Volume 29 | Number 4 | April 2014

Pages 585-764

JAAS

Journal of Analytical Atomic Spectrometry
WwWWw.rsc.org/jaas

ISSN 0267-9477

ROYAL SOCIETY TUTORIAL REVIEW
OF CHEMISTRY Butz, Whigham and Casperson

The emerging role of carbon isotope ratio determination in health
research and medical diagnostics



ROYAL SOCIETY
OF CHEMISTRY

JAAS

View Article Online

TUTORIAL REVIEW

View Journal | View Issue,

The emerging role of carbon isotope ratio
determination in health research and medical
diagnostics

Cite this: J. Anal. At. Spectrom., 2014,
29, 594

Daniel E. Butz,*® Shanon L. Casperson® and Leah D. Whigham*©

Variations in the isotopic signature of carbon in biological samples (e.g. breath, blood and tissues) can be
used to monitor shifts in whole body metabolism. As a conservative recorder of our diet, changes in the
isotopic signature of carbon in biological samples provide an objective means to distinguish dietary
patterns and the relationship with diseases. In addition, metabolic discrimination of carbon within the
body can be informative regarding changes in the body's metabolic fuel usage during situations where
shifts in the macronutrient oxidation ratio are expected. Therefore, changes in the isotopic signature
over time have proven to be a tremendously powerful and sensitive means of detecting and measuring
changes in steady-state systems. As such, this review focuses on how a naturally occurring ratio of
stable isotopes of carbon (**C/*2C) can be used as a biomarker for nutritional and metabolic status,
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Introduction

Carbon dioxide has long been used as a marker for health
and disease,' and the "*C/*?C ratio reflects changes in diet
and metabolism.>* Measurement of carbon in exhaled
breath has progressed from the advent of capnography in the
18™ century by Tyndall using infrared light absorption to
measurement of the stable isotopes of carbon by isotope ratio
mass spectrometry in the 19" century to recent advances in
instrumentation that make the carbon stable isotope ratio in
exhaled breath a viable biomarker for health and disease. In
this review we will explore how advances in measurement of
stable isotopes provide new opportunities for non-invasive,
individualized biofeedback. This review focuses on naturally
occurring stable isotopes of carbon and how they can be used
for diagnostic, intervention, and research purposes related to
health and disease. The review will cover the history of
13C/12C as a marker for health and disease; the science of
isotopic fractionation at the core of these applications;
regional differences in >C/*>C in diet; and the principles and
research related to stable isotopes of carbon in nutrition,
exercise, metabolic status, and disease.
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altered macronutrient metabolism, and health and disease.

History of carbon as a marker for health
and disease

Capnography is the science of monitoring the concentration of
carbon dioxide (CO,) in respiratory gases and is based on the
principle that CO, absorbs infrared radiation." Capnography
directly reflects the elimination of CO, by the lungs, providing
information on respiratory patterns, pulmonary perfusion and
alveolar ventilation. Indirectly, it reflects the production of CO,
by tissues and the circulatory transport of CO, to the lungs. When
expired CO, is related to the expired volume rather than time, the
area under the curve represents the volume of CO, in the breath.
Over the course of a minute, this calculation yields the CO,
minute elimination, an important measure of metabolism.

Within the past 50 years, scientists have demonstrated that
further insights into alterations in body metabolism can be
gained by measuring the ratio of the stable isotopes of carbon
(i.e. *C/**C) in exhaled CO,, termed the breath delta value or
BDV.>* Until recently, measurement of the BDV has had limited
clinical utility since instrumentation capable of the BDV
measurement was too complex and cumbersome for wide-
spread clinical adoption. However, within the last decade,
advances in infrared spectroscopy have enabled more precise
and accurate measurements of the carbon stable isotope ratio
through multi-pass measurement cells termed cavity ring-down
spectroscopy (CRDS).> CRDS uses infrared laser absorption to
measure the concentration of >CO, and "*CO, carbon signals
and reports not only precise and accurate total CO, concentra-
tions (as do capnographs in clinical use today) but also the
13C0,/**CO, ratio.?
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BDV is expressed in parts per mil (%,) notation as in eqn (1):

(1*C/12C sample — 1*C/2C PDB)

o= 3C/2C PDB

% 1000 (1)

where 6 = BDV and PDB = Vienna Pee Dee Belemnite, the
international reference standard for "*C/*>C measurements.

BDV can be used to monitor shifts in whole body metabo-
lism. Although diet influences baseline BDV on a population
scale,” changes in the BDV over time within an individual can
shed light on changes in the ratio of macronutrient oxidation,*
as well as the acute phase response to infection (i.e. whole body
inflammation) due to fractionation (a term for shifts in the
stable isotope ratio based on atomic weight of the isotope; see
detailed explanation below).**®

The basic science of fractionation

The atomic weight of carbon listed on the periodic table of
elements is 12.011 g mol . The reason this number is 12.011 and
not 12.000 is that approximately 1% of the carbon in the universe
is *C, which weighs 1 atomic mass unit more. The ubiquitous
usage of atomic weight in calculations performed by chemists and
biochemists reinforces the notion that any organic compound will
contain 1% of its carbon in the form of **C. This assumption is
valid and useful because >C and '>C are, for most purposes,
chemically interchangeable and the organic compounds of which
they are constituents are ostensibly indistinguishable. However,
3C and "*C do differ from each other in one important way; *C is
more than 8% heavier than "°C. This difference in mass is large
enough that molecules containing '*C behave differently in
reactions than molecules containing exclusively **C. This differ-
ence in reactivity is even more pronounced when the chemical
bonds that are changing involve the **C atom. The result is that
the isotope ratio on one side of a chemical reaction will differ
from the isotope ratio on the other side of the chemical reaction
even at equilibrium. This is referred to as isotope fractionation.
Isotope fractionation can derive from the thermodynamic (equi-
librium) isotope effect, the kinetic isotope effect, or by enzymatic
discrimination against >C structures.

Isotope fractionation is the chemical phenomenon that is
the basis for relating the dynamic relationship between changes
in metabolism and changes in the observed ratio of *C0O,/**CO,
in breath, which we describe in detail elsewhere in this review.
This isotope ratio is termed the delta value (6'°C) when it is
reported with respect to the internationally recognized standard
isotope ratio of PDB, which is 0.0112372 (eqn (1)). A positive
6">C occurs when the measured isotope ratio is higher than PDB
whereas a negative 6"*C occurs when the measured isotope ratio
is lower than PDB. Since PDB contains the heaviest known
naturally occurring *C/*>C ratio, all measurements of the
natural abundance of carbon isotopes are negative. Chemical
bonds involving heavy forms of an atom have lower vibrational
energy than bonds involving the lighter atomic forms and are
therefore less reactive. This is known as the primary isotope
effect. A similar, but smaller effect in reaction rates occurs for
molecules containing '*C but where the chemical bond
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undergoing reaction does not itself contain the >C atom. This is
known as the secondary isotope effect.

Observing the 6">C, or more accurately the change in 6"°C
over time, is a tremendously powerful and sensitive means of
detecting and measuring changes in steady-state systems. For
example, aerobic respiration within an organism is the process
whereby nutrients in the form of carbohydrates, fat and
proteins are converted with oxygen into chemical potential
energy in the form of ATP. A major byproduct of aerobic
respiration is carbon dioxide. The 6**C for the carbon dioxide
produced from aerobic respiration over time will remain
constant so long as the system is at a steady state, meaning that
the composition of nutrients used as sources for the various
biochemical reactions involved do not change. However,
disruption in the source, composition and utilization of nutri-
ents will cause a change in 6'°C because nutrients are isotopi-
cally distinct and because there is an isotopic fractionation in
each and every biochemical reaction in the metabolic pathway.

Regional differences in baseline diet

The 6"3C of the diet will define the isotopic makeup of the body’
and thus diet can influence the baseline BDV. Thus, the pop-
ulation healthy baseline BDV varies by region with European
countries at ~—23%,, the United States at ~—219%,, and Japan
falling somewhere between these two countries.” The differ-
ences are based mainly on the primary plant carbon source.
Plants are classified into two categories important to the
isotopic makeup of carbon structures: C3 and C4 plants.”
During photosynthesis, plants remove CO, from the atmo-
sphere and use it to build carbohydrates and amino acids to
fuel metabolism and growth through photosynthesis. Plants fix
carbon using an enzyme complex known as rubisco.® The
rubisco enzyme complex strongly discriminates against **CO,,
thus plant carbon structures are isotopically lighter than the
atmosphere. C3 plants scavenge CO, directly from the atmo-
sphere, and thus are isotopically light compared to atmo-
spheric carbon.' On the other hand, C4 plants are adapted to a
low CO, atmosphere and thus scavenge and compartmentalize
the atmospheric CO, prior to photosynthesis.* Since the CO, is
compartmentalized prior to photosynthesis the mass action
effect causes all of the compartmentalized CO, to proceed
through photosynthesis despite the discrimination against
3CO, by the rubisco enzyme complex. The typical isotopic
signature of C3 plants (e.g. rice, wheat, potatoes) is ~—27%,,
while the typical isotopic signature of C4 plants (e.g. corn and
sugar cane) is ~—119%,."° Since the modern diet is composed of
a mixture of C3 and C4 plants as primary producers, the
isotopic composition of the human diet has an intermediate
isotopic signature. European countries have a diet that consists
of more C3 plant sources and fewer C4 plant sources compared
to the US.”"* Japanese carbon sources may derive from C3
plants combined with a diet high in fish (algae plant
source).”'12141% Although a baseline delta value of a person/
population ratio does not affect the ability to detect changes in
metabolism in health or disease via the BDV, for these changes
to have meaning the diet must remain relatively stable.
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Changes in diet must be noted and accounted for when inter-
preting the BDV."*

Stable isotopes of carbon to track
nutrition

Isotopically speaking “we are what we eat”, at least for
carbon.'” Carbon is a conservative recorder of our diet, and as
such, allows for the determination of dietary information and
nutritional status. Changes in the isotopic signature of a diet
can be measured in biological samples, and the half-life of the
change is different depending on the rate of turnover for a
given sample. For example, when an animal is switched from a
C3 to a C4 diet, the change is recorded in breath, via BDV, on a
time scale of minutes to hours, whereas changes in 6'°C in
blood plasma and red blood cells occur on a days to weeks
time scale."® Hair grown during the switch from C3 to C4 diets
can be used as a historical marker of the diet change since
growing hair will reflect the contemporary diet.” In mammals,
plasma, tissue and breath 6'°C is used to determine regional
differences in food consumption, migratory patterns and
nutritional stress.*>* In humans, breath 6'°C has been
utilized to monitor glucose metabolism,>*** while plasma 6'*C
has been used to quantify the intake of processed sweetened
foods, specifically high fructose corn syrup.***®* With
increasing incidence of diet-related illnesses, stable isotopes
of carbon are an objective means to distinguish dietary
patterns and the relationship with diseases.

BDV changes due to altered
macronutrient metabolism

The body oxidizes macronutrients (i.e. carbohydrate, lipid and
protein) to meet the daily energy requirement to maintain
metabolism. Normally the ratio of macronutrient oxidation in
people is 30-40% carbohydrate, 50-65% lipid, and 7-8%
protein.”® Based on the isotopic signature of each macronu-
trient class,® the BDV can be used to assess changes in the ratio
of oxidation of macronutrient classes.> Under normal condi-
tions, the body does not “store” protein for energy, rather any
protein oxidation is a result of normal protein turnover and/or
oxidation of excess dietary protein (post-prandial protein
oxidation), accounting for less than 10% of the total daily
energy requirement.** Assuming constant protein catabolism,
the BDV can be used to monitor changes in the rate of oxidation
of carbohydrate versus lipid.> Although diet can influence the
baseline delta value of carbohydrates and lipids in plasma and
liver as well as breath CO,,* lipids are generally ~3%, more
negative than carbohydrates.>*" Due to the relative differences
in their isotopic signature, large changes in the ratio of carbo-
hydrate : lipid oxidation cause changes in the BDV. A shift in
the carbohydrate : lipid oxidation ratio of 20% causes approxi-
mately 19, change in the BDV.*? Shifts in the carbohy-
drate : lipid oxidation ratio can be caused by exercise, long-term
fasting or negative energy balance, or pathologic metabolic
conditions.
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Stable isotopes of carbon during
exercise

During exercise the ratio of macronutrient oxidation can shift to
proportional increases in carbohydrate or lipid oxidation
depending on the intensity and duration of the activity.
Increased glucose oxidation during moderate to heavy intensity
exercise can cause an ~19%, increase in the BDV.**?** Extended
workouts at 50% of VO,,ax (the so-called “fat burning zone”)
decrease BDV by ~1-29,,.>%3

Stable isotopes of carbon in assessing
metabolic status

Change in BDV can be associated with pathologic conditions
that cause a large shift in the ratio of carbohydrate : lipid
oxidation. For example, untreated type 1 diabetes causes
reduced glucose availability to tissues and ~29,, drop in BDV.**
Long-term fasting (48 hours or longer) depletes glycogen stores
and increases lipid oxidation to meet body needs. While short
term fasting of 4 hours does not cause a drop in BDV,? overnight
fasting of approximately 8 hours causes a drop in BDV of ~19/,
(ref. 21) and a 48 hour fast causes a ~39%, drop.>* The shift in
BDV in conjunction with fasting led scientists to investigate the
possibility of using BDV to monitor successful compliance with
a calorically restricted diet during efforts to lose weight.*
Volunteers consumed a 40% energy-deficit diet for 6 days,
followed by a 50% energy excess for one day. Morning fasted
BDV decreased by ~19,, over the course of 3 days of energy
restriction and increased by ~29, within 3-4 hours of caloric
overconsumption.” BDV may be a valuable indicator of the
body's metabolic fuel usage in situations where large shifts in
the macronutrient oxidation ratio are expected.

Stable isotopes of carbon in infection

Severe and/or systemic infections cause a whole body response
termed the acute phase response (APR).** Within the first hour
of the APR, release of preformed tumor necrosis factor alpha
(TNFa) and interleukin 1 (IL-1) induce changes in secondary
metabolism.***” Amino acids are rapidly released from skeletal
muscle and used to make acute phase proteins or oxidized for
fuel.®® Amino acids released during the APR fractionate based
on the molecular weight of the amino acid.** This fractionation
follows the principles of the kinetic isotope effect.*® Amino acids
and products with *C structures are less likely to undergo
enzymatic action than the amino acids with the lighter carbon.
The “heavier” carbon amino acids primarily remain as products
of the APR while the “lighter” carbon amino acids are more
likely to be completely oxidized to CO,. The end result of this
phenomenon is that the ratio of *C0,/**CO, in breath
decreases during the APR (Fig. 1). This phenomenon was first
discovered in the 1990s at the University of Wisconsin-Madi-
son.>*® In the original study, CO, of mice injected with endo-
toxin had decreased '°CO, within the first two hours of
challenge while blood proteins became heavier due to the

This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Schematic representation of fractionation of carbon isotopes
during the acute phase response to infection.

catabolic response.>* Further, Butz et al.* conducted a study of
carbon fractionation in mice and chicks with induced endo-
toxemia. The change in BDV was detected within 2 hours of
post-injection of endotoxin with an increase in the isotopic
weight of circulating amino acids. Carbon fractionation was
shown to be specifically dependent on the acute phase
response, since simple muscle wasting induced by dexametha-
sone treatment did not result in carbon fractionation (in order
to fractionate carbon, the amino acids with heavy carbon must
be incorporated into products, such as acute phase proteins).
The phenomenon was later shown in rat and swine peritonitis
models of sepsis where the change in BDV preceded hypoten-
sion by 12 to 18 hours,**" and in mechanically ventilated pedi-
atric patients with and without systemic inflammatory response
syndrome (SIRS).**

Conclusions

Application of the measurement of natural stable isotope vari-
ations has traditionally fallen into the field of geochemistry. As
this review demonstrates, there are also numerous potential
applications suitable for the field of health sciences as well.
Specifically regarding natural stable isotope fractionation of
carbon, applications include detection of altered macronutrient
oxidation related to exercise, changing energy balance and
altered intake, as well as changes in inflammatory or immune
status. As the health science research fields tackle the need for
earlier disease detection and personalized medicine, demand
grows for new and improved ways to monitor the individual
status and response to treatments or interventions. These
emerging roles for the measurement of naturally abundant
stable isotopes of carbon in health and disease can help meet
that need.
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