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Abstract
Introduction: The kinetics of protein oxidation, monitored in breath, and its contribution to the
whole body protein status is not well established. Objectives: To analyze protein oxidation in various metabolic conditions we developed/validated a 13C-protein oxidation breath test using low
enriched milk proteins. Method/Design: 30 g of naturally labeled 13C-milk proteins were consumed by young healthy volunteers. Breath samples were taken every 10 min and 13CO2 was
measured by Isotope Ratio Mass Spectrometry. To calculate the amount of oxidized substrate we
used: substrate dose, molecular weight and 13C enrichment of the substrate, number of carbon
atoms in a substrate molecule, and estimated CO2-production of the subject based on body surface
area. Results: We demonstrated that in 255 min 20% ± 3% (mean ± SD) of the milk protein was
oxidized compared to 18% ± 1% of 30 g glucose. Postprandial kinetics of oxidation of whey (rapidly digestible protein) and casein (slowly digestible protein) derived from our breath test were
comparable to literature data regarding the kinetics of appearance of amino acids in blood. Oxidation of milk proteins was faster than that of milk lipids (peak oxidation 120 and 290 minutes, respectively). After a 3-day protein restricted diet (~10 g of protein/day) a decrease of 31% ± 18%
in milk protein oxidation was observed compared to a normal diet. Conclusions: Protein oxidation,
which can be easily monitored in breath, is a significant factor in protein metabolism. With our
technique we are able to characterize changes in overall protein oxidation under various metabolic conditions such as a protein restricted diet, which could be relevant for defining optimal
protein intake under various conditions. Measuring protein oxidation in new-born might be relevant to establish its contribution to the protein status and its age-dependent development.
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1. Introduction

The effects of low and high protein diets are extensively discussed [1]-[4]. The metabolic advantages of high
protein diets are limited. Recommendations about the upper limit of protein intake are lacking [5]-[7]. Recent
reports described negative metabolic effects of high protein intake [8]-[11]. It is therefore relevant to extend our
basic knowledge about protein/amino acid metabolism. The contribution of protein oxidation to the whole-body
protein status is not well defined. Moreover, the rate limiting step of amino acid oxidation, its effecting factors
and its interrelation with the whole-body nitrogen metabolism is not clear. To monitor amino acid oxidation we
developed an easy to apply protein oxidation breath test and validated it. Our analysis indicated that the oxidation rate of amino acids is a relevant factor in protein metabolism.

2. Materials and Methods
2.1. Participants
Data on technical variation were obtained with 1 healthy male, age 27, height 1.81 meters, weight 70 kilogram.
Data on variation between individuals were obtained from 8 young healthy students: 3 male, 5 female. Average
age 22, average height 1.81 meters ± 0.12, average weight 72 ± 12. The subjects recruited were biomedical
science students. Breath test experiments were approved by the local Ethics Committee.

2.2. Acquisition of 13C Substrate
By restricting the diet of cows to naturally enriched maize [12] exclusively, 13C enriched milk was obtained with
a delta value of −14 compared to ~−21/22 of a baseline grass based diet [13]. Five different food-grade fractions
from this milk were separated: milk protein, whey, casein, lactose and milkfat. Milkfat was collected as a separate soluble fraction, the other fractions were all stored as a powder. Before consumption of any of the powdered
substrates they were dissolved in 500 ml of water.

2.3. Equipment, Isotope Ratio Mass Spectrometers (IRMS) and Gas Chromatograph (GC)
Breath samples were introduced in splitless mode into the GC injector and a Porabond Q capillary column
(length 25 m, ID 0.32 mm, Df 8 mm, Agilent, Amsterdam, The Netherlands) was used for the chromatographic
separation. The GC used was an Agilent 6890 series from Agilent Technologies (Amsterdam, The Netherlands).
The GC oven was kept isothermal at 80˚C. The injection temperature was set at 110˚C and the injection volume
was 20 µl. Measurement of CO2 was performed on a Delta XL (Thermo Fisher, Bremen, Germany). The IRMS
was operated at an accelerating voltage of 5 kV. The ion source was held at a pressure of 3.0 × 10−6 Torr, and
ions generated by electron impact at 70 eV. Three faraday cup detectors monitored simultaneously and continuously the CO +2 signals for the three major ions at m/z 44 (12CO2), m/z 45 (13CO2 and 12C17O16O) and m/z 46
(12C18O16O). The dynamic range of the instrument is between 0.2 and 50 V. The CO2 working reference gas
quality 5.3 (Linde, Schiedam, Netherlands) was calibrated with known reference gases (Messer Griesheim, Krefeld, Germany) against δ 13CVPDB (Vienna Pee Dee Belemnite).

2.4. Calculations
2.4.1. Body Surface Area (BSA) and Substrate Properties
The acquired delta values of all the breath samples were used to calculate the amount oxidized taking into account the subjects BSA calculated using the formula, Equation (1), from Haycock [14], enrichment of substrate,
amount of substrate, molecular weight of substrate (g/mol) and amount of carbon atoms in a single molecule of
substrate. We assumed CO2 production to be 300 mmol/h.
0.024265 ∗ weight ( kg )

0.5378

∗ height ( cm )

0.3964

(1)

2.4.2. 13C Breath Calculations from the IRMS Results
Calculations were performed as described in Lefebvre [15], Evenepoel [16] and Chleboun [17]. Because our
protein is overall naturally labeled with 13C, we could not use the weight and numbers of C atoms of leucine as
our substrate for the calculations. The next paragraph will explain how substrate weight and number of C atoms
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present in our substrate were calculated.
2.4.3. Calculations of Milk Substrates
Normally, in isotope studies one well defined labeled substrate is used. For our calculations we also need one
value for weight of e.g. casein and one number for the amount of carbon atoms for casein. However, casein is a
collection of proteins and each of these proteins has a different amino acid composition and therefore a different
mass and a different number of C atoms. By taking into account the seven most abundant casein proteins we
accounted for over 90% of all casein proteins. Of these seven proteins the amino acid content was searched for
in an online database at www.ncbi.nlm.gov/protein. For all seven proteins a weighted average amino acid and
weighted average number of C atoms was calculated. Then all seven proteins were calculated into 1 weighted
average amino acid weight and number of C atoms. In the case of casein we ended up with non-integer numbers
131.37 g/mol and 5.13 C atoms per molecule of casein. We used the same procedure for the constituents of
whey, complete milk protein (whey plus casein) and milkfat.

2.5. Human Studies
2.5.1. Day(s) before Breath Test
In order to keep the 13C level in each test subject as low as possible before the test, consumption of naturally
enriched 13C products should be eliminated at least one day before the test. In contrast to subjects from Western
European countries subjects from North America need to refrain from 13C products for a longer period of time
[18]. Exercise can influence the fate of the test substrate. Therefore, exercise should be standardized at least one
day before the test and during the test day. To measure only the oxidation of the test substrate, subjects should
arrive in a fasting state at the day of testing. Therefore, consumption of food and drinks is not allowed from
22:00 the day before the test. Drinking water or coffee without sugar and/or milk were allowed. Instead of the
skipped breakfast the subjects consume the test drink.
2.5.2. Day of Breath Test
Basal breath samples were taken a few minutes before the consumption of the test drink. The test drink is consumed
at 09:15 within 5 minutes and breath samples are taken from 09:25 every 10 minutes until 14:45 (Figure 1).
2.5.3. Sampling
Breath samples were collected as described in Dubuc [19] and Tanis [20] except our exetainer® tubes (Labco
Limited) are 12 ml instead of 20 ml. The breath samples are ideally measured as soon as possible; however the
samples have a shelf life of at least 4 weeks [21]-[23].

2.6. Statistics
All values are shown as mean ± standard deviation (SD). Two-tailed student’s t-tests (significance level set at
0.05) have been applied.

2.7. Technical Limitations
The largest technical uncertainty in the breath test is the assumption that a subject under resting conditions (sitting in a chair) produces 300 mmol/hour of CO2 the body surface area [17].
Uncertainty in the 13C baseline and the inaccuracy of the isotope ratio mass spectrometer are deemed to be
much smaller than that in CO2 production. We collect the baseline sample three times and average the results.
The isotope ratio mass spectrometer is calibrated twice before each run and twice after every tenth sample.

3. Results
3.1. Oxidation of Protein (Whey) versus Carbohydrate (Glucose)
Glucose is considered as one of the fastest substrates in terms of digestion and uptake. When comparing 30 g of
glucose with 30 g of whey there is a trend towards higher peak oxidation for whey compared to glucose (Figure
1 and Table 1). Both substrates are oxidized equally fast during the first hour.
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3.2. Oxidation Profiles of Whey and Casein (Breath Data versus Blood Data)

Milk protein is comprised of whey and casein. Boirie [24] measured the appearance of 13C-whey and 13C-casein
in blood via labeled 13C-leucine (Figure 2(a)). Their results served as our template for what to expect when
measuring the appearance of 13C in 13CO2, derived from overall labeled amino acids, in exhaled breath. Boirie
[24] found that whey appears quickly compared to casein and has a clear peak in appearance rate. Casein however forms a plateau after less than 1 hour and after 5 hours starts to diminish more slowly compared to the rate
of decrease seen in whey.
The oxidation kinetics measured in exhaled breath of whey and casein are displayed in Figure 2(b). Each
substrate was given as a 30 g dose diluted in 500 ml of bottled water. Based on literature Figure 2(a), whey was
expected to yield a curve with a fast increase in appearance rate ending in a peak after which the appearance rate
should diminish sharply. In comparison, casein was expected to yield a curve with slow increase in appearance
rate followed by a plateau which slowly decreases. These expected characteristics are seen in the breath oxidation results for both substrates respectively.

3.3. Different Doses of Milk Proteins
The effect of different dosages of milk protein in shown in Table 2. A very low dose of milk protein (10 g) results in a large standard deviation. On the other end a large dose of milk protein (70 g) also reveals an increased
standard deviation compared to the 30 and 50 g dose. For 50 g the standard deviation is only 0.49%. The time
point of maximal oxidation rate seems to be related by the dose of milk protein; a low dose reaches maximal
oxidation rate faster than a higher dose. Interestingly, more g of milk protein are oxidized when given 50 g of
milk protein compared to 70 g of milk protein.

3.4. Oxidation of Different Substrates (Milk Protein, Whey, Casein, Milkfat and Lactose)
The following graph (Figure 3) shows the oxidation kinetics of different substrates: whey, casein, milk protein,
milkfat and lactose. Strikingly, whey is oxidized faster than lactose. A clear difference in kinetics is observed
between whey and casein; whey peaks fast and then decreases to baseline. Casein ascends slowly, forms a plateau and slowly decreases towards baseline. Milk protein which consists of 80% casein and 20% whey behaves
more similar as casein, although milk protein has a slightly higher maximum than casein. Milkfat is most slowly
oxidized, a flattened maximum is reached between 4 and 5 h.
14
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Figure 1. Oxidation rate of 30 g whey (blue; n = 4) and 30 g glucose (orange; n = 8). X-axis shows
time in minutes, y-axis shows oxidation speed in %/hour.
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(a)
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Figure 2. (a) Slow and fast dietary proteins differently modulate postprandial protein
accretion Boirie et al. [24]; (b) 13CO2 oxidation kinetics of 2 substrates: whey (red; n
= 4) and casein (green; n = 4). X-axis shows time in minutes, y-axis shows oxidation
speed in %/hour. Two-tailed student’s t-test (significance level set at 0.05)
Table 1. Oxidation characteristics of 30 g of glucose (n = 8) and 30 g of whey (n = 4).
Substrate

Cumulative oxidation at time point
t = 250 and 255, respectively

Cumulative oxidation at time point t = 250
and 255, respectively (grams)

Time point of peak
oxidation (minutes)

Whey

29.52% ± 7.22%

8.86 ± 2.17

120

Glucose

24.01% ± 6.60%

7.20 ± 1.98

105

3.5. Cumulative Oxidation Characteristics of Different Milk Substrates
The cumulative oxidation values of different substrates varies between 22.40 for milkfat and 32.74 for lactose
(Table 3). Although lactose is the only substrate given at a higher dose (50 g) compared to all other substrates
(30 g), lactose is still the fastest substrate regarding reaching maximum oxidation. Surprisingly, milk protein
which consists of 80% casein and 20% whey reaches peak oxidation just as fast as whey protein. Comparing
maximum oxidation levels of milk protein versus casein is difficult, because casein reaches a plateau instead of
a clearly defined peak. Maximum oxidation of casein happens to occur at 190 min, but all values from time
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Figure 3. Different substrates result in different oxidation kinetics. Milk protein (30 g; n = 6),
whey (30 g; n = 4), casein (30 g; n = 4), milkfat (30 g; n = 4) and lactose (50 g; n = 4). X-axis
shows time in minutes, y-axis shows oxidation rate in %/hour.
Table 2. Oxidation characteristics of whey protein given at different dosages. 10, 50 and 70 g (n = 4), 30 g was (n = 6). Note
the less than 1% deviation at dose 50 g. Cumulative oxidation at endpoint is significantly different between 30 g versus 70 g
and 50 g versus 70 g. Two-tailed student’s t-test (significance level set at 0.05).
Milk protein (grams)

Cumulative oxidation at
endpoint t = 330

Cumulative oxidation at
endpoint (t = 330) (grams)

Time point of peak
oxidation (minutes)

10

15.28% ± 10.78%

1.53 ± 1.08

80

30

24.18% ± 3.37%

7.25 ± 1.01

120

50

22.26% ± 0.49%

11.13 ± 0.25

140

70

14.48% ± 5.95%

10.14 ± 4.17

230

Table 3. Oxidation characteristics of different milk substrates.
Substrate

Cumulative oxidation at
endpoint t = 330

Cumulative oxidation at endpoint
(t = 330) (grams)

Time point of peak
oxidation (minutes)

Milk protein (30 g) (n = 6)

24.18% ± 3.37%

7.25 ± 1.01

120

Whey (30 g) (n = 4)

34.85% ± 10.17%

10.46 ± 3.05

120

Casein (30 g) ( n = 4)

25.17% ± 5.95%

7.55 ± 1.79

190

Lactose (50 g) ( n = 4)

32.74% ± 5.33%

16.37 ± 2.67

100

Milkfat (30 g) ( n = 4)

22.40% ± 5.90%

6.72 ± 1.77

290

point 130 min until 240 min are close to the value at time point 190 minutes. The largest deviation at cumulative
endpoint oxidation is found with “fast” whey protein.

3.6. Influence of Protein Restriction
A 3-day low protein diet (~10 g of protein/day) compared to control (>100 g of protein per day) leads to a reduction in oxidation of the 30 g milk protein (Table 4).

4. Discussion
Establishing optimal protein intake and the associated protein status is highly relevant in various metabolic situations like clinical nutrition, ageing, sport performance and baby food composition. Defining optimal intake of
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Table 4. Habitual diet versus protein restricted diet. Two-tailed student’s t-test found no difference (significance level set at
0.05).
Substrate

Cumulative oxidation at
endpoint t = 330

Cumulative oxidation at
endpoint (t = 330) (grams)

Time point of peak
oxidation (minutes)

Control

24.18% ± 3.37%

7.25 ± 1.01

120

Low protein diet

18.88% ± 4.95%

5.66 ± 1.70

105

proteins in each situation is difficult to perform. The various methods to estimate the nitrogen balance have specific shortcomings. Fecal loss of nitrogen has been debated recently [8] [25]. Moreover, often the molecular targets to evaluate the adverse effects are not clear. Therefore, upper limits of dietary protein intake are not clearly
defined in the various metabolic situations.
Recently, more attention has been paid to the adverse effects of an excess intake of protein: evidence has been
described about the hyperactivation of mTORC1 system associated with increased risk associated for age-related
disorders such as type 2 diabetes mellitus and cancer [11]. This might also be relevant in the new-born: too high
protein intake might lead to increased risk for obesity in later life [8]-[10] and a possible relation to development
of colon cancer [26]. These observations lead to the re-evaluation of pathways involved in protein (amino acids)
turnover. Amino acid (re)-incorporation into whole body proteins, renal protein excretion and urea metabolism
are well characterized. Less attention has been paid to the contribution of the amino acid oxidation to the wholebody protein status. Therefore, we developed a non-invasive and easy to apply milk protein breath test.
Applying this test in healthy young volunteers we observed that the amount of milk protein oxidized within
330 min is considerable: 24.2% of the dose of 30 g is oxidized. This indicates that protein oxidation is a relevant
metabolic step for the amino acid metabolism. Therefore, monitoring protein oxidation and analyzing the factors
influencing this in varying metabolic conditions might be relevant.
In this paper we describe how we used a naturally low overall enriched 13C-protein breath test, which implies
that all amino acids are labeled with 13C. With this protein breath test we assess directly the amount of exogenous protein derived amino acids which are oxidized. This protein breath test is easy to apply and economically
affordable due to the relative low price of the substrate.
As can be concluded from Figure 1, the technical variation in the outcome of the analyses is low and reproducibility in a single person is high, which indicates that the test is reliable and the protein oxidation rate measured with this breath test is a biological entity which can be practically determined.
We observed (Table 2) that the application of different doses of proteins lead to different cumulative recoveries in breath over 330 minutes. The expectation was higher relative oxidation at higher doses of protein. Applying 10 g of milk protein yields a high standard deviation compared to higher doses, which is understandable
when assuming that absolute biological variation is a similar factor in all doses. The dose of 30 to 50 g of protein lead to a higher relative oxidation. From 50 to 70 g of protein there is no additional relative oxidation. The
reason could be limited capacity of oxidation or limitation in downstream processes.
The optimal dose to use in a breath test seems to be in the range of 30 to 50 g of protein. 30 g comes most
close to a physiological dose of protein, it has an acceptable standard deviation of around 1% over 330 minutes
and is easy to dissolve in 500 ml of water. We concluded that this was the most suitable dose in the test.
What could be the effect of the 11 h fast before the breath test? A rough estimation of protein loss can be
based upon the nitrogen data from Raguso [27]. They state that the obligatory nitrogen loss is 54 mg N/kg/day
for an adult male. Applying the Jones’ Factor of 6.25 on the 54 mg N/kg/day for a 70 kg adult male results in
23.6 g of protein loss per day. An 11 h fast would then result in 10.8 g of protein loss. In theory, giving a dose of
10 g of protein during the breath test would lead to 0% oxidation. This does not take into account small losses in
digestion and uptake, nor does it take into account that a night fasting also lowers energy stores. Lower glycogen
stores can shift amino acid incorporation towards oxidation to fulfill energy needs.
The application of a 13C-protein derived breath test has been described before [1] [17] [28]-[30]. In all these
studies the 13C-label used was only present as 13C-leucine. This implies that measuring “protein oxidation”
means measuring the oxidation of 13C-leucine. It is very likely that the oxidation of this essential amino acid
with specific metabolic functions does not represent the oxidation characteristics of all (non-essential) amino
acids. In some of these studies 13C-leucine was used as part of a diet for hens to obtain 13C-leucine eggs [17] [28]
[31] [32]. In our case we used naturally enriched 13C-maize. Maize is a cheap and a widespread crop, which we
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utilized to feed cows whereby the cow’s milk becomes naturally low and overall 13C-enriched. This procedure
makes the substrate and, by consequence, the test economically affordable.
Measuring protein oxidation reflects the ultimate metabolic fate of amino acids. Naturally enriched 13C-milk
proteins and the 13C-whey and 13C-casein fractions were used in our experiments. Applying the test with
the13C-whey and 13C-casein fractions we observed that the difference between fast protein (whey proteins) and
slow proteins (casein), as described by Boirie [24] also can be observed when analyzing the kinetics of oxidation
of both proteins. We consider this as a relevant validation of our breath test. Moreover, this suggests that under
conditions of normal physiology and administration of 30 g of substrate, the rate limiting step for overall oxidation of milk proteins is the small intestinal absorption. The fast oxidation of amino acids from whey proteins
might not be surprising as it is known that for amino acids no specific storage capacity in the body is available,
only in the form of body proteins. During the postprandial phase when exogenous amino acids enter the cellular
free amino acid pool in relative high amounts, the size of the amino acid pool remains relatively constant. When
the amino acid influx exceeds the protein synthesis capacity, the surplus in amino acids will be removed by oxidation [32]. However, our experiments with varying dose suggest a limitation in the oxidative capacity.
Whey proteins turn out to be a very effective substrate in energy metabolism: the oxidation kinetics of whey
and glucose are quite comparable. This is an interesting observation in the light of the use of whey proteins as a
nutritional supplement to support muscle function. Compared to other milk components whey proteins are also
much faster oxidized than milk sugar (lactose) and milkfat. Difference in kinetics between these substrates are
most probably due to stomach emptying and subsequent digestion, based on our comparison between whey and
casein oxidation measured in breath compared to appearance of whey and casein derived 13C-leucine in blood
[24] which suggest that the small intestinal fate (gastric emptying, hydrolysis and absorption reflects the overall-rate of oxidation under certain conditions).
To analyze if the protein oxidation rate is relevant for the whole body protein metabolism, we applied the
condition of protein restricted food intake. We applied an extreme intervention of restricted protein intake to 10
g protein/kg bodyweight/day for 3 days and simultaneously we kept up the energy intake at normal values. The
expectation was that protein restriction would lead to a shortage of cellular amino acids which then would be reflected by reduced oxidation. This could be monitored in our breath test. In this condition a reduction of protein
oxidation was indeed observed; compared to a normal diet, protein restriction caused a ~20% reduction in oxidation. This observation points into the direction that the oxidation rate is related to the whole body protein status.
In general, it is important to determine what the oxidation outcome in terms of oxidation rate and cumulative
oxidation actually represents. Measuring oxidation via breath reflects the outcome of several subsequent metabolic steps such as gastric emptying, small intestinal digestion and uptake, transport in the bloodstream and in
addition cellular uptake of amino acids and cellular oxidation, which can be considered as an intrinsic limitation
of the technique. However, by changing only one variable in the system, we can estimate the effect of that variable on the final outcome (oxidation). The comparison of fast (whey) proteins and slow (casein) proteins in
blood and breath indicates that the rate-limiting step under the condition of a dose of 30 g of proteins and normal
physiology is the small intestinal absorption. The effects of restriction of dietary protein intake on oxidation of
amino acids suggests that under conditions of restricted intake the rate-limiting step shifts to another level. Also
the non-linear behavior in oxidation kinetics under a varying dosage regime suggests that the rate-limiting step
shifts under this condition.
It is necessary to analyze this in more detail. It is important to establish if the oxidation step of amino acids is
a significant missing link in the understanding of sarcopenia and the adverse effects of high protein intake in relation with cancer and development of obesity-susceptibility in early life. Especially concerning this last aspect
the age-dependent development of the oxidation capacity might be highly interesting to reveal.

5. Conclusion
In conclusion: amino acid oxidation and subsequent excretion of CO2 in breath are relevant pathways in the catabolism of proteins. The described protein breath test using low-enriched 13C milk proteins is a suitable tool to
monitor protein oxidation. It is easily applicable in clinical and epidemiological studies. It is yet not clear what
the biological relevance is of variations in protein oxidation capacity and its age-dependent (early life and during
ageing) development.
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