction of C12 in
plasma is higher than the fraction of bath long-chain (LCT)
and medium-chain (MCT) monocarboxylic acids, because of
its relatively high water solubility and its low affinity for
albumin binding sites (Bertuzzi et al.,, 1995). Finally, con-
trary to both LCT and MCT, C12 administered in free form as
a ealt does not require hydrolysis before cellular utilization.

Kinetic analysis of C12 disposition after i.v. bolus injection
has been recently reported in humans, showing efficient tis-
sue uptake of C12 coupled with low elimination in urine
(Bertuzzi et al., 1995). The kinetics of C12 and the effect of its
administration on glucose kinetics in rats showed that C12
can supply glucose precursors and undergoes a rapid tissue
uptake to an extent comparable with that of glucose, from the
point of view of energy supply {Bertuzzi et al., 1997},

To verify whether the amount of C12 that can be taken up
by tissues and oxidized to CO, is energetically adequate to
consider C12 a suitable fuel substrate in humans, experi-
ments of continuous i.v. infusion of laheled and unlabeled
(12 were performed in healthy volunteers. For each subject,
measurements of C12 plasma concentration, C12 excretion in
the 24-h urine sample, and labeled CO, expiration rate were
analyzed by means of a mathematical model with a linear
rate of (12 tissue uptake. A more complex model with a
saturable rate of tissue uptake was identified by fitting the
pooled data of all subjects. The analysis predicts that the rate
of C12 tissue uptake and the percentage of oxidation of the
(12 amount taken up by tissues are adequate for use of C12
in parenteral nutrition.

Materials and Methods

Chemicals

112 and azelaic acid (used as internal standard) were obtained
from Sigma Chemical Co. (St. Leuis, MO). C12 was purified by Real
8.r.l. (Como, Italy) and was free from pyrogens and contaminants
with a degree of purification of 99.8%, ascertained by gas-liguid
chromatography and mass spectrometry. All the other chemicals
were of the highest purity available. A 0.4 M solution of C12 galified
with NaOH was used for the iv. infusion. The solutions were ster-
ilized by 0.25-um @ Millipore filters (Molsheim, France) before ad-
ministration.

Experimental Procedures

An amount of 42.45 mmol of C12, added to 150 pCi of [1-12-2*C]
C12 [specific activity (3.A.) 117 mCi/mmol], was administered as a
165-min continuous iv. infusion in six overnight-fasting healthy
male volunteers aged 51.2 + 9.5 years {mean * S.D.) and with an
average body mass index (BMT) of 26,5 * 2.6 kg/m®. Heparinized
blood samples (3 ml) were taken from 10 to 360 min at intervals
varying from 5 to 20 min and immediately centrifuged. Plasma
samples were frozen at —20°C until analysis. Bach subject voided
before starting C12 administration, and the 24-h urine sample was
collected in a container with 0.1% sodium azide to prevent bacterial
growth.

The protocol conformed to the directives given by the Ethical
Committee of the Institutional Health Review Board of the Catholic
University, Schiool of Medicine, in Rome. Informed consent was oh-
tained in all cases.

CO, Collection. Indirect calorimetry was performed by an open-
hood system (Delta-track; Datex Instrumentarium, Helsinki, Fin-
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land), and the CO, preduction rate was automatically computed
every minute. Indirect calorimetry was started 0.5 h before and was
continued until 600 min after the beginning of C12 infusion.

Expired air was collected over 2-min periods at regular intervals of
90 to 30 min for a total time of 600 min after the beginning of labeled
C12 infusion, and another CO, sample was collected at 24 h after
starting C12 infusion. A 20-liter Douglas bhag was used. A 1-M
solution of methylbenzethanium hydroxide (ML) in methanol was
prepared by adding 20 ml of MI to 36 ml of ethanol; 4 ml of ¢.1%
phenophthaleine was added as pH indicator. Three-milliliter ali-
quots of this solution were placed in graduate tubes and titrated with
0.15 N TICL The next 9 ml of the solution was transferred inte a
bubbling apparatus to trap 0O, from the Douglas bag. Following the
ahove procedure, solutions containing 3 mEq of MH were obtained:
these solutions trap exactly 3 mmol of CO; (Wolfe, 1984). Finally, the
MH solution trapping #CQ, was added with 10 ml of 0.4% 2,5-
diphenyloxazele (in diphenyl oxazole) toluene in scintillation fluid
and counted. Radioactivity was detected by a B-scintillation counter
(Packard Tri-Carb 460C, Downers Grove, IL). Quenching was
checked by the internal standard method. The **CO, fluxes were
caleulated by use of the values of CCO, production rate meagured hy
indirect calorimetry.

DA Analysis

Serum Samples. Azelaic acid (100 ug) was added to 1 ml of each
serum sample as an internal standard. Proteins were precipitated
with 0.1 m] of 4 N HCl and DAs extracted twice with 8 volumes of
ethyl acetate maintaining the solution at 60°C for 15 min. The
combined extracts were dried in a GyroVap apparatus (Howe GVL;
Gio. De Vita, Rome, Italy) operating at 60°C, coupled with a vacuum
pump and a gas trap FTS-System (Stone Ridge, NY).

Urine Samples. Samples (0.5 ml) from 24-h urine were supple-
mented with 50 ug of azelaic acid as internal standard and then
treated with cation exchange resin (Dowex 50 W-X4, 100- to 200-pm
mesh, H') to remove salts, concentrated under reduced pressure and
filtered through a Millipore HV (0.45-pm) Swinnex HA filter. The
samples were acidified to pH 1 or 2 with 4 N HCY, extracted twice
with ethyl acetate, and evaporated in the GyroVap as described
previously.

HPLC Analysis. The HPLC of DAs was performed according to a
previously described method (Mingrone et al., 1892), The eluate of
the peak corresponding to the retention time of C12 standard was
collected into a wvial, added to scintillation fluid, and counted as
specified above.

Mathematical Model of C12 Kinetics and Disposition

The kinetics of C12 was described by a one-compartment model
with two routes of elimination: renal excretion and tissue uptake.
Because (12 binds to albumin, the total C12 concentration in the
compartment, ¢;, was represented as the sum of a free concentration,
¢ plus a bound concentration. Previous resulte indicate that C12
hinding to human serum albumin can be described by agsuming one
clasg of equivalent and independent binding sites {Bertuzzi et al,,
1995), so the total C12 concentration was written as

Ke,

1+ Ke,' (1)

ce=crta

where a is the concentration of protein binding sites in the compart-
ment and K is the association constant.

The renal excretion rate of 12 was assumed to b linearly related
to the concentration of free C12, with an apparent renal clearance g
(Vmin). For the rate of tissue uptale, assumed to be a function of free
C12 concentration, gley), two different forms were considered: a sat-
urable function of the Michaelis-Menten type as in previous papers
(Bertuzzi et al., 1991, 1994, 1997)
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_ T‘mc['
gley) = o dan (2}
where T, is the maximal rate of tissue uptake (mol/min) and K, the

uptake constant (M), and a linear function
gles) = BiCr (3)

where g, (/min) is the rate constant of tissue uptake. Note that the
term glep) repregents the rate of elimination of C12 in routes different
from renal excretion and leading to C12 utilization. The saturable
behavior of eq. 2 can be attributed in principle to various processes,
from the treansport through the cell membrane to the enzymatic
reaction in the mitechondria.

For the kinetics of total C12 concentration, we can write the
equation

Ve, (t) = —per(t) ~ gleg(t)] -+ I(8), €00 =0, (4)

where Vig the distribution velume (liters) and I{#) the infusion rate
(mel/min). Considering the equilibrium hetween free and bound C12
as instantaneous, and using eq. 1, the kinetics of free C12 was thus
described by the following equation:

1
ch(t) = 1+ QK/[l + I(Cg(f)]z { - ch‘(t) _g[cf(t)] + I(t)}r

Because the function g may have the form given by eq. 2 or by eq. 3,
in the follewing, we denote the model with saturable tissue uptake as
model A and the model with linear tissue uptake as model B.
Unlabeled C12 was administered together with a labeled fraction
{S.A. of administered C12 = 3.63 mCi/mol), and the radioactivity of
C12 in plasma was measured. Thus the quantity )

yi{t) = BA-eft) (6)

was taken as model output. We notice that any possible recycling of
radioactivity through C12 metabolites was not taken into account in
the model because the concentration of labeled C12 in plasma was
directly measured. The amount of C12 excreted in the 24 h urine was
also measured, and the corresponding quantity given by the modeai
was computed as pfa* Pedt)ds,

We agsumed that the production of CO, resulting from C12 oxi-
dation, as well as the transport and exeretion of this CO, fraction in
the expired air, can be represented by a fast pathway, in which the
C12 taken up by tissues is instantaneocusly transformed into CO,
and excreted in expired air, acting in parallel to a slow pathway
simply modeled by a first order kinetics with time constant r. Thus,
dencting by v, the CO, expiration rate (mCi/min), which is the
measured quantity, we have

L
yalf) = a'u®(t) + %J- EXP":'” “Hut(s)ds N

0

where u* = 8.A. gleds)] (mCi/min) is the amount of **C taken up by
tissues ag C12 in the unit time, and o and « are the fractions of
labeled carbon atoms enrouted in the fast and slow pathways of CO,
production and elimination, respectively. The possibly incomplete
C12 oxidation may cause a certain fraction of label to be retained
within the body as C12 or other compounds, oxidizable with time
constants larger than the time horizen of the experiment. Moreover,
labeled carbon atoms can be lost in the urine as compounds other
than C12. Therefore, we assumed that the coefficients o and ¢ in eq.
7 are such that o + o' = 1. Although the relationship between the
fraction of CI12 taken up by tissues that is oxidized and the value of
a + ¢ iz complex, depending on the fate of the different C12 metfalb-
olites, the sum « + &' can be taken, in a first approximation, as
representative of this fraction.
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Fig. 1. Block diagram of the model used for the analysis of kinetics and
oxidation of C12, The dashed arrows represent measured gquantities, For
the symhols, see Materials and Methods.

A diagram of the kinetics of C12 and the production and excretion
of CO, is shown in Fig. 1.

Estimation of Unknown Parameters. The identifiability of the
unknown parameters of model A (V, a, g, Ty, Ky, @, o', and 7) and
model B (V, a, g, gy, &, o, and 7 was verified by the similarity
transformation method (Wajda et al., 1989). For all subjects, the
value of the association constant K was set equat to 6.4 x 10° M™1,
the mean value previcusly estimated in a group of healthy subjects
(Bertuzzi et al,, 1995), The parameters of both models were esti-
mated for each subject by simultaneously fitting the individual data
of labeled C12 concentration and *#CO, expiration rate at the avail-
able time points plus the measurement of the C12 amount excreted
in the 24-h urine. Under the agsumption that all the measurements
had a constant c.v., a weighted least-equares fit was performed, with
weights given by the inverse of the ¢.v. times the experimental value
(Landaw and DiStefano, 1984).

The parameters were also estimated as means over the subject
popuiation by the naive pooled-data approach (Jacquez, 1996), that
is by fitting the pooled data of all subjects. A weighted least-squares
index was used, with weights given by the inverses of the sample
estimates of the variance of the dafa af each time.

The least-squares index was minimized by means of a quasi-
Newton algorithm, and the 5.E. values of the estimates were deter-
mined from the inverse Hessian matrix of the index computed at the
optimum (Seber and Wild, 1989}. For the individual estimates, S.E.
was computed assuming a c.v. of the measurements equal to 0.1.

Results

The 24-h urinary excretion of C12 wag 5.1 = (1.8% (mean =+
S.D. over the six subjects) of the administered amount, cor-
responding to 2.18 * 0.35 mmol. To evaluate the amount of
C12 oxidized in each subject, following Nérdenstrom et ai,
{1983), the ratio between the total radioactivity excreted with
the expired air and the amount of labeled C12 infused (per-
cent oxidation) was computed. The total radicactivity ex-
creted was determined by reporting the individual data of
C0, expiration rate versus time and computing the en-
closed area from 0 to 24 h by the trapezoidal approximation.
The amount of C12 oxidized, expressed as percent oxidation,
was 81.7 = 9.5% of the administered amount of C12 and,
therefore, 86.1 * 10.1% of the €12 amount that is not lost in
urine,

The fitting of the individual data by model A gave unac-
ceptably high S.E. values of parameters T, and K, leading
to the conclusion that a Michaelis-Menten tissue uptake
could not be reliably identified on the basis of the available
individual data. On the contrary, the parameters of model B
were estimated with acceptable 8.5, values and a limited loss
of the goodness of fit. The fitting for two subjects is shown in
Fig. 2. The values of the parameters for each suhject, to-
gether with the mean values, are reported in Table 1, where
the BMI of each subject is also given. It can be observed that
the values of some parameters (in particular g, o, and « +
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Fig. 2. Experimentel data of total concentration of labeled C12 in serum
(A) and of CO, expiration rate (B} versus time during and after the
labeled C12 infusion in two subjects (4, subject 1 of Table 1; +, subject 6
of Table 1). The continuous and dashed lines represent the optimal fitting
curves predieted by model B with the parameter values reported in Table
1. The right y-axis of A gives the unlabeled C12 concentrations computed
from the S.A. of infused C12. The right y-axis of B gives the labeled CO,
expiration rate as a percentage of the labeled carbon infusion rate.

a') tend to discriminate subjects 1 and 2 (smaller BMI) from
subjects 5 and 6§ (Jarger BMI).

The parameters of the model with saturable tissue uptake
of C12 (model A) were estimated with acceptable S,E. values
by fitting the pooled data of all subjects. The estimated pa-
rameters should be considered in this case as direct esti-
mates of the mean parameter values over the subject popu-
lation, The parameters of model B were estimated in the
same way, obtaining values that substantially agree with the
means of the individual estimates reported in Table 1. How-
ever, the least-squares index at the optimal values of param-
eters was larger than for model A (339 versus 323), so that
model A was found to be preferable on the basis of both
Akaike and Schwarz criteria (Landaw and DiStefano, 1984),
The population means of model parameters, estimated by
model A, are reported in Table 2, Note that the values of
parameters V, p, o, o', and 7 are in substantial agreement
with the means of individual estimates given in Table 1,

Figure 3A shows the experimental data of the total con-
centration of labeled C12 in serum, together with the optimal
fitting curve given by model A with the parameters reported
in Table 2. The amount of C12 excreted in the 24-h urine, as
predicted by the model (2.18 mmol), was coingident with the
average measured value. In Fig. 3B, the measured values of

Dodecanedicic Acid Risposition in Humans 849

the Y*CO, expiration rate and the best-fitting curve are de-
picted. A rapid increase in the radicactivity in the expired
CO, was cbserved, with a prolonged plateau reached before
the end of C12 infusion and maintained up to about 300 min.
Then the expired radioactivity gradually declined but was
still detectable at 24 h (2.35 =+ 0.36 nCi/min, data not shown),
The total radicactivity excreted with the expired air, com-
puted by the model as [21y,(t)d¢, was found to be equal to
117.6 mCi, that is, 78.4% of the infused amount of label.

Discussion

Because C12 is an exogenous substrate, the kinetics of
labeled C12 hag heen assumed as representative of the ki-
netics of unlabeled C12.Therefore, the isotopic label was used
as a convenient method for measuring the concentration of
the compound in plasma (Jacquez, 1996) and to quantitate its
oxidation. The administration of unlabeled C12 at a rela-
tively high infusion rate was intended to give evidence to the
possible presence of a saturable mechanism in the C12 tissue
uptake.

In the mathematical model proposed, the kinetics of la-
beled C12 plasma concentration was described by a simple
one-compartment model, to reduce the number of unknewn
parameters, while maintaining an adequate overall fitting of
the experimental data. To describe the rate of C12 tissue
uptake, as already done in the analysis of kinetic data of
azelaic and sebacic acids (Bertuzzi et al., 1991, 1994}, a
saturable function was used in model A. This assumption is
suggested by the observations on the active transport of
mono acids and DAs across cellular membranes (Sheridan et
al., 1983; Ullrich et al., 1984; Boelsterli et al., 1995; Saini-
Macary and Foucher, 1985; Stremmel, 1988) and by the
gaturable nature of the snzymatic process of exidation. We
note, however, that this process is further complicated by the
backinhibition due to B-oxidation products of DAs (Poosch
and Yamazaki, 1989). Alternatively, a simpler model with a
linear rate of tissue uptake (madel B) was considered. In both
models A and B, the C12 binding to protein binding sites was
taken into account by assuming that these sites are charac-
terized by the binding constant of C12 to serum albumin.

The estimated value of the C12 distribution volume, ob-
tained as a mean of the individual estimates (Table 1) or as
a population estimate (Table 2), is not far from the sum of
plasma volume plus the volume of the rapidly equilibrating
interstitial water (10.7 liters for a 70-kg human; Bischoff,
1975). This estimate of the distribution volume deoes not
strictly represent a physiological space, because the distribu-
tion kinetics was modeled by a single compartment, whose
volume will generally be lower than the sum of plasma vol-
ume plus the volumes of peripheral compartments. Note that
the low value obtained for the distribution volume suggests
that intracellular spaces are not involved, thus favoring the
view that the saturable behavior of tissue uptake may be
mainly caused by the saturation of the transport system at
the cellular membrane level,

The concentration a of albumin-equivalent binding sites is
gmaller than the concentration of the albumin binding sites
in plasma (see Tables 1 and 2). The individual estimates of a
are dependent on the assumption that K is constant among
individuals; thus, our estimates should be considered appar-
ent concentrations of sites with a fixed K value. However, if
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TABLE 1

S

Vol 292

Estimates > S.E. of the individual inetic parameters for C12 disposal and CO, expiration, obtained by the mode! with linear tissue uptake

{model B)
BMI values (lkg/m?) ave indicated in pareitheses.
Subjects
Parameter Mean
1022.7 2 (23.3) 3 (95.2) 4 (24.5) 5 (28.6) 6(28.7)
Liter
v G.13 = 0.20 438 +0.18 6.74 = 0.24 6.98 = 0.28 6.70 + 0.34 741 +0.338 6.3%
m
a 0.28 £ 0.22 0.74 = 0.12 ¢ 0.50 = 0.09 0.74 + 0.19 0.84 £ 0.12 0.53
mil/min
3.29 = 0.37 3.15 = 0.36 2.16 = 0.22 3.51 + 0.42 7.83 = 1.31 6.79 + 1.01 4,45
2
Oy 55.6 = 5.69 52,1 = 0.30 46.4 = 1.16 81.2 = 547 117 = 16 137 + 15 81.6
o 0.72 + 0.04 .70 + 0.03 0.67 = (.05 0.53 = 0.03 0.69 = 0,03 0.53 + 0.63 0.62
o 0.18 = 0.03 0.28 = 0.03 0.33 = 0,03 0.24 + 0.02 0.22 + 0.02 0.21 = 0.02 0.24
min
T 149 x 22 175 £ 12 208 + 18 195 + 14 214 + 11 163 = 13 184
* Estimated a virtually equal to zero.
TABLE 2 —_ 18—y . ] . r
Estimates + S.E. of the population means of kinetie parameters for = E]EPEIE‘E' A A
12 disposal and CO, expiration, obtaired by the model with nonlinear (é E]E‘EE T )
tissue uptake (mode! A) = ol = 08y EE‘D
— S HEbe_o
Parameter Estimate | ..@ s o i & Hn ED A
liter = [0y DE
+ 8 Bo o] " O
v 6.91 + 0.30 o A e
mM 2 alg
a 0.87 = 0.12 o 5] By mé -
mi{min O .25 i Hpo T
472 + 0.52 3 =
p e = U o o
mmol/min g
T 0.38 = 0.08 =
mM g’
;o 3.06 + 1.08 - 3 ‘ L : : '
Q 100 200 300 400 500 600
a 0.59 + 0.02 : ;
o 0.24 = 0.:02 Time (mir)
min —
=
T 151 + 11 E 02 | : l : —
2 o
was verified that the estimate of o obtained by assuming g EEQEE
different values for K varied less than would be expected if Y = A
the product aX were constant. The total amount of binding W %\E .
sites, ¢V = 6.01 mmol, estimated by model A from the pooled § B
data, is comparable with the amount of albumin binding sites w B .
in plasma [5.95 mmol, assuming the albumin concentration & o -\E}
in plasma equals 0.6 mM, 3.1 binding sites per molecule x a B i
(Bertuzzi et al,, 1995), and plasma volume equals 3.2 liters]. 8 U
This result suggests a limited extent of C12 binding to inter- T
stitial proteins, When a linear tissue uptake was assumed, F
the estimated number of binding sites (3.39 mmol with the L | | ! |
11 o -1.8
1.11ean values) was, on thfe cor-ﬁ:rary, markefﬂy smaller than 3 0 100 200 300 400 500 600
the number of albumin sites in plasma. Thig result appears ‘ )
Time (min)

to be indirect evidence of the presence of a saturable tissue
uptake of C12. In fact, the protein binding and the saturable
tissue uptake influence the descending branch of C12 plasma
concentration (after the end of infusion) in opposite ways: the
protein binding produces an upward concavity, whereas the
saturable tissue uptake produces a downward concavity. If
both these nonlinearities are actually present, the data will
show a reduced (or almost absent} upward concavity. This
point was verified by simulations of the model with reason-
able parameter values. So, if data are fitted with a mode)

Fig. 8. Experimental data (i) of total concentration of labeled 12 in
serum (A) and of 1'CO, expiration rate (B) versus time during and after
the labeled C12 infusion in six subjects. The continuous lines represent
the optimal fitting curves predicted by model A following the naive pool
approach. The parameter values are reported in Table 2.

containing only protein binding, the hinding site concentra-

tion is likely to be underestimated, leading to possibly fewer

binding sites than the albwmnin binding sites in plasma.
The low value of the rate constant p of C12 excretion in the

—
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urine suggests a tubular reabsorption of C12. This finding
confirms that the modalities of urinary excretion of DAs
change with the chain length {Sheridan et al,, 1983; Ullrich
et al., 1984). We found that azelaic acid is likely to be actively
secreted (Bertuzzi et al.,, 1991), whereas sebacic acid appears
to be reabsorbed (Bertuzzi et al,, 1994).

The ecomplex processes of C12 metabolism up to CQ, pro-
duction and excretion in expired air have been modeled as-
suming the coexistence of a fast pathway together with a
slow pathway represented as first order kinetics. The fast
pathway accounts for the observed rapid increase in radioac-
tivity in the expired air after the beginning of labeled C12
infusion. Two major determinants could account for the slow
CO,, elimination pathway. The large fraction of CO, carried
by the formation of bicarbonate can represent one determi-
nant of the slow pathway. Moreover, succinic acid, which is a
gluconeogenic precursor, can be derived from C12 B-oxida-
tion, and then the labeled glucose released from the liver can
be taken up by tissues and oxidized to *CO,. Although the
phenomena involved from C12 oxidation to expiration of CO,
appear to be complex (the recovery of labeled CO, after
administration of labeled bicarbonate has been indeed rep-
regented in the literature by two- or three-compartment mod-
els; see Issekutz et al., 1968; Pallikarakis et al., 1991), we
chose a simple model that nonetheless guaranteed a reason-
able fitting of the data.

An incomplete recovery of 2*C in the expired CO, was also
allowed in the model, and the fraction of radiocarbon expired
in 24 h predicted by model A (78.4%) is in good agreement
with the value determined from the area under the curve of
the experimental data of expired radioactivity (81.7%). The
sum e + o was estimated to be less than 1 (0.83 by model A
and 0.86 by model B} and was in close agreement with the
percentage of label, not lost as C12 in the urine, that was
expired in 24 h (86.1%). These results suggest that the C12
taken up by tissues was not completely oxidized to CO,, with
the possible storage of labeled carbons into compounds not
rapidly oxidizable, or that a portion of labeled carbon atoms
was lost in the urine as bicarbonate. The percentage of 1*CO,
following the fast pathway, as estimated by model A [100a'/
(e + o) = 28.9%], seems to approximate the physiological
value of CO,, dissolved in plasma plus the CQ, carried by the
formation of carbamino compounds into erythrocytes (8 and
27%, respectively; Selkurt, 1971).

As can be seen from the individual estimates in Table 1,
the values of the parameters g, o, and o + o' appear 1o be
different in subjects 1 and 2 (having smaller BMI) from
subjeets 5 and 6 (with larger BMI). In particular, for the
subjects with higher BML a larger g, and smaller o + o' were
found. This result indicates that individuals with higher BMI
might present a faster uptake but a less complete utilization
of C12, with a significant apparent storage within the body.
It is ascertained that in obese subjects, glucose storage under
glycogen form in both muscles and liver is impaired and
restored only after weight loss (Damsbo et al., 1991}. Hence,
in our overweight subjects, C12 is likely to be more effectively
stored to compensate thig deficiency.

The estimates of parameters obtained by the linear medel
provide an estimate of the calorie delivery in the plateau
phase for the infusion rate used (0.257 mmol/min). Taking
into aceount the incomplete oxidation of C12, the calorie
delivery of C12 can be computed as (a + a'lpc., X 230.3 %
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7.18 (where ¢, is the steady-state concentration of free C12,
found by setting the time derivative in eq. 5 equal to zero;
230.3 is the C12 molecular weight; and 7.18 cal/mg is the C12
energy density), obtaining 500 keal/day when the mean value
of parameters in Table 1 is used. An estimate of the maximal
rate of C12 tissue uptake was obtained with model A and the
pooled data. The estimated maximal rate of tissue uptake
(T, = 0.38 mmol/min) is relatively high and larger than the
value obtained for sebacic acid (0.24 mmeol/min), the DA with
10 carbon atoms (Bertuzzi et al., 1994). The estimated max-
imal calorie delivery of C12 can be computed as (a + a')T, X
230.3 x 7.18, corresponding to 750 kcal/day. Therefore, this
fuel substrate appears capable of supplying an energy
amount comparable with that usually given by other alter-
native lipid substrates such as MCT emulsion (450 keal/day;
Pakula et al., 1999).
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