
In Vivo Measurement  of Plasma Cholesterol  and Fatty Acid Synthesis 
With Deuterated Water: Determination of the Average Number of Deuterium 

Atoms Incorporated 
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Fractional lipid synthesis can be measured using the incorporation of deuterium from deuterated water. The calculations 
require knowledge of the maximum incorporation number (N) of deuterium atoms in the molecules synthesized. For both tissue 
palmitate and cholesterol, N values have been found to be higher during in vivo versus in vitro experiments. We determined the 
N values to be used for measuring the fractional synthesis of plasma cholesterol and of palmitate triglycerides (TG). Rats were 
given drinking water enriched (7% to 10%) with deuterated water, and N was determined from the mass isotopomer 
distributions of plasma cholesterol and plasma TG palmitate and the deuterium enrichment of plasma water. We found N to be 
21 for palmitate and 27 for cholesterol. These values agree with those reported for tissue palmitate and cholesterol in vivo, and 
are higher than values found in vitro. We also found large deuterium enrichments in plasma glucose and in liver lactate and 
pyruvate. We suggest that, compared with in vitro studies, in vivo metabolism of these compounds leads to an additional 
pathway of incorporation of deuterium into lipids through deuterium-labeled acetyl coenzyme A (CoA). This could explain why 
N values are higher in vivo than in vitro. 
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I NCORPORATION into lipids of deuterium from deuter- 
2 1 ated water ( H20 ) is an attractive method for determin- 

ing the fractional synthesis of fatty acids and cholesterol, 
especially in humans. 2-6 2H20 is a safe, nonradioactive 
tracer, and there is no need for an intravenous infusion. 
Moreover, isotopic enrichment (IE) of the precursor, body 
water, can be easily measured, 6 especially as compared with 
methods using infusion of labeled acetate. 7-9 This method, 
like those using labeled acetate, yields the fractional synthe- 
sis, ie, the percentage of fatty acids or cholesterol in the 
sampled pool coming from endogenous synthesis at the 
time of sampling, by comparing the actual IE observed (IE 
obs) with the IE that would have been obtained (theoretical 
maximum IE) if all the molecules were derived from 
endogenous synthesis. This expected maximum IE (IE exp) 
is dependent on the IE of body water (p) and the maximum 
number (N) of labeled atoms that can be incorporated into 
the molecules synthesized (IE exp = N x p). N is 22 for 
hydrogen incorporation into palmitate, 1°,1~ but has been 
found to be only 14 for tritium atoms when H20 and 3H20 
compete for hydrogen or tritium incorporation into palmi- 
tate] 1 due to isotope effect. Deuterium is also prone to 
isotope effect, 12 and therefore its N value has to be 
determined. During in vitro studies, Lee et a113 found N 
values of 17 and 20 for deuterium incorporation into 
palmitate and cholesterol, respectively; the value for choles- 
terol agrees with that reported by Javitt and Javitt. 14 
However, in further in vivo studies, is N values of 22 for 
tissue palmitate and 30 for liver cholesterol were reported. 
This discrepancy between in vitro and in vivo studies 
suggested that either there is no significant isotope effect in 
vivo or, in addition to direct incorporation from water and 
through NADPH, there are other in vivo pathways contrib- 
uting to deuterium incorporation into lipids. 

Given the importance of using the correct N value for 
calculating lipid synthesis, we determined N values for 
plasma cholesterol and for palmitate triglycerides (TG) in 
rats. This was determined for plasma lipids, since plasma is 
the pool usually sampled in human subjects. Moreover, we 
searched for indications of additional in vivo pathways of 

deuterium incorporation into lipids. We found a large 
deuterium labeling of plasma glucose and of liver lactate 
and pyruvate that could contribute to deuterium incorpora- 
tion into lipids through labeling of the methyl group of 
acetyl coenzyme A (CoA). 

MATERIALS AND METHODS 

Pyridine, N-methyl-N-(tert-butyldimethylsilyl)trifluoroacetamide 
(MTBSTFA) and bis(trimethylsilyl)trifluoroacetamide (BSTFA) 
were from Pierce (Rockford, IL). O-phenylenediamine was sup- 
plied by Prolabo (Paris, France), and 2H20 (99.8 atom % excess 
[APE]) was from Eurisotop (Gif-sur-Yvette, France). Other sol- 
vents or reactants were from Merck (Darmstadt, Germany) or 
Prolabo. 

Male Sprague-Dawley rats (Iffa-Credo, L'Arbresle, France) 
weighing 250 to 340 g were placed into individual cages in an 
animal care facility with controlled temperature (22 ° _+ 2°C) and 
light (lights on from 8 AM to 8 PM). After acclimation, they had 5 
days of free access to drinking water enriched with 2H20. They 
were fed ad libitum during the study with a standard diet (50% 
carbohydrates, 5% lipids, 25% proteins, 12% water, 4% cellulose, 
and 4% mineral salts). Two protocols were used, the first without a 
loading dose of 2H20, and the second with a loading dose. During 
the first protocol, rats had free access to water enriched 7% with 
2H20. In a first series of experiments, blood samples were collected 
under ether anesthesia at 0, 8, 24, 32, 48, 72, 80, 96, and 104 hours 
to evaluate the kinetics of body water enrichment. In a second 
series of experiments (n = 6), blood was sampled only at 0, 80, 96, 
and 104 hours under ether anesthesia. Plasma samples were stored 
at -20°C until analysis. After the last blood sampling, livers were 
quickly exposed, freeze-clamped with tongs cooled in liquid nitro- 
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gen, and stored at -80°C until analysis. During the second 
protocol, rats (n = 6) received an intraperitoneal loading dose of 
deuterated water (35 mL/kg 99% enriched 2H20) and then had 
free access to drinking water enriched 10% with 2H20. Blood was 
sampled at 0, 24, 48, 72, and 96 hours for measurement of plasma 
water IE and at 96 hours for measurement of plasma lipid IE. 

Plasma lipids were extracted by the method of Folch et a116 
before separation of TG, fatty acids, phospholipids, and choles- 
terol by thin-layer chromatography. Briefly, 0.5 mL plasma was 
mixed with ethanol (1.5 mL), chloroform (3 mL), and butylhydroxy- 
toluene (0.1 mL). The mixture was shaken and centrifuged (3,000 
rpm at 4°C for 15 minutes). The upper and intermediate phases 
were removed, and the lower phase was evaporated to dryness 
under nitrogen. Extracted lipids were dissolved in 200 I~L ethanol- 
chloroform (1:2, vol/vol) and spotted on thin-layer silica G plates 
(Merck, Darmstadt, Germany). Plates were developed with hexane- 
ether-acetic acid (80:20:1 vol/vol). Free cholesterol, TG, and fatty 
acids were visualized by fluorescein vapor against standards and 
scraped off the silica plate. Free cholesterol was eluted twice from 
the silica with ether, and the ether was washed with water before 
evaporation to dryness. The trimethylsilyl derivative of cholesterol 
was then prepared using pyridine (50 ~L) and BSTFA (50 p~L). 
Fatty acids were methylated and fatty acids of TG transmethylated 
using the method of Morrison and Smith. 17 Samples scraped from 
silica plates were mixed with boron trifluoride methanol and 
heptane-methanol and heated at 100°C for 30 minutes. The 
reaction was stopped by placing the samples on ice. Then the silica 
was precipitated with K2CO3 5% (1.5 mL) and fatty acid methyl 
esters were extracted with iso-octane. Glucose was purified from 
neutralized perchloric acid extract of plasma by sequential ion- 
exchange chromatography before preparing the bisbutylboronate- 
acetate derivative as previously described) 8 The quinoxalinol-t- 
butyldimethylsilyl derivative of liver pyruvate and the bis 
t-butyldimethylsilyl derivative of liver lactate were prepared as 
previously describedJ 9 

Gas Chromatography--Mass Spectrometry Analysis 

All samples were injected into a gas chromatograph (HP 5890; 
Hewlett Packard, Palo Alto, CA) equipped with a 25-m fused silica 
capillary column (OV 1701; Chrompack, Bridgewater, NJ) inter- 
faced with a mass spectrometer (HP 5871 A; Hewlett Packard) 
working in the electron-impact mode. The procedures for glucose, 
lactate, and pyruvate have been previously publishedJ sA9 Operat- 
ing conditions for cholesterol were as follows: injector 290°C (split 
mode), oven 270°C, with ions of m/z 367, 368, 369, 370, and 371 
selectively monitored. For palmitate methyl ester, the conditions 
were as follows: injector 250°C (split mode), oven 210°C, with ions 
of m/z 269, 270, 271, 272, and 273 monitored. Mass spectrometer 
parameters were set with manual tuning to obtain for the range of 
ion masses selectively monitored the best sensitivity and the best 
resolution between consecutive masses, either for palmitate or for 
cholesterol. Samples of unlabeled cholesterol and palmitate were 
run with the biological samples (all samples in triplicate). The 
linearity of the response of the mass spectrometer to increasing IEs 
was verified by running standard curves of palmitate and choles- 
terol enriched with known amounts of singly or doubly 13C-labeled 
molecules. Special care was taken to obtain comparable ion peak 
areas (ie, <20% difference) between standard and biological 
samples, 2° adjusting the volume injected or diluting the sample 
when necessary. Coefficients of variation were less than 4% for IEs 
above 1% and between 5% and 8% for IEs less than 1%. 

Deuterium IE in plasma water was determined by isotope ratio 
mass spectrometry ([IRMS] Optima; Fisons Instruments, Mid- 
dlewich, England). 21 The drinking water and enriched plasma 
samples were diluted (1:300 and 1:100, respectively) with reference 

water before reduction over zinc reagent (Indiana University 
Foundation, Bloomington, IN) at 500°C for 30 minutes. Basal 
plasma samples were distilled for 4 minutes before reduction. The 
2H gas produced was analyzed on a triple-inlet IRMS unit. The 
2H/1H ratio of each sample was measured six times against an 
international Standard Mean Ocean Water (SMOW) reference. 
The results were expressed as 8%o 2H and calculated as 8%0 = 
1,000 x ([2H/IH sample - 2H/1H reference]/ZH/1H reference), 
and were converted to atom percent ([AP] 21-1/[21-1 + IH]) for each 
sample, taking into account the dilution when necessary. IE in 
drinking water and plasma samples was expressed as APE: APE = 
AP sample - AP basal (AP basal is the value for plasma water 
before tracer administration). 

Calculations 

Mass isotopomer distributions of labeled palmitate and choles- 
terol were calculated from the observed spectral intensities of the 
ions monitored using matrix correction) 3 The correction matrix 
was obtained by running samples of unlabeled (natural) palmitate 
and cholesterol. For each sample, this matrix correction gives the 
abundance of palmitate or cholesterol molecules having incorpo- 
rated one, two, three, i, excess deuterium, expressed relative to the 
abundance of molecules with no excess deuterium (ie, results are in 
molar ratio: mi/mo). These values, which were transformed next to 
molar excess, ie, the ratio of molecules having incorporated N 
deuterium over the total number of molecules (mi/[m0 + ml + • • • 
m,]), with Zmi = 1. From this mass isotopomer distribution, one 
calculates next the mean number of deuterium (IE obs, called ME 
by Lee et al) atoms incorporated per molecule: IE obs = ml + 2 m2 
+ 3 m3 + . . .  nmn. 

The comparison of IE obs with IE exp, the theoretical number of 
deuterium atoms that would be incorporated per molecule if the 
only source of molecules was endogenous synthesis, yields the 
contribution (F), as percentage, of synthesis to the pool of 
molecules sampled. IE exp is given by IE exp = p- N. p is measured 
by IRMS. N can be determined from the relationship between two 
successive isotopomers of the molecules synthesized, dependent on 
N and p. For a palmitate or cholesterol molecule incorporating 
during its synthesis N deuterium from water with an enrichment of 
p (p and q are the respective fractions of deuterium and hydrogen 
in water, with p + q = 1), the isotopomer distribution is given by 
the binomial distribution (p + q)N. The probability of having an 
isotopomer, mi, is given by 

NI 
mi -- (N - i)!i! x pi x qN-i. 

Therefore, the ratio between two successive isotopomers is 

(N - i) p 
- -  - -  - -  X 

i + 1  q' 
mi+l 
mi 

which yields for ml and m2, 

for m3 and m2 

and for m4 and m3 

(N - 1) p 
m2/ml - -  x 

2 q '  

(N - 2) p 
m3/m2 = 3 x - q 

(N - 3) p 
× 

4 q" 
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These ratios are independent of any dilution of the label of 
synthesized compounds by unlabeled molecules from other sources. 
Therefore, N can be calculated from the deuterium IE of plasma 
water and the isotopomer distribution of the molecules synthe- 
sized, a3,15 All results are presented as the mean _+ SEM. 

RESULTS 

First Protocol 

We found in preliminary experiments that in the absence 
of a loading dose, stable enrichment in deuterium of plasma 
water was obtained from 80 to 104 hours (Fig 1). Therefore, 
in the next experiments we used the samples obtained at 96 
hours (8 AM of day 5) to measure deuterium IE and mass 
isotopomer distribution in palmitate of plasma TG and in 
plasma cholesterol, as well as deuterium IE in plasma 
water, glucose, and palmitate of free fatty acids (FFA). 

Mean deuterium IE in plasma water during the 80- to 
96-hour period was 3.21% -+ 0.1%, representing approxi- 
mately 45% of the IE of drinking water. This dilution has 
been observed in previous studies ~5,22 and has been ascribed 
to the entry of unlabeled water from respiratory exchange, 
moisture in the food consumed, and oxidation of food. 
Table 1 shows the mass isotopomer distribution of palmi- 
tate in plasma TG and of plasma cholesterol, the corre- 
sponding total deuterium IE (IE obs), mz/ml, m;/m2, and 
m4/m3 ratios, and the calculated values of N and F. For 
both palmitate and cholesterol, there was good agreement 
between the N values calculated using either the m2/mb 
m3/m2, or m4/m3 ratio. The mean N value was 22 for 
palmitate and 27 for cholesterol. The fractions, F, of newly 
synthesized molecules were 0.41 and 0.44, respectively. 

Second Protocol 

After a loading dose, stable IE of deuterium in plasma 
water was obtained throughout the study (Fig 1). This IE 
was between 5.1% and 5.4%, thus representing about half 
of the IE in drinking water. Table 2 shows the isotopomer 
distributions of TG palmitate and plasma cholesterol, 
corresponding total IEs, consecutive isotopomer ratios, and 
calculated values of N and F. For cholesterol, neither N nor 
F values were different from values obtained during the first 
protocol. N values obtained for TG palmitate were slightly 
lower (20.13 to 20.68 v 21.84 to 22.56, P < .10). F values 
were lower ( ~  0.23 v 0.41, P < .01). However, rats studied 
in the second protocol had blood sampled every day, 
instead of only at the end of the experiment, as in the first 
protocol; they consumed less food and gained less weight 
( ~ l g / d v  >5).  
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Fig 1, Evolution of deuterium IE of plasma water {expressed as 
2 H 2 0 / [ 2 H 2 0  + H 2 O] )  in rats with free access to drinking water 
enriched with deuterated water, without (0)  and with ( © )  a loading 
dose. 

Deuterium IE in Other Metabolites 

Deuterium was also incorporated into other compounds. 
We found at the end of protocol 1 a large IE in plasma 
glucose and in liver lactate and pyruvate (Table 3). More 
surprisingly, we also found excess deuterium in palmitate of 
FFA. This IE was roughly two thirds of that in TG 
palmitate. Deuterium IE in F F A  palmitate was also ob- 
served at the end of protocol 2 and was about half of that in 
TG palmitate. However, given the low concentration of 
plasma FFA, no reliable mass isotopomer distribution 
analysis (MIDA) could be performed for F F A  palmitate. 

DISCUSSION 

For this study, we used MIDA of plasma cholesterol and 
TG palmitate to calculate the mean N of deuterium during 
in vivo synthesis of these molecules. Theoretically, this 
calculation requires a constancy of precursor IE. 23 Al- 
though plasma for analysis of cholesterol and TG palmitate 
labeling was collected at the end of the study, during a 
period of stable precursor IE, there were variations of 
plasma water IE throughout the study in the first protocol. 
This could have thereby resulted in some error in the 
determination of N values. Therefore, a second protocol 
with a loading dose of deuterated water to obtain a rapid 
equilibrium in plasma water was performed. N values 
obtained were comparable for cholesterol and were only 
slightly lower for TG palmitate. Therefore, the MIDA 
method appears relatively robust regarding the require- 
ment for constancy of precursor IE. 

Table 1. Corrected Mass Isotopomer Distribution, Total Deuterium Labeling, and Calculated N and F Values for Plasma TG Palmitate and 
Cholesterol (first protocol) 

m0 ml m2 m3 m4 ~ mini (IE obs) m2/m 1 N F m3/m2 N F m4/ms N F 

Palmitate 0.7894 0,1446 0.0510 0.0116 0.0019 0,2915 0.3461 21.84 0.412 0.2253 22,56 0,405 0.1598 22.37 0.406 
+ 0.0280 -+ 0.0175 _+ 0.0079 -+ 0.0017 _+ 0.0007 +- 0.0425 -+ 0.0220 + 0.91 -+ 0,048 + 0.0068 -+ 0.78 +- 0.056 _+ 0,0091 + 0.89 -+ 0.081 

Cholesterol 0,7518 0.1573 0.0671 0.0197 0.0043 0.3785 0.4244 26.58 0,447 0,2864 27,85 0.423 0.2077 28.06 0.420 
_+ 0.0695 -+ 0,0171 _+ 0.0085 -+ 0.0032 _+ 0,0007 +_ 0.0454 -+ 0.0213 -+ 0,80 -+ 0.041 -+ 0,0182 _+ 1.14 -+ 0,034 _+ 0.019 +- 1.1 _+ 0.052 

NOTE.  Resu l t s  a re  t he  m e a n  +-- S E M .  N and  F w e r e  ca l cu l a ted  f r o m  the  m 2 / m l ,  m3 /m2 ,  and  m 4 / m  3 ra t ios .  
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Table 2. Corrected Mass Isotopomer Distribution, Total Deuterium Labeling and Calculated N and F Values for Plasma TG Palmitate and 
Cholesterol [second protocol) 

mo m~ m2 m3 m~ E m~nl (IE obs) m2/ml N F m3/m2 N F m4/m3 N F 

Palrnitate 0 .8417  0 .0881 0 .0487  0,0178 0.0042 0.2532 0,6514 20 .20  0.230 0 .3471 20 .13  0.232 0 .2540  20 .68  0.228 
-+0.0179 -+0.0101 --.0.0056 ---0,0018 _+0.0004 ±0,0313 _+0.0112 z0,18 -+0.028 _+0.0056 z0.13 +0.029 -+0.0093 _~0.49 -+0.032 

Cholesterol 0.6697 0.1446 0.1084 0 .0511 0.0189 0.5957 0.7105 25 .75  0.427 0.4723 26 .67  0.414 0,3601 28.11 0.394 
-+0,0161 -+0,0036 z0.0056 z0.0057 +0.0007 ~-0.0300 -+0.0169 --.0.49 -+0.023 -+0.0161 _~0.74 ±0.028 -+0.0159 _~1.17 -+0.026 

NOTE. Results are the mean +_ SEM. 

The in vivo N values we found for incorporation of 
deuterium during synthesis of palmitate and cholesterol 
later exported in plasma are consistent with those reported 
for tissue lipids by Lee et al. 15 The F values observed for 
cholesterol and for TG palmitate in the first protocol after 4 
days Of deuterated-water administration are also consistent 
with those calculated by these investigators. The lower 
lip0genlc rate during the second protocol appears to be 
related to the decreased food intake and body weight gain 
induced by repetitive blood sampling. 

Our results confirm that in vivo N values for both 
palmitate and cholesterol are higher than those reported in 
vitro (17 for palmitate and 20 for cholesterol). I3-15 This 
suggests that compared with in vitro, there are either minor 
isotope effects, an unlikely hypothesis, or additional path- 
ways contributing to deuterium incorporation in vivo. Deu- 
terium can be incorporated either directly from water or 
through NADPH in the reduction of carbon-carbon double 
bonds. Incorporation can also occur through labeling of 
acetyl CoA, since 1 hydrogen atom of the odd-numbered 
carbon and the hydrogens of the methyl group originate 
from acetyl CoA. ~5 Therefore, the higher in vivo N values 
could be explained by in vivo incorporation of deuterium in 
molecules whose metabolism leads to labeled acetyl CoA. 
One obvious candidate is glucose, since deuterium is readily 
incorporated during gluconeogenesis 24 and labeling on 
carbon 6 will lead. through glycolysis, to labeled acetyl CoA. 
We found large deuterium IEs in both plasma glucose and 
hepatic lactate and pyruvate. We did not measure deute- 
rium IE of the lipogenic cytosolic pool of acetyl CoA. 
However, it is highly probable that it was labeled and 
contributed to deuterium incorporation into synthesized 

Table 3. Deuterium IE [expressed as total number of deuterium 
atoms incorporated per molecule, ie, I; mini) of Plasma Glucose 

and Palmitate of FFA and of Liver Lactate and Pyruvate 

Glucose Palmitate Lactate Pyruvate 

Deuterium 

IE(%) 0.098-+0.016 0.207---0.02 0,111 -+0.014 0.110 +- 0.015 

NOTE. Results are the mean _~ SEM. 

palmitate and cholesterol. In addition, between-tissue dif- 
ferences in the contribution of this additional pathway 
could explain the different N values found in liver and 
extrahepatic tissues by Lee et al. 15 They also suggested that 
the longer duration of their in vivo (1 to 8 weeks) versus in 
vitro (72 hours) studies .played a role in this redistribution 
of deuterium labeling. However, our study lasted only 96 
hours. Moreover, deuterium is incorporated into glucose in 
only a few hours. 24 Therefore. we believe that the metabo- 
lism in extrahepatic tissues plays the main role in this 
redistribution of labeling. 

Use of the correct N values is important for in VlVO 
studies of lipi d synthesis, since calculation of the fractional 
synthesis is directly dependent on N. A N value of 14 
instead of 21 for palmitate results in a decreased theoretical 
maximum deuterium IE and thus an increased fraction of 
newly synthesized palmitate. This could explain, in part. 
why the first estimates of lipogenesis with deuterated 
water 2-3 were higher than those reported using labeled- 
acetate infusion. 7,9 In addition, it was assumed in these 
studies that the only source of labeled palmitate in TG was 
synthesis in the liver. We found that after 4 days of 
deuterated-water administration, palmitate in F F A  was 
also labeled. Since F F A  taken up by liver are used for TG 
synthesis and seCretion into very-low-density lipopro- 
teins,25 this recycling of label will result in overestimation of 
the fractional synthesis if an appropriate model is not used. 
However, whether significant labeling of plasma F F A  also 
occurs in humans ingesting deuterated water remains to be 
established. 

In conclusion, our results confirm that the in vivo N 
values to be used for estimation of palmitate and choles- 
terol synthesis are higher than the in vitro values. This 
difference seems related to an additional in vivo labeling 
through labeled acetyl CoA. In addition, during studies of 
liver lipogenesis, the possible recycling of label into TG 
through plasma F F A  uptake should be considered. 
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