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labeled tracers since one typically estimates the fl ux by de-
termining a precursor/product labeling ratio. Questions 
arise regarding the identity of the true precursor labeling 
and the ability to correctly measure that value. In a clas-
sical study, Andersen and Dietschy demonstrated that 
different  14 C-tracers yielded unique rates of hepatic 
cholesterol synthesis ( 2 ). Such discrepancies typically arise 
from heterogeneity of the underlying biochemistry. The 
administered tracer may not enter all cells or in the same 
proportion with other cholesterogenic substrates. This sit-
uation may result from various factors, including mem-
brane permeability and activation/compartmentalization 
of substrates within a cell/organ, which can infl uence the 
dilution of the label and lead to uncertainty regarding the 
true precursor labeling. 

 Dietschy et al. demonstrated that labeled water is a pre-
ferred tracer for studying cholesterol synthesis ( 2–4 ). In 
addition to the fact that it enters all cells equally, labeled 
water allows investigators to perform integrative studies. 
For example, Taylor et al. administered  2 H 2 O and quanti-
fi ed cholesterol synthesis in free-living humans over ap-
proximately 40 days, while rodent studies have been run 
for several months ( 5, 6 ). Although the last point repre-
sents a potentially important and novel advantage for la-
beled water, one of the perceived limitations concerns the 
t 1/2  of the tracer in vivo. Because the t 1/2  of  2 H in body 
water may approach two weeks in humans, investigators 
may feel the need to allow approximately two months (or 
about four half-lives of the precursor labeling) to elapse 
before repeating a study in the same subjects. In addition, 
investigators typically assume that there is a constant num-
ber of exchangeable sites in a given product molecule. 
Namely, although  2 H 2 O readily distributes in body water, 
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 There are two general tracer approaches for quantifying 
lipid synthesis in vivo: either administer a carbon-labeled 
isotope (e.g., [ 14 C] or [ 13 C]acetate) or give labeled water 
( 1, 2 ). Concerns generally surround the use of carbon-
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over fi ve weeks using the following protocol. On day 0 of a given 
week, a baseline blood sample ( � 1 ml) was drawn, animals were 
then given an oral bolus of  2 H 2 O (1.35 ml  2 H 2 O × kg  � 1 , i.e.,  � 5 
ml  2 H 2 O) mixed in  � 18 ml of reverse osmosis water to which  � 2 
g of Prang was added (to maintain the normal routine of the ani-
mal), although the animals were allowed to drink as they desired 
the tracer was typically ingested within 20 to 40 min. Blood sam-
ples ( � 1 ml) were collected 24 and 48 h after the ingestion of 
 2 H 2 O. This paradigm was repeated for fi ve consecutive weeks, 
i.e., each week a baseline blood sample was drawn prior to the 
administration of  2 H 2 O (1.35 ml  2 H 2 O × kg  � 1 , to which  � 2 g 
Prang was added) which was then followed by the collection of 
blood samples 24 and 48 h posttracer administration. Samples 
were collected in EDTA tubes and plasma was frozen until analy-
ses. Note that throughout this study all animals were maintained 
on their normal feeding schedule and allowed access to ad libi-
tum unlabeled water. 

 Determining the number of hydrogens incorporated during the 
synthesis of cholesterol in vivo.   Male C57BL/6J mice (11 weeks 
old) were randomized to either a high-carbohydrate, low-fat 
(HC) diet (D12450B, kcal distribution equal to 10% fat, 70% car-
bohydrate, and 20% protein) or a carbohydrate-free, high-fat 
(CF) diet (D12369B, 90% fat, 0% carbohydrate, and 10% pro-
tein). Mice in each group were fed the respective diets ad libitum 
for 13 days, all mice were then given an intraperitoneal injection 
of 99%  2 H 2 O (20  � l × g  � 1  of body weight). After injection, mice 
were returned to their cages and maintained on 5%  2 H-labeled 
drinking water. As previously demonstrated, this design will 
maintain a steady-state  2 H-labeling of body water ( 9, 12, 13 ). Mice 
were euthanized after four days of  2 H 2 O labeling, and plasma 
samples were frozen until analyses were performed. 

 Analytical 
 Water labeling.   The  2 H-labeling of plasma water was deter-

mined as described by Shah et al. ( 14 ). Briefl y,  2 H present in wa-
ter was exchanged with hydrogen bound to acetone by incubating 
10  � l of plasma or known standards in a 2 ml glass screw-top GC 
vial at room temperature for 4 h with 2  � l 10N NaOH (Fisher 
Scientifi c) and 5  � l of acetone. The instrument was programmed 
to inject 5  � l of headspace gas from the GC vial in a splitless 
mode. Samples were analyzed using a 0.8 min isothermal run 
(Agilent 5973 MS coupled to a 6890 GC oven fi tted with an Agi-
lent DB-17 MS column, 15 m × 250 µm × 0.15 µm, the oven was 
set at 170°C, and the helium carrier fl ow was set at 1.0 ml × 
min  � 1 ), acetone elutes at  � 0.4 min; the mass spectrometer was 
set to perform selected ion monitoring of  m/z  58 and 59 (10 ms 
dwell time per ion) in the electron impact ionization mode. 

 Cholesterol labeling: gas chromatography-pyrolysis-isotope ratio 
mass spectrometry.   5- � -Cholestane and 25-hydoxy-cholesterol 
(Steraloids, Newport, RI) were used as internal standards for cho-
lesterol, and 25  � l 5- � -cholestane (2.8 mg × ml  � 1 ) and 35  � l (3.3 
mg × ml  � 1 ) 25-hydoxy-cholesterol were added to the plasma sam-
ples prior to processing. Total (free plus bound) cholesterol was 
extracted as follows: 80  � l of plasma was saponifi ed in 1N KOH at 
60°C for 2 h, samples were cooled to room temperature and then 
extracted into 150  � l chloroform (JT Baker, Cambridge, MA) 
upon addition of 25  � l 6N HCl. The samples were then centri-
fuged for 5 min, and then the bottom layer (chloroform) was 
collected, evaporated to dryness, and reacted with 65  � l acetic 
anhydride/pyridine (2:1, v:v) at 75°C for 30 min before drying 
under a stream of N 2 . The dried residue was reconstituted in 90  � l 
ethyl acetate and subjected to gas chromatography-pyrolysis-
isotope ratio mass spectrometry (GCpIRMS) analysis. 

 2 H is incorporated into cholesterol via three distinct 
sources, including water, NADPH, and acetyl-CoA ( 7 ). 
When using  2 H 2 O to quantify rates of synthesis, one as-
sumes that the relative labeling of each hydrogen source is 
constant, which may be problematic in cases where build-
ing blocks are generated via multiple pathways (e.g., NA-
DPH is made following glucose oxidation in the pentose 
pathway and/or by malic enzyme, whereas acetyl-CoA can 
be derived from glucose and/or fatty acid oxidation). 

 We previously demonstrated that one could administer 
 2 H 2 O using a two-step strategy to study gluconeogenesis in 
rodents ( 8 ). For example, we quantifi ed the contribution 
gluconeogenesis to glucose production by giving a low 
dose of  2 H 2 O on one day and then repeated the study the 
following day by giving a higher dose. This approach al-
lowed us to overcome the apparent limitation of the  2 H 2 O 
method for measuring the source(s) of blood glucose in 
vivo ( 8 ). 

 The current study had two objectives. The fi rst objective 
was to determine whether it was possible to use a step-
based protocol to estimate cholesterol synthesis in vivo by 
using a nonhuman primate model in which cholesterol 
synthesis was estimated over fi ve intervals. Our second ob-
jective was to examine a major assumption regarding the 
number of hydrogens ( n ) that are incorporated during 
cholesterol synthesis in vivo ( 9–11 ). As noted above, the 
hydrogen bound to cholesterol is derived from unique 
sources, two of which may be labeled to a different degree 
compared with body water. In this study, attention was di-
rected toward determining whether  n  would remain con-
stant under different nutritional states. These studies 
required the use of a rodent model, which has a faster 
metabolic rate and in which we could increase the precur-
sor labeling to quantify the singly- and doubly-labeled mass 
isotopomers. Uncertainty concerning  n  is problematic 
in some settings (e.g., human and nonhuman primates) 
since one will typically only observe an increase in the 
abundance of singly-labeled product molecules (i.e., the 
M1 isotopomer); therefore, investigators are obligated to 
assume a value for  n , unlike some experimental models 
(e.g., rodents and isolated organs or cells) in which mul-
tiple mass isotopomers can be quantifi ed, and therefore,  n  
can be calculated ( 9–12 ). 

 MATERIALS AND METHODS 

 Unless noted, chemicals and reagents, including 99.8%  2 H 2 O, 
were purchased from Sigma-Aldrich. [3- 2 H 1 ]Cholesterol was pur-
chased from Cambridge Isotopes (Andover, MA). African-Green 
monkeys were fed a commercial diet (5050 Purina Laboratory 
Fiber-Plus Monkey Diet). Rodent diets were purchased from Re-
search Diets, Inc. (New Brunswick, NJ). All animal studies were 
approved by our Institutional Animal Care and Use Committee. 

 Biological studies 
 Acutely replicating measurements of cholesterol synthesis in 

vivo.   African-Green monkeys (4.1 ± 0.3 kg, females) were indi-
vidually housed and trained to drink from 30 ml syringes;  � 2 g of 
Prang (Bio-Serv, Frenchtown, NJ) was added to the drinking water 
to encourage their training. Cholesterol synthesis was quantifi ed 
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 0 to 48hours, week xwater labeling  n) 
0 to 48hours, week x

% newly made cholesterol = 

change in cholesterol labeling /

(   

 where the subscript refers to the time over which measure-
ments were integrated each week and  n  is the number of ex-
changeable hydrogens (assumed to equal 26, see below). The 
absolute rate of cholesterol synthesis was determined by multiply-
ing the % of newly made cholesterol by the average concentra-
tion of total plasma cholesterol measured during the respective 
48 h interval. 

 Mass isotopomer analyses for determining the number of ex-
changeable hydrogens (n) in cholesterol.   The distribution of dif-
ferent mass isotopomers in a product molecule depends on the 
abundance of the isotopic precursor and the number of times 
the precursor is incorporated into a given product molecule ( 9, 
10, 16–18 ). When  2 H 2 O is used to quantify cholesterol synthesis, 
this can be represented by a binomial distribution where the vari-
able is the ratio of hydrogen/deuterium. The ratio of doubly-to-
singly-labeled isotopomers (i.e., the M2/M1 ratio) in cholesterol 
can be expressed as: 

 
M2 M1 ratio = -1 2 water labeling 1 - water labelingn

   

 where  n  refers to the number of exchangeable hydrogens in a 
cholesterol molecule. Therefore, by measuring the M2/M1 label-
ing ratio of cholesterol and the labeling of body water, it is pos-
sible to solve the equation for  n  ( 9–12 ). These calculations were 
performed in mice given  2 H 2 O. 

 Statistics.   Statistical tests were run for nonhuman primate 
data using ANOVA with Tukey’s posthoc testing and unpaired 
 t -tests for rodent studies. Unless noted, data are expressed as the 
mean ± SEM. 

 RESULTS 

   Figure 1   (top panel)  demonstrates the time-dependent 
changes in  2 H-labeling of the precursor during the course 
of the study. Based on the dose of tracer (1.35 ml  2 H 2 O × 
kg  � 1 ), we expected an initial excess labeling of  � 0.23% 
(assuming  � 60% body water). As expected when giving a 
bolus of tracer, we observed a decrease in the labeling of 
body water between weeks 1 and 2. Since the subsequent 
doses of water were the same, each should have resulted in 
comparable changes in water labeling. Consistent with 
that logic, we observed comparable increases in the label-
ing of body water following the respective doses of  2 H 2 O, 
with similar eliminations observed between the dosing pe-
riods. From the decreases in water labeling, we estimated 
that the t 1/2  of water was equal to 6.2 ± 0.4 days, 6.1 ± 0.3 
days, 5.1 ± 0.5 days, and 6.0 ± 0.7 days between weeks 1 and 
2, weeks 2 and 3, weeks 3 and 4, and weeks 4 and 5, 
respectively. 

  Fig. 1  (middle panel) demonstrates the time-dependent 
changes in  2 H-labeling of total plasma cholesterol. As ex-
pected, there was a sharp increase in the labeling of cho-
lesterol during the 48 h immediately after each dosing 
with  2 H 2 O, and the labeling tended to plateau between 

 The  2 H-labeling of cholesterol was determined using a Thermo 
Electron Isotope Ratio MS Delta V Plus (Bremen, Germany) cou-
pled to Agilent 7890 Trace GC (San Jose, CA). Samples were ana-
lyzed using a splitless injection (1.5  � l injection volume at an 
inlet temperature of 230°C), the column (Agilent DB-5MS, 30 m 
× 250 um × 0.25 um) was programmed using a temperature gra-
dient according to the following conditions: initial column tem-
perature was set to 90°C with a 1 min hold followed by a ramp at 
15°C per minute to 230°C, then ramped at 5°C per minute to 
260°C and then ramped at 50°C per minute again to 330°C and 
held for 6 min. Compounds eluting off of the chromatographic 
column were directed into the pyrolysis reactor (heated at 
1400°C) and converted to hydrogen gas, cholesterol elutes at 
 � 21 min. 

 Measured isotope ratios are typically expressed as delta ( � ) val-
ues using the equation: 

 
–sample Ref refHD HH = R R R 1000

 

 where  �  is the fraction of heavy isotope represented in parts 
per thousand notation, R ref  is the ratio of standard hydrogen gas, 
and R sample  is the ratio of the unknown sample. Since we aimed 
to determine cholesterol synthesis, it was necessary to compare 
the precursor/product labeling (see below). A standard curve 
was used to convert the delta values to enrichment (to compare 
with the water labeling, expressed as enrichment) by mixing 
known quantities of unlabeled cholesterol with known quanti-
ties of [3- 2 H 1 ]cholesterol and analyzing in parallel with unknown 
samples. 

 Cholesterol labeling: gas chromatography-quadrupole-mass 
spectrometry.   Plasma samples for gas chromatography-qua-
drupole-mass spectrometry (GCqMS) analysis were processed 
in 1.5 ml Eppendorf tubes. An amount of 50  � l of plasma and 
100  � l 1N KOH in 80% ethanol were heated at 65°C for 1 h. 
Samples were acidifi ed with 25  � l 6N HCl and extracted in 
125  � l chloroform followed by vigorous vortexing for 20 s The 
samples were centrifuged at 3,000 rpm for 5 min, and then 
100  � l of chloroform (lower layer) was collected and evapo-
rated to dryness under N 2 . Samples were derivatized using 
bis-trimethylsilyl trifl uoroacetamide (BSTFA) plus 10% trim-
ethylchlorosilane (TMCS), 50  � l was added to the sample, and 
then it was incubated at 75°C for 1 h. Excess BSTFA-TMCS 
reagent was evaporated to dryness under N 2 . The trimethylsilyl 
derivative was reconstituted in 50  � l ethyl acetate for analysis 
by GC-MS. 

 Samples were analyzed by GCqMS using the Agilent 6890 gas 
chromatograph linked to an Agilent 5973 mass selective detector 
(Palo Alto, CA) operated at 70 eV, gas chromatography was per-
formed using an Agilent DB-5MS capillary column (30.0 m × 250 
um × 0.25 um), and 2  � l of sample was injected in a 20/1 split. 
The inlet temperature was set at 250°C and the helium gas car-
rier fl ow was set at 1 ml × min  � 1 . The oven temperature was 
started at 150°C, raised at 20°C × min  � 1  to 310°C and held for 
6 min. The mass spectrometer was set for selected ion monitor-
ing of  m/z  368, 369, and 370 for the trimethylsilyl cholesterol de-
rivative with 10 ms dwell time per ion ( 15 ). 

 Mathematical modeling and calculations 
 In our studies, the water (or precursor) labeling was main-

tained at a pseudo steady-state during the initial 48 h immedi-
ately following the administration of each dose of  2 H 2 O, while a 
fairly linear change in cholesterol (or product) labeling was ob-
served over the same period. Therefore, the contribution of cho-
lesterol synthesis was determined using the equation: 
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   Fig. 2    demonstrates cholesterol kinetics calculated from 
the  2 H-labeling and plasma concentrations. The top panel 
demonstrates the group averages over a given week, while 
the bottom panel demonstrates the averages in a given ani-
mal over the fi ve weeks. In both cases, the data are ex-
pressed as the percentage contribution of de novo synthesis 
(solid bars) and the absolute amount of newly made cho-
lesterol (shaded bars). Although the data are relatively 
reproducible over the various periods (top panel), the coef-
fi cient of variation is reduced by  � 50% when individual 
animals are studied (bottom panel); i.e.,  � 20-25% in the 
top panel versus  � 12-15% in the bottom panel. The bot-
tom panel demonstrates that although there is variation 
across individual animals, results in given subjects are 
fairly reproducible. 

 The mass isotopomer distribution of cholesterol ob-
tained from mice fed a high-carbohydrate or a carbohy-
drate-free diet is presented in   Table 1  .  The baseline 
samples obtained from control mice demonstrate that 
quadrupole-based mass spectrometers are capable of mea-
suring isotopic labeling with a relatively high degree of 
precision (the coeffi cient of variation is less than 0.5%) 
and that the experimentally measured values closely agree 
with theoretical values. Spectra were corrected for natural 
background labeling, and the excess M1 and M2 isoto-
pomers were used to calculate  n . Note that this calculation 
requires an estimate of the water labeling (i.e., the precur-
sor or p), which was approximately what we expected 
based on the experimental design (i.e.,  � 2.9%). The esti-

  Fig.   1.   2 H-Labeling of body water and cholesterol and total 
plasma cholesterol concentration. Nonhuman primates were orally 
dosed with boluses of  2 H 2 O over fi ve consecutive weeks. The top 
panel demonstrates that there were comparable increases in the 
labeling of body water over the pre-existing background during 
each period, as well was a consistent elimination of  2 H from body 
water between each period. The middle panel demonstrates that 
there were distinct and comparable increases in the  2 H-labeling of 
total plasma cholesterol between the different experimental peri-
ods, determined using GCpIRMS. The bottom panel demonstrates 
that total plasma cholesterol concentration remained relatively 
stable over the experimental period. In all cases, data are mean ± 
SEM (n = 5).   

  Fig.   2.  Calculated rates of cholesterol synthesis.  2 H-labeling data 
were used to estimate cholesterol synthesis. Data are expressed as 
the percent of newly made cholesterol (solid bars) and the abso-
lute amount of newly made cholesterol (shaded bars). The top 
panel demonstrates the weekly estimates of cholesterol synthesis 
showing the collective data from the group, while the bottom 
panel demonstrates cholesterol synthesis in a given animal mea-
sured over fi ve weeks. In all cases, data are mean ± SEM (n = 5); 
* P  < 0.05.   

weekly intervals as expected, since the water labeling was 
decreasing ( Fig. 1 , top panel). However, note that there 
appears to be substantial  2 H-labeling in the initial sample 
(i.e.,  � 0.5%  2 H-labeling compared with theoretical  2 H-
labeling of  � 0.02%), due to the fact that these animals had 
been used in a pilot tracer study prior to this experiment. 
We assumed that this seemingly exaggerated baseline cho-
lesterol labeling did not impact the results of the current 
study. Rather, this observation emphasized the need to 
obtain baseline samples to account for differences in the 
measured versus the expected isotope labeling ratios. 

  Fig. 1  (bottom panel) demonstrates the concentration 
of total plasma cholesterol over the time course of the 
study. A reasonable steady-state was achieved as expected 
as animals were maintained in the same environment. 
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of newly made cholesterol. Their data suggested that both 
methods yield comparable results when studies are ex-
tended to  � 24 h, suggesting that issues regarding precur-
sor/product labeling ratios may be less problematic in 
some instances ( 25 ). However, when Di Buono et al. com-
pared the two methods in their originally proposed forms 
(i.e.,  � 15 h for the infusion of [ 13 C]acetate versus  � 24 h 
of exposure to  2 H 2 O), they observed a signifi cant differ-
ence between the apparent contribution of de novo cho-
lesterol synthesis estimated using the different methods. 
The latter observation raises an important question re-
garding “metabolic stability” over the course of a study in 
subjects who are confi ned to a metabolic research unit ver-
sus the use of an integrative design that would account for 
normal lifestyle patterns. Since  2 H 2 O it typically given 
orally and since body water has a relatively long t 1/2 , it is 
possible to run studies over several weeks and therein mea-
sure kinetic parameters over extended periods of time. 
Taylor et al. capitalized on these advantages of labeled wa-
ter and quantifi ed cholesterol synthesis in free-living hu-
mans over the course of  � 40 days ( 6 ). In addition, since 
cholesterol synthesis appears to follow a circadian rhythm 
over the course of a day ( 26 ), the ability to conduct studies 
that span variable periods may be of particular importance 
if the amplitude and/or the frequency of the oscillations 
in cholesterol synthesis change with health status, dyslipi-
demia, and/or therapeutic intervention. 

 We have considered two essential (and seemingly nega-
tive) issues regarding the use of labeled water in studies of 
cholesterol synthesis. First, since body water has a relatively 
long t 1/2 , investigators may feel the need to allow multiple 
half-lives to elapse to eliminate the precursor labeling be-
tween studies. As we have demonstrated, although the t 1/2  
of water approached one week in nonhuman primates, we 
were able to administer multiple doses of  2 H 2 O and esti-
mate cholesterol synthesis over several weeks. The excess 
water labeling that was observed at the end of week 1 (prior 
to giving a second dose of  2 H 2 O in week 2) simply set the 
second week of the protocol at a higher starting point ( Fig. 
1 , top panel). Namely, instead of giving a dose of  2 H 2 O 
over a natural background labeling of  � 0.02%  2 H (week 
1), the second week of our protocol started at a back-
ground water labeling of  � 0.12%  2 H. Likewise, the initial 
cholesterol labeling was higher at the start of the second 
week ( Fig. 1 , middle panel). Clearly, we observed substantial 

mated value for  n  was comparable in the different diet 
groups. 

 DISCUSSION 

 The use of isotope tracers in metabolic research is com-
plicated by physiological constraints that infl uence the 
quality of the data. Defi nitive interpretations regarding 
biochemical fl ux may elude investigators as issues regard-
ing the true precursor labeling may not be fully under-
stood and multiple pathways may contribute to the 
synthesis of a product ( 1 ). For example, Zhang et al. 
probed the labeling of extra-mitochondrial acetyl-CoA by 
perfusing isolated rat livers with several [ 13 C]tracers in the 
presence of drugs that undergo acetylation (note that the 
labeling of the acetyl moiety of the drug conjugates pro-
vided a “chemical biopsy” of intracellular acetyl-CoA 
labeling) ( 19 ). In most cases, the different tracers and 
xenobiotic probes yielded different enrichments, suggest-
ing a zonation of acetyl-CoA labeling ( 19 ). Those observa-
tions support and expand the seminal studies of Andersen 
and Dietschy ( 2 ). Using conscious dogs, Puchowicz et al. 
observed transhepatic concentration and labeling gradi-
ents of [ 13 C]acetate ( � 3-fold and  � 7-fold, respectively), 
which suggested the existence of multiple pools of hepatic 
acetyl-CoA ( 20 ). Despite the fact that these studies imply 
a limited usefulness for carbon-labeled precursors (e.g., 
[ 13 C]acetate), Kelleher et al. have devised an elegant ap-
proach that can account for heterogeneity ( 21–24 ), with 
the caveat that a substantial labeling of the precursor pool 
is required to generate multiple mass isotopomer species 
in the products. 

 Although the examples noted above suggest a limited 
usefulness for carbon-labeled tracers in studies of choles-
terol synthesis, one needs to consider that different physi-
ological scenarios have been used. For example, several of 
the experiments focused on animal models; therefore, the 
data may not translate entirely in humans. Di Buono et al. 
simultaneously compared [ 13 C]acetate and  2 H 2 O in the 
same human subjects ( 25 ); a low dose of  2 H 2 O was given 
and the  2 H-labeling of cholesterol was determined using 
isotope ratio mass spectrometry and compared against the 
 2 H-labeling of body water, while a high dose of [ 13 C]acetate 
was given and mass isotopomer distribution analysis was 
used to estimate the precursor labeling and the contribution 

 TABLE 1. Estimated Number of Exchangeable Hydrogens in Cholesterol 

Group

Cholesterol Isotopomer Distribution (%)

Water Labeling (% Excess)  n M1 M2

Theoretical 29.9 4.4 — —
Control 30.2 ± 0.1 4.4 ± 0.1 — —
CF diet 48.4 ± 2.4 17.0 ± 1.7 2.9 ± 0.1 27.0 ± 1.0
HC diet 39.8 ± 2.0 10.8 ± 1.4 2.9 ± 0.2 25.2 ± 1.0

The mass isotopomer profi le of cholesterol and the labeling of plasma water were determined using GCqMS. 
The theoretical isotope distribution profi le for cholesterol was determined using the isotope calculator reported at 
http://www.sisweb.com/mstools/isotope.htm. In all cases, the abundance of the M0 isotopomer of cholesterol is 
100% (data not shown), and the abundance of the M1 and M2 isotopomers of cholesterol are expressed as a 
percentage of M0. The number of exchangeable hydrogens ( n ) was determined from the M2/M1 labeling ratio of 
cholesterol. Water labeling was determined as described in Materials and Methods. Data are mean ± SEM (fi ve mice 
per group).



 2 H 2 O-based studies of cholesterol synthesis 1425

during the synthesis of a new molecule. This value is often 
referred to as the  n  ( 9–12 ). Namely, when administering 
low doses of  2 H 2 O, one will typically only observe the pro-
duction of singly-labeled product molecules; therefore, 
investigators assume that the relative source(s) of hydro-
gen (or deuterium) does not change during the course of 
the study ( 1 ). For example, one will typically estimate the 
rate of synthesis from the change in the M1/M0 labeling 
of cholesterol relative to the labeling in body water multi-
plied by a constant that accounts for the incorporation of 
hydrogen ( n ) ( 27–31 ). There are at least three direct ap-
proaches for determining the  n  for cholesterol and/or for 
evaluating the stability of  n . These include  i ) utilizing a 
doubly-labeled approach (i.e., simultaneously administer-
ing carbon-labeled tracers with labeled water),  ii ) relying 
on a mathematical approach (i.e., giving a relatively large 
amount of  2 H 2 O and estimating  n  from the mass isoto-
pomer distribution of cholesterol), and  iii ) feeding a 
cholesterol-free diet and estimating the asymptotic labeling 
of cholesterol relative to body water labeling. A fi nal, albeit 
indirect, approach for estimating the stability of  n  would 
be to evaluate a different end-product constructed from 
the same starting materials (e.g., the synthesis of palmitate 
and cholesterol each requires acetyl-CoA, NADPH, and 
water). 

 We reviewed the literature regarding the use of labeled 
water in studies of lipid synthesis (  Table 2  ).  In some cases, 
investigators simultaneously determined the  n  for palmi-
tate and cholesterol, whereas other investigators limited 
their attention to a single end-product. As well, some stud-
ies were performed under relatively acute conditions with 
minimal chances of tracer recycling (e.g., incubating adi-
pose tissue with unlabeled glucose), while other studies 
involved highly integrative designs (e.g.,  2 H 2 O was admin-
istered over several days in vivo). In spite of the striking 
differences in experimental protocols, the contribution of 
hydrogen labeling to palmitate remained remarkably con-
stant. In a variety of in vivo and in vitro models,  � 22 
hydrogens were incorporated per mol of newly made 

and comparable increases in the labeling of water and 
cholesterol between the subsequent weeks ( Fig. 1 , top and 
middle panels). We estimated that de novo cholesterol 
synthesis contributed  � 3% per day across the various 
weeks in the entire group ( Fig. 2 , top panel). However, the 
ability to readily repeat measurements within a given ani-
mal demonstrated consistency between most of the ani-
mals, with one (AG-36) being much lower ( Fig. 2 , bottom 
panel). 

 The current studies on cholesterol synthesis are similar 
to our previous work in which we demonstrated the ability 
to administer consecutive doses of  2 H 2 O and quantify glu-
coneogenesis ( 8 ). Namely, we were able to dose  2 H 2 O on 
back-to-back days and therein estimate the contribution of 
gluconeogenesis to total glucose production in vivo. The 
ability to acutely replicate studies largely depends on mea-
surements of small changes in isotopic labeling. In our 
previous study, we capitalized on a novel means of process-
ing the gas chromatography-(quadrupole) mass spectrom-
etry data, whereas in the current study we relied on the use 
of gas chromatography-pyrolysis-isotope ratio mass spec-
trometry ( 8 ). Presumably, we could have shortened the 
time between dosing regimens in the current study; how-
ever, there were practical constraints that affected the de-
sign. Most notably, since the nonhuman primate model 
was in the early stage of development, we were only able to 
obtain samples according to the described protocol. On 
the basis of the extensive work by Jones et al., we expect 
that more frequent sampling will yield novel insight re-
garding the regulation of cholesterol dynamics ( 25, 26 ). 
In addition, more frequent sampling should improve con-
fi dence in the data fi tting. Obviously, fi tting curves with a 
minimum of data points is desirable, and future studies 
will likely address how the number of data points and the 
timing of their collection impact the estimated biochemi-
cal parameters. 

 The second major issue regarding the use of labeled 
water in studies of cholesterol synthesis centers on the 
number of hydrogens (deuteriums) that are incorporated 

 TABLE 2. Incorporation of Hydrogen (Deuterium) During Lipid Synthesis 

Reference Condition

Incorporation of Label per Newly Made Molecule

Palmitate Cholesterol

(44) Isolated adipose tissue  � 23 ND
(45) Isolated perfused livers  � 22 ND
( 9 ) Sprague-Dawley rats in vivo ( � 80-104 h)  � 20-23  � 26-28
( 12 ) HRS hairless mice in vivo ( � 5 days)  � 20-24 m2/m1 ND

 � 22-24 m3/m2
( 11 ) Hep G2 and MCA cells  � 16-18  � 18-21
( 10 ) Sprague-Dawley rats in vivo ( � 1-8 weeks)  � 22-23 (liver)  � 30-31 (liver)

 � 20-22 (brain, cord, nerve)  � 25-29 (brain, cord, nerve)
(46) Chinese hamster ovary cells ND  � 22
(47) Human fi broblasts, Hep G2 cells ND  � 20,  � 25
( 48 ) Mice in vivo ( � 98 days) ND  � 23
( 3 ) Rodents in vivo ND  � 21-24

Perfused organs, cultured cells in vitro ND  � 22-27
( 7 ) Sprague-Dawley rats in vivo ( � 2 h) ND  � 22

Palmitate and cholesterol are typically made from the same precursor units (i.e., water, NADPH, and acetyl-
CoA), although the absolute contribution of the different hydrogen sources varies. Different approaches were used 
to estimate the number of deuterium atoms incorporated per lipid molecule.

ND, not determined.
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 We conclude with a few remarks regarding the choice of 
the model and why we believe that the ability to readily 
perform replicate measurements in the same subjects 
should be advantageous. First, although a substantial 
amount of new knowledge regarding lipid biology can be 
derived from studies in rodents, the lipoprotein profi les of 
mice are generally dramatically different from those ob-
served in humans ( 37–39 ). In that regard, nonhuman pri-
mates are an important resource for understanding the 
basic science surrounding dyslipidemia and atherosclero-
sis ( 40–42 ). Second, considering the potential for differ-
ences between the biology in individual animals, one 
would likely expect greater variation in baseline parame-
ters and/or sensitivity to treatments (unlike most rodent 
models, nonhuman primates are typically not inbred). As 
we have demonstrated, because subjects can be studied as 
their own controls, we expect that it is now possible to min-
imize some of the noise that might be observed when ex-
amining interventions (e.g., treatment with a “statin”). 
Third, by running studies over longer intervals, one could 
presumably account for variability of the underlying me-
tabolism. Namely, if changes in a subject’s routine alter 
cholesterol synthesis and/or circadian rhythms ( 26, 43 ), a 
person’s baseline cholesterol synthesis might vary if/when 
it was measured over a short interval. Lastly, the ability to 
readily repeat studies should allow clinical investigators to 
screen subjects and/or more frequently monitor a subject 
regarding the effi cacy of target engagement once (s)he is 
prescribed a medication.  

 APPENDIX 

 The incorporation of isotope tracers into end-products 
can be modeled using different approaches and experi-
mental designs. For example, one can use a constant infu-
sion of a tracer or administer a single bolus of a tracer; 
likewise, one can use steady-state or non steady-state treat-
ments of the data. In the current study, we have consid-
ered the use of a steady-state approach; however, one 
could integrate measurements of precursor product label-
ing over various periods of time. For purposes of the cur-
rent study, we chose to model the data in a rather simple 
mathematical form during the initial pseudo steady-state 
phase of  2 H-labeling in each period. We briefl y considered 
a more general solution that would be applicable if sam-
ples are obtained over longer periods of time. 

 Assuming the following reactions: 

 

2 2
2 2H O + cholesterol H cholesterol + H O

                                   cholesterol + other labeled molecules 

 where H 2 O and cholesterol are abundant in the time 
scale of the investigation, then  2 H 2 O and [ 2 H]cholesterol 
are the two rate-limiting factors. In addition, assuming 
that once  2 H is incorporated into cholesterol, the label 
does not come off back to water and that [ 2 H]cholesterol 
is converted into other molecules, one can develop a gen-
eral solution to the problem and solve for cholesterol syn-

palmitate. Likewise, in studies of cholesterol synthesis, the 
number of hydrogens incorporated per mol of newly made 
material was also generally constant at  � 25. Obviously, the 
absolute values for the  n  observed in palmitate and choles-
terol are likely to be different since the respective mole-
cules contain different amounts of hydrogen. As well, one 
expects some variation between the studies as  i ) different 
analytical methods were used by investigators,  ii ) a broad 
range of models was examined, and  iii ) various approaches 
were used to estimate  n . 

 To expand on the literature, we performed a study in 
C57BL/6J mice fed either a high-carbohydrate or a carbo-
hydrate-free diet. We expected that these extreme nutri-
tional manipulations would dramatically infl uence the 
source of precursors that are used to synthesize cholesterol. 
For example, we previously used this type of dietary inter-
vention to address questions regarding the source(s) of 
carbon fl ux into triglycerides in mice ( 32 ). Consistent with 
what one might predict, we previously observed that there 
was less  2 H-labeling in blood glucose when animals con-
sumed a substantial amount of calories as carbohydrate 
versus extensive  2 H-labeling of glucose when animals con-
sumed a CF diet. Conversely, the HC diet led to extensive 
labeling of triglyceride-bound palmitate whereas the CF 
diet led to negligible labeling of triglyceride-bound palmi-
tate ( 32 ). Therefore, if we consider that shifts in glucose 
versus fatty acid oxidation infl uence the source(s) of pre-
cursor labeling, then the dietary intervention used in our 
rodent study approached the extremes in terms of manipu-
lating the precursor labeling. Surprisingly, we observed a 
comparable value for  n  in both diet groups ( Table 1 ), and 
the values that we obtained (i.e.,  � 26) are in agreement 
with the literature. Thus, we believe that  n  is expected to be 
constant under most conditions; the exception would likely 
be in cases where cholesterol is made from precursors that 
bypass the acetyl-CoA pool (e.g., conversion of mevalonate 
to cholesterol) and/or require the utilization of less NADPH 
(e.g., conversion of squalene to cholesterol). 

 We expect that future studies can use the logic described 
herein, perhaps with some additional modifi cations. For 
example, it should be possible to compress the time scale 
between dosing intervals and/or it should be possible to re-
peat this paradigm and include additional dosing intervals. 
The only caveat to these modifi cations concerns the ap-
parent toxicity of  2 H 2 O ( 33, 34 ). The levels of  2 H-labeling 
that are associated with toxicity are much greater than 
those typically used in tracer studies (e.g.,  � 25%  2 H-label-
ing in body water is harmful if maintained for several 
weeks, whereas our studies in humans and nonhuman pri-
mates used less than  � 0.5%). Although our rodent studies 
typically used  � 2.5%  2 H-labeling in body water, that value 
also appears to be reasonable considering the literature 
( 35 ). Lastly, the acute ingestion of  2 H 2 O, even in relatively 
small quantities (i.e., suffi cient to enrich body water to 
 � 0.5% in humans), is associated with the transient side-
effects of nausea and vertigo ( 6, 36 ); presumably these 
were minimized (in the nonhuman primates) by diluting 
the tracer in water and allowing the monkeys to slowly in-
gest the required dose. 
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thesis. Namely, letting x and y represent  2 H 2 O and [ 2 H]
cholesterol, the equations describing the dynamics of the 
reaction are: 

   ( ) '
dx

u t kx k y
dt

     

   ''
dy

kx k y
dt

     

 where u(t) is the derivative of input bolus and k, k ′ , 
and k ′  ′  represent the elimination of labeled water, the 
synthesis of cholesterol, and the removal of cholesterol, 
re spectively. 

 We recognize that investigators will use different experi-
mental designs to best address their hypotheses, and we 
expect that the logic outlined in this report can be custom-
ized to fi t the specifi c needs of a given study. 
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