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Abstract

Acetylcarnitine has been identified as one of several urinary biomarkers indicative of radiation 

exposure in adult rhesus macaque monkeys (non-human primates, NHPs). Previous work has 

demonstrated an up-regulated dose-response profile in a balanced male/female NHP cohort1. As a 

contribution toward the development of metabolomics-based radiation biodosimetry in human 

populations and other applications of acetylcarnitine screening, we have developed a quantitative, 

high-throughput method for the analysis of acetylcarnitine. We employed the Sciex SelexIon 

DMS-MS/MS QTRAP 5500 platform coupled to flow injection analysis (FIA), thereby allowing 

for fast analysis times of less than 0.5 minutes per injection with no chromatographic separation. 

Ethyl acetate is used as a DMS modifier to reduce matrix chemical background. We have 

measured NHP urinary acetylcarnitine from the male cohorts that were exposed to the following 

radiation levels: control, 2 Gy, 4 Gy, 6 Gy, 7 Gy and 10 Gy. Biological variability, along with 

calibration accuracy of the FIA-DMS-MS/MS method, indicate LOQ of 20 μM, with observed 

biological levels on the order of 600 μM and control levels near 10 μM. There is an apparent onset 

of intensified response in the transition from 6 Gy to 10 Gy. The results demonstrate that FIA-

DMS-MS/MS is a rapid, quantitative technique that can be utilized for the analysis of urinary 

biomarker levels for radiation biodosimetry.

INTRODUCTION

Acetylcarnitine (CAS 14992-62-2, acetyl-L-carnitine) has been identified as one of several 

urinary biomarkers indicative of radiation exposure in adult rhesus macaque monkeys (non-
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human primates, NHPs). Previous work has demonstrated an up-regulated dose-response 

profile in a balanced male/female NHP cohort 1. Unfortunately, data on the human 

acetylcarnitine response to radiation are quite limited, with the exception of a recent 

publication that found acetylcarnitine to be down-regulated at 6 hours after a 1.25 Gy 

exposure 2. However, this human study did not cover the radiation exposure range that was 

covered in the NHP study that we report here. In addition, the human study did not include a 

7-day post-exposure delay. Therefore, NHP results should be used to approximate the human 

metabolic response to radiation exposure.

In addition to their involvement in radiation exposure, acylcarnitines are markers of 

oxidation and are quantitatively assessed for the diagnosis of metabolic disorders. Type 2 

Diabetes Mellitus (T2DM) is a metabolic disease that is typically characterized by elevated 

blood glucose and increased insulin resistance, and can often lead to the accumulation of 

various lipid species 3. Since the role of fatty acid and glucose oxidation in the pathogenesis 

of T2DM is unclear, specific markers of oxidation, such as acylcarnitines, are often 

quantitatively assessed. In addition, acylcarnitine profiling is routinely performed during 

newborn screening in order to diagnose particular metabolic disorders 4. In this context, 

accurate and precise measurements of acylcarnitines are critical in understanding the 

progression of several disease states, including more than 20 fatty acid disorders 5.

Historically, acylcarnitines have been measured by gas chromatography-mass spectrometry 

(GC-MS) 6, or liquid chromatography –tandem mass spectrometry (LC-MS/MS) 7–9. 

However, GC-MS requires chemical modification steps, and both GC-MS and LC-MS/MS 

typically require significant amounts of time for chromatography. Consequently, a simpler 

analytical technique is desirable for high-throughput acylcarnitine analysis.

The need for examination of small molecule metabolites from non-invasively obtained 

biological samples has become particularly important as a result of the identification of 

diagnostic biomarkers for radiation exposure 1,10–22. These studies have emphasized the 

importance of rapid methods for screening large populations of patients who might require 

medical treatment due to radiation injury from industrial accidents or terrorist attacks 23,24. 

In line with these considerations, we have explored a non-chromatographic approach: the 

use of differential mobility spectrometry (DMS) in combination with mass spectrometry 

(MS), as a high throughput method for the analysis of acetylcarnitine in urine. The analysis 

of this biomarker in NHPs exposed to radiation was set as a specific goal of the study.

Ion mobility analyzers used with mass spectrometry are of two general types: low field ion 

mobility systems in which the applied field is of low or moderate intensity so that the ion 

cross-section is the most important characteristic, as described in the monograph by 

Eiceman, Hill and Karpas 24, and differential mobility spectrometry (DMS) systems which 

detect the change in ion mobility with field strength, often in the presence of a vapor 

modifier, so that polar character and gas phase interactions are important 25–29. DMS 

separates ions prior to mass analysis at atmospheric pressure based on the ion’s differential 

mobility through an asymmetrical electric field with essentially no additional delay due to 

the continuous nature of the filtration 30. DMS has been found to be especially useful in 

reducing chemical noise and analysis time in small molecule detection and quantitation.
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While DMS can be coupled to chromatographic separation methods 31, certain applications 

can be performed without chromatography in a standalone DMS-MS mode, thereby leading 

to quick analysis times. DMS requires the application of an alternating radio frequency (RF) 

voltage, also known as separation voltage (SV), between two planar parallel electrodes 

where ions are passed continuously 32. In the asymmetric waveform, ions experience a short 

period of high field followed by a longer period of low field causing a net ion displacement. 

In addition to the SV, a direct current (DC) voltage, also known as the compensation voltage 

(COV), is applied, which allows for the transmission of selected ions through the electric 

field without electrode neutralization. Prior works have reported on considerable 

improvements in DMS separation power through the addition of chemical modifiers to the 

transport gas, a process which is commonly known as the dynamic cluster/decluster model 
33–37. This process involves the clustering of analyte ions with modifier molecules during 

the lower field portion of the waveform, and declustering during the higher field portion of 

the waveform. The effects of transport gas modifiers have been extensively documented by 

Schneider et al., with particular attention given to the separation selectively introduced by 

the judicious selection of modifiers and improvements in peak capacity 27.

Given the high throughput capabilities of FIA-DMS-MS/MS and the potential benefits 

associated with radiation biodosimetry, we chose to investigate its utility in the analysis of 

acetylcarnitine in the urine of NHPs exposed to total body irradiation (TBI). Toward that 

goal, we developed an analytical platform around the SelexIon triple quadrupole MS which 

incorporates a DMS filter on the front end of the MS inlet. Here we report a high- 

throughput, quantitative FIA-DMS-MS/MS method that demonstrates significant value in 

the separation, identification and quantitation of NHP urinary acetylcarnitine. This 

methodology could be applied toward human patient screening following a radiological or 

nuclear event, or toward preclinical pharmacodynamic assay screening of compounds during 

the drug discovery process.

EXPERIMENTAL SECTION

Chemicals

Glacial acetic acid and HPLC grade water were obtained from Fisher Scientific (Agawam, 

MA, USA). Optima LC-MS grade methanol, acetonitrile, ethyl acetate, acetone, isopropanol 

and formic acid were also obtained from Fisher Scientific. Acetyl-DL-carnitine 

hydrochloride and acetyl-L-carnitine (N-methyl-d3) hydrochloride were obtained from 

Sigma Aldrich (St. Louis, MO, USA).

Animals

Various animal models were used during the development of these methods, including 

Sprague-Dawley (SD) rats and NHPs [Rhesus macaque (Macaca mulatta)]. All animal work 

conformed to the Public Health Service (PHS) Policy on Humane Care and Use of 

Laboratory Animals, incorporated in the Institute for Laboratory Animal Research (ILAR) 

Guide for Care and Use of Laboratory Animals, and experimental protocols were reviewed 

and approved by the Institutional Animal Care and Use Committee (IACUC).
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NHP Study and Urine Collection

A dose response study was performed in male rhesus monkeys1. In brief, 3 control NHPs 

were compared to NHP cohorts exposed to the following escalating doses of radiation: 2 Gy 

exposed (n=3); 4 Gy exposed (n=3); 6 Gy exposed (n=3); 7 Gy exposed (n=3); 10 Gy 

exposed (n=3). Urine was collected from each NHP on day 7 post irradiation and shipped to 

our laboratory for acetylcarnitine analysis.

NHP Urinary Acetylcarnitine Sample Preparation

Firstly, 5.26 μL of 120 μM deuterated acetylcarnitine internal standard solubilized in water 

(100%) was spiked into 100 μL of NHP urine (final concentration of IS = 6 μM), dried down 

under nitrogen (N2) at 60°C, resuspended in 105 μL of methanol, vortexed and centrifuged 

at 14,000 rpm for 5 minutes at room temperature. Acetylcarnitine was then extracted by 

solid-phase extraction using SEP-PAK VAC 6cc silica gel cartridges (Waters, Milford, MA, 

USA). Acetylcarnitine was eluted with 1.5 mL methanol:water:acetic acid (50:45:5, v/v/

v)38. The extract was then dried down under N2, resuspended in 526.3 μL of 

methanol:water:formic acid (70:30:0.1, v/v/v), vortexed, centrifuged at 14,000 rpm for 5 

minutes and transferred to LC-MS vials (Agilent, Palo Alto, CA, USA). Flow injection 

analysis (FIA) enabled sample introduction into the mass spectrometer for DMS-MS/MS 

analysis (Figure 1).

NHP Urinary Creatinine Sample Preparation

The following extraction solvent was prepared for urinary creatinine extraction: 

acetonitrile:water:formic acid (50:50:0.1, v/v/v). Specifically, 995 μL of the creatinine 

extraction solvent was added to 5 μL of urine. 16 μL of this solution was then further diluted 

with 84 μL of the creatinine extraction solvent. 100 μL of deuterated creatinine was then 

spiked into the solution, thereby achieving a final 2500-fold dilution in total. This level of 

dilution is documented to be more than sufficient to eliminate all matrix effects, whether 

suppression or enhancement, for both calibration and analysis, and has left the final 

concentration in a convenient range40–42. The solution was centrifuged at 10,000 rcf (g) for 

5 minutes before analysis to remove particulates.

Flow Injection Analysis (FIA)

An Acquity UPLC and Sample Manager (Waters, Milford, MA, USA) were utilized. The 

Acquity UPLC was operated via the Acquity console driver within Analyst software version 

1.6.2 (Sciex, Framingham, MA, USA). The FIA mobile phase was methanol:water:formic 

acid (70:30:0.1, v/v/v). The FIA flow rate was 0.050 mL/min. The weak wash consisted of 

water:acetonitrile (50:50, v/v). The strong wash was water. The injection volume was 10 μL.

Differential Mobility Spectrometry

The DMS instrument utilized was a SelexIon (Sciex, Framingham, MA, USA). The DMS 

conditions were as follows: DMS temperature (DT), low (150°C); modifier (MOD), ethyl 

acetate; modifier composition (MDC), low (1.5% v/v); DMS offset (DMO), −3.0 V; DMS 

resolution enhancement (DR), off. Optimal signal for acetylcarnitine was determined by 

varying the separation voltage (SV) and the compensation voltage (COV). With this system, 
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we found that COV values for acetylcarnitine should be optimized daily. As a result, the 

COV values used for our analyses ranged from −46V to −37V. This change did not make any 

significant change to intensities. DMS data were acquired with Analyst 1.6.2.

Mass Spectrometry

MS data and MS/MS data were acquired on a QTRAP 5500 mass spectrometer (Sciex, 

Framingham, MA, USA). The mass spectrometer was tuned with 2 μM solution of 

acetylcarnitine. Acetylcarnitine was analyzed using positive ion electrospray ionization (ESI

+) in the multiple reaction monitoring (MRM) mode. The source conditions were as follows: 

collision gas (CAD), medium; curtain gas (CUR), 20 PSI; ion source gas 1 (GS1), 60 PSI; 

ion source gas 2 (GS2), 60 PSI; ion spray voltage (IS), 4500 V; temperature (TEM), 600°C. 

Acetylcarnitine was infused into the ion source at a rate of 0.020 mL/min for tuning. 

Optimal signal for the precursor ion in Q1 was determined by varying the declustering 

potential (DP) and the entrance potential (EP). After the Q1 settings were determined, 

optimal product ion spectra were generated by manipulating DP, EP, collision energy (CE) 

and collision cell exit potential (CXP). Acetylcarnitine (2:0 AC) and deuterated 

acetylcarnitine (2:0-d3-AC) were analyzed in the multiple reaction monitoring mode with 

the following mass transitions: 2:0 AC, 204.2>85.1; 2:0-d3-AC, 207.2>85.1. The m/z 85 

product ion (+CH2-CH=CH-CO-OH) is common in MS/MS spectra of acylcarnitines 43. It 

is important to note that the tuning flow rate was not able to reach the minimum UPLC 

pressure required for a given FIA experiment. Consequently, the FIA flow rate was increased 

to 0.050 mL/min. Due to the change in flow rate, additional optimization was performed 

during the injection of neat standards into the FIA-DMS-MS/MS platform. Protonated 

creatinine and deuterated creatinine were monitored in MS scan mode: creatinine, 114.1, and 

deuterated creatinine, 117.1. All MS and MS/MS data were acquired with Analyst 1.6.2. All 

FIA peak integration was done with MultiQuant software version 2.1 (Sciex, Framingham, 

MA, USA). All data reduction was performed with Microsoft Excel.

RESULTS AND DISCUSSION

Optimization of DMS-MS and DMS-MRM Conditions

The aims of this research project included the following: (i) the development of a high-

throughput analytical method capable of determining the absolute quantification of urinary 

acetylcarnitine; (ii) the evaluation of DMS for the enhancement of signal-to-noise; (iii) the 

investigation of various matrices for the generation of calibration curve data; (iv) the 

consideration of current urine normalization practices. Critical in this regard was the 

optimization and the validation of the DMS parameters, particularly in terms of the selection 

of the appropriate modifier(s) (MOD) that would provide a COV shift for the analyte in a 

domain of best sensitivity and minimal matrix interference. Campbell et al, 44 investigated 

nitrogen as a MOD and had observed minimal DMS separation effectiveness due to its 

weaker propensity for ion-molecule clustering. Based on essentially similar experiences, we 

proceeded to evaluate three small molecules (isopropanol, ethyl acetate, and acetone), which 

had been previously used as modifiers in related studies in our laboratory 45–48. In addition, 

because of the limited quantities of control (non-irradiated) NHP urine, rat urine was used to 
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test the effectiveness of the MODs and establish the optimal DMS-MS conditions for the 

analysis as described next.

An acetylcarnitine standard was diluted in methanol:water:formic acid (70:30:0.1, v/v/v) to a 

concentration of 20 μM and infused. The COV shift at SV 3500 V of each modifier was 

examined. In agreement with the results reported by Campbell, et al. 44, the COV shifts for 

IPA and acetone followed the same trends 44. In all three cases, a strong modifier effect was 

observed, with the most significant COV shift (−46V) arising from the use of ethyl acetate 

compared to −39 V and −17 for acetone and isopropanol respectively, as shown in Figure 2. 

It should be noted that the separation of chemical interferences is an important function of 

modifier addition. In addition, COV shifts can be affected by matrix or other effects such as 

temperature fluctuations, and may need to be re-determined periodically. Ultimately, ethyl 

acetate provided the lowest limit of quantitation and the best linear dynamic range. 

Consequently, we proceeded to move forward with ethyl acetate as the MOD.

The advantages realized under the latter conditions are illustrated from the DMS-MS 

analysis of a 100 μM acetylcarnitine standard spiked into rat urine. The full scan mass 

spectra of the sample were analyzed under two different conditions: (i) MS Scan, DMS off 

and (ii) MS Scan, DMS on, with COV optimized at −37 V, as shown in Figure 3 (Panels A 

and B respectively). The mass spectrum of the rat urine extract in MS Scan, DMS off 

displays a large number of ions, but the signal intensity of urinary acetylcarnitine appears to 

be considerably suppressed. However, the mass spectrum of the rat urine extract obtained 

with MS Scan, DMS on illustrates a reduction in chemical background which results in 

signal-to-noise improvement by a factor of 3 fold due to DMS.

A quantitative evaluation of the improvement realized by the use of DMS is further shown in 

Figure 4. Bar I depicts the signal of m/z 204 for a blank rat urine extract with MS Scan, 

DMS off. A dramatic reduction in matrix contribution to the signal at m/z 204 is observed 

(bar II) with MS Scan, DMS on. The addition of 100 μM acetylcarnitine to the urine matrix 

and analysis with MS Scan, DMS on, produced the signal shown in bar III. Bar IV 

represents the signal of acetylcarnitine for a blank rat urine extract operated in MS2, DMS 

off mode. A slight reduction in matrix contribution with MS2, DMS on, is observed in bar V. 

The addition of 100 μM acetylcarnitine to the urine matrix led to an increase in signal with 

MS2, DMS off. However, a greater increase in signal occurred with MS2, DMS on, as can be 

seen in bar VII. The data acquisition for each sample/condition (i.e. Bars I–VII) were run in 

triplicate and the average signal intensities are plotted in Figure 4.

The blank rat urine background observed in the MS scan, DMS off mode, is at least one 

order of magnitude greater than in the MS scan, DMS on mode. Furthermore, the additional 

chemical background in MS scan, DMS off mode, would exceed the signal of the 100 μM 

acetylcarnitine standard spiked into rat urine, as shown in bar graphs I–III. In addition, the 

MRM DMS-on mode demonstrates a reduction in chemical background for the blank rat 

urine extract, leading to a signal/noise enhancement of a factor of 3 for acetylcarnitine in rat 

urine. When the DMS ion filter is tuned to acetylcarnitine, that ion passes through the filter 

while other species are neutralized. This near-exclusive selection of the acetyl carnitine for 

transfer into the MS and removal of unrelated background ions provides the additional 

Vera et al. Page 6

J Mass Spectrom. Author manuscript; available in PMC 2019 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



benefit of maintaining a clean MS interface over the long term of instrument use, as shown 

in Figure 7 of Schneider et al. 32.

Construction of Calibration Curve and Evaluation of Assay Quantitation

It is an accepted procedure that the matrix used for construction of a calibration curve should 

match the one in which the analyte is present. However, as stated earlier, all of the 

preliminary optimization studies had to be conducted with rat urine because of the lack of 

adequate control NHP urine from the in vivo radiation studies (Figure 5A and Supplemental 

Table S1A). An attempt to use human urine proved unsatisfactory because of the high 

endogenous levels of acetylcarnitine in human urine (Figure 5C and Supplemental Table 

S1C). At a later date, we were able to obtain a small aliquot of male control NHP urine that 

was sufficient to also construct a new calibration curve, covering a dynamic range from 

0.6μM to 600μM in both cases (Figure 5B and Supplemental Table S1B). As a result, only 

rat and NHP urine were used for calibration purposes. Notable in both rat and NHP is the 

excellent linearity over a dynamic range of three orders of magnitude (R2>0.999). In 

addition, it’s important to note the excellent reproducibility of this methodology in view of 

the observed standard deviation and coefficient of variation for each technical replicate of 

each individual NHP from each cohort (See Supplemental Table S3). The NHP calibration 

curve has a steeper slope and higher y-intercept than that of the rat urine. It may be inferred 

from this that rats have lower levels of endogenous acetylcarnitine in their urine. However, 

given their close similarities, either calibration was considered in the subsequent quantitation 

of the radiation effects in NHPs.

Given the similarity of the two calibration curves, the feasibility for quantitative analysis 

was confirmed in a “blind” study against a calibration curve spiked into the rat urine matrix. 

Urine samples were spiked with known amounts of acetylcarnitine by one analyst and 

analyzed in a blind manner by a different analyst. The experimentally determined 

concentrations of acetylcarnitine were comparable to the theoretical concentrations, thereby 

demonstrating the utility of the FIA-DMS-MS/MS method for the accurate quantitation of 

urinary acetylcarnitine (Figure 6).

NHP Urinary Acetylcarnitine Analysis

Once the precision of the FIA-DMS-MS/MS method had been confirmed, we proceeded to 

apply this methodology toward the analysis of NHP urine samples collected from a dose 

response study that was aimed at investigating the effects of radiation exposure1. In brief, 

male control (0 Gy exposed) NHPs (n=3) were compared to male NHP cohorts exposed to 

the following doses of radiation: 2 Gy exposed (n=3); 4 Gy exposed (n=3); 6 Gy exposed 

(n=3); 7 Gy exposed (n=3); 10 Gy exposed (n=3). Urine was collected from each NHP on 

day 7 post irradiation and shipped to our laboratory for acetylcarnitine analysis.

The arithmetic means from triplicate analyses of each subject were then averaged in order to 

account for biological variations and used to derive the urinary acetylcarnitine 

concentrations at each exposure level. It is important to note that the SEM’s observed in 

these data can be attributed to biological variation given the excellent technical 

reproducibility discussed earlier regarding the generation of the calibration curves (Figure 
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5B and Supplemental Table S1B). When the NHP urine data were quantified to the NHP 

urine calibration curve, the acetylcarnitine concentration values for each cohort were 

distinctly lower than those that were generated from the rat urine calibration curve. Thus, 

despite almost identical trends, absolute concentration levels calculated using the rat 

calibration curve were lower than the LOQ at the low exposure levels but differed less than 

20% at the high levels (7 Gy). These results are summarized in Table 1 and emphasize the 

need for a judicious selection of a calibration matrix as it is preferred to match the species 

under examination. It is important to note that the only difference in structure between 

acetylcarnitine and our internal standard was 3 deuteriums. As a result, ions of both 

acetylcarnitine and the IS are subject to the same chemical noise. In other words, no isotope 

effect can occur. The NHP data are also visualized in Microsoft Excel in the bar graphs 

found in Figure 7A and 7B. A very moderate change is observed at the exposure levels 

ranging from 2–6 Gy compared to control, but a threshold of tolerance is reached effectively 

at 7 Gy. One subject exhibited an unusually higher response to exposure at 7 Gy, which we 

attribute to biological variability. However, it is important to note the excellent 

reproducibility achieved from each technical replicate. Before normalization to creatinine, 

the difference between the control cohort and the 10 Gy exposed cohort was found to be 

statistically significant by Welch’s t test (Figure 7A). When quantified to a calibration curve 

spiked into human urine, the NHP urinary acetylcarnitine concentrations were found to be 

negative for both the control and 2 Gy exposed cohorts (Table 1). The negative values can 

most likely be attributed to the high levels of endogenous acetylcarnitine found in human 

urine.

Since the concentrations of urinary excreted compounds are often reported after 

normalization to creatinine 49, it was of interest to also compare the trends in marker 

concentrations to those of creatinine. Creatinine concentrations were calculated based on a 

calibration curve (See Supplemental Figure S1, Supplemental Table S2) for each NHP 

cohort: 0 Gy (25.1 mM), 2 Gy (13.9 mM), 4 Gy (17.6 mM), 6 Gy (9.3 mM), 7 Gy (11.3 

mM). The data in Figure 7A were thus also normalized to creatinine in the exposure range 

from 0 Gy to 7Gy (no creatinine data was available for the 10 Gy exposed cohort) and are 

presented in Figure 7B. As shown in Figure 7B, after normalization to creatinine, the trend 

remains the same except that an earlier threshold appears to be reached at 2Gy. However, 

these data do not allow for identification of the exact role of creatinine. Creatinine is 

certainly affected by radiation exposure, and thus, can be viewed as a potential marker. In 

addition, creatinine is involved in kidney function, fluid intake and kidney damage. As a 

result, the use of creatinine for normalization has become a controversial topic. 

Consequently, we have presented the data both normalized and unnormalized to creatinine.

It still remains unclear what particular mechanism leads to increased urinary acetylcarnitine 

or what the tissue of origin is. In contrast to NHP samples, human TBI urinary samples 

showed decreased excretion levels in the urine 2, although different time points and dose 

effects most likely contributed to those differences. In the past, several plasma acylcarnitine 

species have been identified as biomarkers for various fatty acid oxidation disorders 50, and 

long chain acylcarnitines (LCACs) have been shown to modulate inflammation. In addition, 

the accumulation of LCACs is presumed to modify the activities of various enzymes, 

transporters and receptors within the cell, which can potentially lead to cell death. However, 
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the mechanisms by which these cellular functions are modulated are still unknown. 

Nevertheless, it is certainly possible that medium chain acylcarnitines (MCACs) and short 

chain acylcarnitines (SCACs), such as acetylcarnitine, also play an important role within the 

cell.

The tricarboxylic acid (TCA) cycle is an essential part of cellular metabolism that is used to 

generate energy. Ionizing radiation is known to increase oxidative stress which affects the 

mitochondria, and ultimately, the TCA cycle51–53. Previous work by Barjaktarovic, et al, 

revealed decreased respiratory capacity in the heart mitochondria of C57BL/6N mice that 

were exposed to local irradiation54. Coenzyme A (CoA) is directly involved in the TCA 

cycle in mitochondria 55. CoA is formed during the de-acetylation of acetyl-CoA and the 

subsequent formation of acetylcarnitine. When fuel delivery is greater than energy 

generation, acyl-CoA intermediates accumulate upstream of the TCA cycle and are 

eventually converted to acetate, ketone bodies and acetylcarnitine. Previous work by Lanz, et 
al, demonstrated a downregulation of TCA cycle intermediates in Wistar rats exposed to 3 

Gy gamma radiation56. In addition, Liu, et al, reported on a comparable downregulation of 

TCA cycle intermediates in the serum of rats exposed to escalating doses of Gy gamma 

radiation57. Upon taking these data into consideration, we conjecture that radiation exposure 

may adversely affect the TCA cycle by increasing fuel delivery and reducing energy 

generation, thereby leading to an overabundance of acetylcarnitine that is ultimately 

excreted through the urine. This could potentially explain the increasing levels of urinary 

acetylcarnitine that were observed with increasing doses of radiation exposure. Alternatively, 

the greater excretion of acetylcarnitine in the urine could be attributed to the increased 

damage and levels of apoptosis that occur during radiation exposure.

CONCLUSIONS

Here we present a FIA-DMS-MS/MS method for the analysis of urinary acetylcarnitine. The 

FIA-DMS-MS/MS method is linear across 4 orders of magnitude and it has an extremely 

rapid run time of 0.5 minutes, as opposed to established LC-MS/MS methods with much 

longer run times. The FIA-DMS-MS/MS method was applied toward the analysis of NHP 

urine samples collected from a dose response study that was aimed at investigating the 

consequence of radiation exposure. The male NHP 10 Gy exposed cohort exhibited over a 

20-fold elevation in urinary acetylcarnitine compared to the male NHP control cohort. With 

regard to quantitation, we demonstrated that not all matrices can be utilized in the generation 

of calibration curves. The optimal matrix to be used for calibration curve generation and 

quantitation should always be the same matrix found in the unknown biological sample. In 

this case, NHP urine was the optimal matrix. Thus, FIA-DMS-MS/MS is capable of 

detecting elevated NHP urinary acetylcarnitine and providing insight into the effect of 

radiation exposure.

LC-MS/MS and GC-MS coupled to tandem mass spectrometry are currently the accepted 

methods for acylcarnitine profiling in a variety of applications including newborn 

screening4,6–7. However, the incorporation of DMS on the front end of a mass spectrometer 

provides an additional level of selectivity, leading to a high-throughput technique for the 

quantitation of acetylcarnitine. It is important to note that the reported sample preparation 
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method is somewhat laborious and time-consuming; however, the SPE step can certainly be 

automated through the use of liquid handling devices. Thus, the rate determining step for the 

overall procedure is the FIA-DMS-MS/MS analysis, which is much shorter than an LC-MS 

run. In conclusion, FIA-DMS-MS/MS could certainly be applied toward acylcarnitine 

profiling in future human studies and, given its high throughput capability, should be well 

suited for screening large numbers of samples, especially for the identification and 

quantitation of diagnostic biomarkers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Figure 1(A). Structure of acetylcarnitine37.
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Figure 1(B). Assay workflow for the analysis of NHP urinary acetyl-L-carnitine by FIA-

DMS-MS/MS. DMS-MS/MS allowed for the reduction of chemical background, along with 

a reduced run time of less than 0.5minutes.
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Figure 2. 
Various DMS modifiers were investigated, including isopropanol, ethyl acetate and acetone. 

The optimal DMS MOD COV values for 20 μM acetylcarnitine solubilized in 

methanol:water:formic acid (70:30:0.1, v/v/v) are highlighted.
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Figure 3. 
Figure 3(A). Full scan mass spectrum of 100 μM acetylcarnitine spiked into male SD rat 

urine: MS Scan, DMS Off, with no DMS field applied.

Figure 3(B). Full scan mass spectrum of 100 μM acetylcarnitine spiked into male SD rat 

urine: MS Scan, DMS On.

Figure 3(C). Full scan mass spectrum of 100 μM deuterated acetylcarnitine IS spiked into 

male SD rat urine: MS Scan, DMS Off, with no DMS field applied.
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Figure 3(D). Full scan mass spectrum of 100 μM deuterated acetylcarnitine IS spiked into 

male SD rat urine: MS Scan, DMS On.
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Figure 4. 
Figure 4(A). MS data reported for the following samples: (I) Blank rat urine extract, MS 

scan (m/z = 204.2), DMS off; (II) Blank rat urine extract, MS scan (m/z = 204.2), DMS on; 

(III) Rat urine extract with 100 μM acetylcarnitine spiked in, MS scan (m/z = 204.2), DMS 

on.

Figure 4(B). MS2 data reported for the following samples: (IV) Blank rat urine extract, MS2 

(204.2>85.1), DMS off; (V) Blank rat urine extract, MS2 (204.2>85.1), DMS on; (VI) Rat 

urine extract with 100 μM acetylcarnitine spiked in, MS2 (204.2>85.1), DMS off; (VII) Rat 

urine extract with 100 μM acetylcarnitine spiked in, MS2 (204.2>85.1), DMS on. MS data 

and MS2 data demonstrate a reduction of chemical background in SD rat urine through the 
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utilization of DMS. MS2 data demonstrates a clear enhancement of acetylcarnitine signal 

intensity through the utilization of DMS. The error bars represent the standard error of the 

mean (SEM) for each technical replicate. An FIA distribution (signal vs. time) of the MS2 

experiment (204.2>85.1) is also shown in (B) for sample (VII).
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Figure 5. 
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Figure 5(A). Acetylcarnitine calibration curve spiked into rat urine.

Figure 5(B). Acetylcarnitine calibration curve spiked into NHP urine.

Figure 5(C). Acetylcarnitine calibration curve spiked into human urine. Peak area ratios 

(analyte/IS) are reported for each calibration curve point, with the IS concentration = 6 μM. 

The average of each calibration curve replicate, along with the standard error of the mean 

(SEM), have been calculated (see Supplemental Information). The slope and intercept 

values, along with their uncertainties, are also reported (uncertainties found in parentheses). 

Calibration curves from all species were linear across 3 orders of magnitude (0.6–600 μM).
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Figure 6. 
Blind DMS-MS/MS urine analysis of male SD rat urine spiked with varying concentrations 

of acetylcarnitine. Experimental concentrations of urinary acetylcarnitine are compared to 

their known theoretical concentrations. The experimental concentration error bars represent 

the standard error of the mean (SEM) for each technical replicate.
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Figure 7. 
Figure 7(A). DMS-MS/MS analysis of urinary acetylcarnitine from healthy male NHPs 

exposed to levels of radiation from 0 Gy (control) to 10 Gy quantified using a NHP-urine 

acetylcarnitine calibration curve, with the IS concentration = 6 μM. Creatinine normalization 

was not done. Significance was determined using Welch’s t-test.

Figure 7(B). NHP urinary acetylcarnitine normalized to corresponding creatinine data. No 

creatinine data was available for the 10 Gy exposed cohort. The error bars represent the 

standard error of the mean (SEM) of three biological replicates
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