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Abstract

Objective: This study aims to analyze the alteration of carnitine profile in the small intestine of abdominal irradiation-induced
intestinal injury rats and explore the possible reason for the altered carnitine profile.

Methods: The abdomens of 15 male Sprague Dawley (SD) rats were irradiated with 0, 10, and 15 Gy of 60Co gamma rays. The
carnitine profile in the small intestine and plasma samples of SD rats at 72 h after abdominal irradiated with 0 Gy or 10 Gy of
60Co gamma rays were measured by targeted metabolomics. The changes of fatty acid β-oxidation (FAO), including the
expression of carnitine palmitoyltransferase 1 (CPT1) and acyl-CoA dehydrogenases, were analyzed in the small intestine
samples of SD rats after exposed to 0, 10, and 15 Gy groups.

Results: There were eleven acylcarnitines in the small intestine and fourteen acylcarnitines in the plasma of the rat model
significantly enhanced, respectively (P < .05). The expression level and activity of CPT1 in the small intestine were remarkably
increased (P < .05), and the activity of acyl-CoA dehydrogenase in the small intestine was noticeably reduced (P < .01) after
abdominal irradiation.

Conclusion: The enhanced acylcarnitine levels in the small intestine of abdominal irradiation rats might relate to the FAO
pathway disequilibration.
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Introduction

As a potential approach of radiation biodosimetry, radiation
metabolomics was initiated to measure the biological responses
to radiation dose in the past few years.1,2 These studies have
found a large number of new promising candidate indicators of
radiation exposure.3 Among these indicators, the free L-carnitine
and acylcarnitines were found altered in the serum, plasma, or
urine of rodents,2,4,5 non-human primates,6,7 and humans8,9 after
radiation exposure. Due to the different analyzed instruments,
samples, timing, and detection methods in these studies, the
significantly differentiated carnitines were not same. However,
most of the carnitine and acylcarnitines were elevated after

irradiation. The reason for carnitine profile alteration after ra-
diation exposure is urgent to be systematically explored.
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It was known that except for a few odd-chain acylcarnitines
were derived from intermediates of amino acid catabolism,
most of even-chain acylcarnitines were derived from fatty acid
β-oxidation (FAO) pathway.10 The altered acylcarnitines in the
serum, plasma, or urine of animals and humans may be related
to the changes of the FAO pathway after irradiation.2,11

In previous studies, the changed carnitine and acylcarni-
tines were identified mostly in blood or urine based on whole-
body irradiation animal models. Knowledge of carnitine and
acylcarnitines alteration in different organs or tissues based on
whole-body irradiation models is inadequate. There is no
study on intestinal carnitine alteration based on partial body
irradiation models up till now. Only one study displayed that
the long-chain acylcarnitines in multiple tissue types of non-
human primates, including heart, lung, jejunum, spleen, liver,
and kidney, were obviously increased after total body irra-
diation.12 The carnitine profile may depend on the type of
radiation and the sensitivity of different tissues and organs.
Therefore, it is necessary to analyze the changes of carnitine
profile in specific tissues or organs, which may be very helpful
to elucidate the mechanism of radiation-induced sensitive
tissue injury in the future.

The small intestine is much sensitive to radiation, due to its
high proliferation rate.13 Ionizing irradiation-induced toxic ef-
fect in the intestine is largely defined as intestinal stem cell death
and apoptosis, insufficient replacement of villus epithelium,
mucosal barrier breakdown, systemic infection, and in extreme
cases, septic shock and death.14,15 The toxic side effects of
ionizing irradiation on cancer patients, including anorexia,
vomiting, diarrhea, and dehydration, make the small intestine a
dose-limiting organ both in total body and abdominopelvic
radiation therapy procedures.16,17 Radiation therapy (RT) plays
an important role in the treatment of a wide variety of cancer, and
in some cases, it has been proven the single best therapeutic
approach.18 Partial body irradiation is more widely applied in
RT for cancer patients than total body irradiation. It is estimated
that more than 200000 patients in the USA accept abdomi-
nopelvic RT each year, and the number of cancer survivors with
post-radiation intestinal dysfunction is estimated to be 1.5�2
million.19 With increasing survival rates of cancer patients who
have received abdominopelvic RT, more patients might be
suffered from radiation-induced intestinal injury.20,21 It is es-
sential to understand the cell biology and molecular physio-
logical status in radiation-induced intestinal injury from a new
perspective, in order to provide new possible clues for the
prevention of radiation-induced intestinal injury in near future.

In present study, an abdominal irradiation-induced intestinal
injury model of rat was constructed. Then the alteration of
carnitine profile in the small intestine and plasma in rat model at
72 h after 10 Gy of 60Co gamma rays exposure was analyzed.
Finally, the expression level or activity changes of components
of FAO pathway, including the carnitine palmitoyltransferase 1
(CPT1), medium-chain acyl-CoA dehydrogenase (ACADM),
and very-long-chain acyl-CoA dehydrogenase (ACADVL),
were analyzed in the small intestine samples of the model.

Materials and Methods

Animals

Fifteen male Sprague Dawley (SD) rats (180�220 g) were
used in this study. The use of animals and the study protocols
were approved by the Experimental Animal Welfare Com-
mittee of National Institute for Radiological Protection (NIRP,
act no. 2021-001), Chinese Center for Disease Control and
Prevention. Fifteen rats were randomized into 3 groups and
housed at a specific pathogen-free barrier area at the De-
partment of Laboratory Animal Science, National Institute for
Occupational Health and Poison Control (Beijing, China)
under a relative humidity of 40�60%, the temperature at
20�24°C, and with a 12 h/12 h light–dark cycle. The rats were
fed with food and water ad libitum.

Abdominal Irradiation

Prior to irradiation, the rat was anesthetized with intraperi-
toneal injection sodium pentobarbital at 50 mg/kg body
weight. The rat was irradiated with 0 Gy, 10 Gy, and 15 Gy of
60Co gamma rays by a vertical radiation source (NIRP, Bei-
jing, China). The irradiation was localized to a circle-shaped
field of 3 cm × 3 cm encompassing the central abdominal
region by using a 3-cm-thick lead shield to protect the rest of
the body. The source–sample distance was 20 cm and the dose
rate was .66 Gy/min. After irradiation, rats were returned to
their cages with food and water ad libitum.

Hematoxylin and Eosin Staining of Rat Small Intestine

The rats from each group were sacrificed at 72 h after ab-
dominal irradiation. The ileum samples were collected, fixed in
4% paraformaldehyde, and embedded in paraffin. Next, the
samples were cut into 5 μm sections. After deparaffinized, the
sections were stained with hematoxylin–eosin (H–E) and an-
alyzed under a microscope. The histopathological alterations of
mounted slides were assessed in a blinded manner by a his-
tologist according to the method described in reference 22.

Measurement of Villous Length and Crypts to
Villus Ratio

The villous length and crypts to villus ratio in rats were measured
in a blinded manner from H–E-stained slides using SlideViewer
software. The villous length in μmwas determined from the base
of each villus to the tip. The H–E-stained slides were further
analyzed for crypts to villus ratio. Ten villi were respectively
analyzed for villous length and crypts to villus ratio of each rat.

Targeted Metabolomics Analysis

The whole blood samples were collected from the heart of each
SD rat after abdominal irradiation with 0 Gy or 10 Gy of 60Co
gamma rays. Then they were centrifuged at 3000× g for 10 min
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to obtain plasma samples. The concentrations of carnitines in
plasma and small intestine samples of SD rats were analyzed
with the ultra-performance liquid chromatography-tandem
mass spectrometry (UPLC-MS/MS) in positive electrosprays
ionizing (ESI+) mode based on targeted metabolomics. The
carnitines were quantified relative to deuterium-labeled carni-
tine and acylcarnitines (Cambridge Isotope Laboratories, USA)
employing multiple reaction monitoring (MRM) transitions.
The chromatographic separationwas carried out on the UPLC I-
Class system (Waters, USA) equipped with the ACQUITY
UPLC high strength silica (HSS) T3 column (Waters, USA).
The mobile phase consisted of solvent A (.1% formic, water)
and solvent B (acetonitrile) with gradient elution. The flow rate
of the mobile phase was .3 mL/min. The column temperature
was maintained at 50°C. The injection volume was 5 μL.MRM
analyses were performed using a TQ-XS triple quadrupole
tandem mass spectrometer (Waters, USA). The ESI+ source
temperature was 150°C, the capillary voltage was 2.5 kV, and
the cone voltage was 20 V. The LC-MS system was controlled
by Masslynx software, and data were collected and processed
with the same software.

Quantitative Real-Time Polymerase Chain
Reaction (qRT-PCR)

Total RNA of the small intestine samples of SD rats were
homogenized and isolated with TRIzol reagent (Ambion,
USA) and then reverse transcripted into cDNA using the
Primescript RT reagent kit (Takara, Japan). The quantitative
real-time polymerase chain reaction (qRT-PCR) was con-
ducted with SYBR® green supermix kit (Bio-Rad Labora-
tories, USA) and ABI 7500 Real-Time PCR System (Applied
Biosystems, USA). The β-actin was used as an endogenous
control. The relative expression levels of the target genes were
calculated by the 2�ΔΔCt method. The gene-specific forward
and reverse primers were as follows:

For CPT1A, Forward: 50-CCTACCACGGCTGGATGTTT-
30, Reverse: 50-TACAACATGGGCTTCCGACC-30; For
CPT1B, Forward: 50-ACAGGCATAAGGGGTGGCAT-30, Re-
verse: 50-CACTCCAATCCCACCTCGACC-30; For ACADM,
Forward: 50-GTCCTTGGCCCCGAATTGT-30, Reverse: 50-
AGTTCTTTCGTGACAGGCTACC-30; For ACADVL, For-
ward: 50-CCCTAGCAGGCACCATGAAA-30, Reverse: 50-
GCTTTTCCTGGATCACCCCA-30.

Western Blot Analysis

The small intestine samples of SD rats were collected at
72 h after abdominal irradiation with 0 Gy, 10 Gy, and
15 Gy of 60Co gamma rays and homogenized in ice-cold
radioimmunoprecipitation assay (RIPA) buffer (Beyotime,
China). The homogenate tube was placed into an ice bath
and an ultrasonic cell dismembrator was used to interrupt
the ultrasound for 5 s 5–6 times, and then the homogenate

was centrifuged with 140 00× g for 10 min at 4°C. The
supernatant was collected and the concentrations of pro-
teins were measured by a bicinchoninic acid protein assay
(BCA) kit (Thermo Fisher, USA). 100 μg of protein was
loaded into each lane, separated on SDS-PAGE, and
transferred to polyvinylidene difluoride (PVFD) mem-
brane and then immunoblotted with antibodies following
the manufacturer’s instruction. Immunoreactive bands
were visualized using the ChemiDoc XRS system with
Image Lab software (Bio-Rad, USA). Antibodies against
CPT1A and β-actin were purchased from Proteintech
(USA), antibody against CPT1B was purchased from
Novus (USA), and anti-normal rabbit IgG and anti-normal
mouse IgG were purchased from ZSGB (China).

Carnitine Palmitoyltransferase 1 Activity Assay in Rat
Small Intestine Samples

The CPT1 enzymatic activities of the small intestine samples of
SD rats, which were collected at 72 h after abdominal irradiation
with 0 Gy, 10 Gy, and 15 Gy of 60Co gamma rays, were
measured following the instruction of the CPT1 activity kit
(QIYI, China). In brief, the activity was analyzed by detecting the
release levels of thiol coenzyme A (CoA-SH) from palmitoyl-
CoA. After the released CoA-SH reacted with general thiol
reagent 5, 5’-dithiobis-2-nitrobenzoic acid, yellow 2-nitro-5-
thiobenzoic acid was produced. The change of absorption
peak value at 412 nm in samples was used to quantitatively
measure the activity of CPT1.

Fatty Acid Oxidation Rate Assay in Rat Small
Intestine Samples

A total of 100 mg small intestine samples of SD rats, which
were collected at 72 h after abdominal irradiation with 0 Gy,
10 Gy, and 15 Gy of 60Co gamma rays, were homogenized.
Mitochondria were isolated with the mitochondrial extrac-
tion kit (Solarbio, China). The concentrations of the mito-
chondrial proteins were detected by the BCA kit. The FAO
rate of the sample was detected with the FAO kit (Genmed
Scientifics, China).23 The FAO rate was defined as micro-
moles ferricyanide reduction per min per milligram of
protein, which represents total enzyme activity of acyl-CoA
dehydrogenases, including the ACADM and ACADVL.

Statistical Analysis

Statistical differences among groups were analyzed by one-
way analysis of variance (ANOVA) followed with least sig-
nificant difference (LSD) t-tests or two-tailed Student’s t-test
was used for comparison of 2 groups. Data were expressed as
mean ± SEM. A value of P < .05 was considered as statis-
tically significant.
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Results

Construction of SD Rat Model of Abdominal
Irradiation-Induced Intestinal Injury

To investigate the effect of abdominal irradiation on the
carnitine profile in the small intestine, male SD rats were
locally abdominal exposed to 0 Gy, 10 Gy, and 15 Gy of 60Co
gamma rays. The small intestine tissues were collected at 72 h
after abdominal irradiation, and the pathological changes of
intestinal tissue were evaluated by H–E staining. The small
intestine from the 0 Gy group exhibited a normal histological
structure (Figure 1A). In the 10 Gy group, the villi and mucosa
structure of the small intestine samples were damaged, there
were edema, inflammatory cell infiltration, and capillary dila-
tation hyperemia in the epithelial submucosa; the epithelial
surface shedding and micro-ulcers were observed (Figure 1B);
the villous length in the 10 Gy group was significantly de-
creased compared with those in the 0 Gy group (P < .05, Figure
1D). The villus and mucosa structure of the small intestine
samples in the 15 Gy group also showed similar morphologic
changes; the changes of edema, inflammatory cell infiltration,

and capillary dilatation hyperemia were more obvious (Figure
1C); the villous length and as well as crypts to villus ratio in the
15 Gy group were significantly decreased compared with those
in the 0 Gy group (P < .01, Figure 1D and E). These patho-
logical changes in small intestine samples from 10 Gy and
15 Gy groups proved that the abdominal irradiation-induced
intestinal injury rat model was successfully constructed.

Acylcarnitines Enhancement in the Small Intestine of
Rats After Abdominal Irradiation Exposure

The variation of carnitine profile in the small intestine tissue of
the rats at 72 h after abdominal irradiated with 0 Gy or 10 Gy
of 60Co gamma rays was measured with targeted metab-
olomics. A visible carnitine profile difference in the small
intestine between 10 Gy and 0 Gy groups was observed in the
heatmap (Figure 2A). Among thirty-seven kinds of measured
carnitines in the small intestine tissue, eleven kinds of car-
nitines from the 10 Gy group were significantly enhanced
compared with those from the 0 Gy group (P < .05, Figures 2B
and C). Except for free L-carnitine (C0), the rest significantly

Figure 1. Establishment of an abdominal irradiation-induced intestinal injury model of Sprague Dawley (SD) rats (n = 3 rats per group).
Representative hematoxylin and eosin (H–E) staining images of the small intestine of SD rats at 72 h after abdominal irradiated with 0 Gy (A),
10 Gy (B), or 15 Gy (C) of 60Co gamma rays. Increased magnifications of square areas are shown. Scale bar = 200 μm (lower panel) and scale
bar = 50 μm (upper panel). (D) Villous length of the small intestine from rats in panels A–C. (E) Crypts to villus ratio of the small intestine from
rats in panels A–C. Ten villi were respectively analyzed for villous length and crypts to villus ratio of each rat. Data represent mean ± SEM
(*P < .05, **P < .01, compared with the 0 Gy group, LSD t-test).
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Figure 2. Changes of carnitine profile in the small intestine of SD rats abdominal irradiated with 10 Gy of 60Co gamma rays (n = 5 rats per
group). (A) Heatmap of carnitines in the plasma of SD rats at 72 h after abdominal irradiated with 0 Gy or 10 Gy of 60Co gamma rays
measured by targeted metabolomics. The heatmap showed the changes in the abundance of C0 to C20 carnitines after irradiation. Different
colors represented the relative concentration (red and blue colors represented high and low concentration, respectively). (B) Fold changes of
the multiple carnitines in the small intestine of rats in panel A. (C) The concentration of the carnitines in the small intestine of rats in panel A.
Data represent mean ± SEM (*P < .05, **P < .01, compared with 0 Gy group, two-tailed Student’s t-test).
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Figure 3. Changes of carnitine profile in the plasma of SD rats abdominal irradiated with 10 Gy of 60Co gamma rays (n = 5 rats per group). (A)
Heatmap of carnitines in the plasma of SD rats at 72 h after abdominal irradiated with 0 Gy or 10 Gy of 60Co gamma rays measured by
targeted metabolomics. (B) Fold changes of the multiple carnitines in the plasma of rats in panel A were calculated by dividing the
concentrations of the carnitines in the 10 Gy group by those in the 0 Gy group. (C) The concentration of the carnitines in the plasma of rats in
panel A. Data represent mean ± SEM (*P < .05, **P < .01, compared with the 0 Gy group, two-tailed Student’s t-test).
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enhanced acylcarnitines were all medium- or long-chain
acylcarnitine (C8–C18).

Acylcarnitines Enhancement in the Plasma of Rat After
Abdominal Irradiation Exposure

To explore whether the enhanced acylcarnitines in rat small
intestine could be reflected in the plasma, the variation of
carnitine profile in rat plasma at 72 h after abdominal irra-
diated with 0 Gy or 10 Gy of 60Co gamma rays were also
measured with targeted metabolomics. A visible carnitine
profile change in rat plasma between 10 Gy and 0 Gy groups
was also observed in the heatmap, which was similar to that in
the small intestine (Figure 3A). Fourteen kinds of carnitines
from the 10 Gy group were significantly enhanced compared
with those from the 0 Gy group (P < .05, Figures 3B and C).
All of the significantly enhanced acylcarnitines were medium-
or long-chain acylcarnitine (C8–C18). Notably, 3 kinds of
long-chain acylcarnitines, hexadecadienylcarnitine (C16:2),
hydroxyhexadecanoylcarnitine (C16-OH), and hydroxyhex-
adecadienylcarnitine (C16:2-OH) were simultaneously ele-
vated in the small intestine and the plasma samples. Further
analysis displayed that the fold changes of those 3 kinds of
acylcarnitines in the small intestine samples were about twice
of those in the plasma. The variation of the carnitine profile
provided a metabolic signature that the FAO pathway may be
changed in response to abdominal irradiation-induced intes-
tinal injury.

Elevated CPT1 Gene Expression Level and Enzyme
Activity in the Small Intestine Samples of SD Rats After
Abdominal Irradiation Exposure

To explore the possible reason for 60Co gamma rays induced the
acylcarnitines enhancement, the gene expression levels and
enzyme activities of CPT1A and CPT1B (the known rate-
limiting enzyme of FAO pathway) in the small intestine sam-
ples of the rats were analyzed at 72 h after abdominal irradiated
with 0, 10, and 15 Gy of 60Co gamma rays. Results showed that
the mRNA levels of CPT1A and CPT1B from 10 Gy and/or
15 Gy groups were substantially higher than those of 0 Gy group
(P < .01, Figure 4A). The protein levels of CPT1A and CPT1B
from 10 Gy and 15 Gy groups were both significantly elevated
compared with those of the 0 Gy group (P < .05, Figures 4B and
C). The relative enzymatic activities of CPT1 were also sig-
nificantly enhanced after abdominal irradiated with 10 Gy and
15 Gy of 60Co gamma rays (P < .05, Figure 4D).

Decreased ACADM and ACADVL mRNA Levels and
FAO Rate in the Small Intestine Samples of SD Rats
After Abdominal Irradiation Exposure

As 2 enzymes in charge of catalyzing the first step of the fatty
acids oxidation to produce electrons in the FAO pathway, the

mRNA levels and enzyme activity of ACADM and ACADVL
were also analyzed in this study. The mRNA levels of
ACADM and ACADVL in the small intestine samples of the
rats were detected at 72 h after local abdominal irradiated with
0, 10, and 15 Gy of 60Co gamma rays. Compared to the 0 Gy
group, the mRNA levels of ACADM and ACADVL were
significantly reduced in 15 Gy groups (P < .05, Figure 5A).
The enzymatic activity of the ACADM and ACADVL can be
reflected with the rate of electron generation captured with
ferricyanide in the FAO rate kit. The results showed that the
FAO rate, representing total enzyme activity of acyl-CoA
dehydrogenases, including the ACADM and ACADVL,
was significantly decreased in the small intestine from 10 Gy
and 15 Gy groups compared with those from the 0 Gy group (P
< .01, Figure 5B).

Discussion

One review elaborated that even subtle alterations in metabolite
products can be measured in biofluids, cells, and tissues that
might discriminate physiological state changes before symp-
toms appear, due to the innate sensitivity of metabolomics.24

They described that the combination of metabolomic, tran-
scriptomic, and genomic analyses may allow ascertaining the
mechanism underlying the phenotypic changes.24 However, the
present radiation metabolomics studies mainly focused on
biomarker discovery; no study has explored the possible reason
for the metabolic phenotype changes. Our study here correlates
the carnitine profile with related pathway analysis to explore the
possible reason for the altered carnitines in abdominal
irradiation-induced intestinal injury.

In present study, an abdominal irradiation-induced intes-
tinal injury model of rats was successfully constructed. The
targeted metabolomics based on UPLC�MS/MS was con-
ducted in the rat small intestine and plasma carnitine profile
after exposure to 10 Gy of 60Co gamma rays abdominal ir-
radiation. Except for free L-carnitine and heptadeca-
noylcarnitine (C17), nearly all significantly enhanced
acylcarnitines in the small intestine and plasma samples after
abdominal irradiation were medium- and long even-chain
acylcarnitines (C8–C18). Some previous studies also de-
tected similar enhanced long-chain acylcarnitines, including
palmitoylcarnitine (C16:0), sterearoylcarnitine (C18:0), oc-
tadecenoylcarnitine (C18:1), and linoleycarnitine (C18:2) in
plasma or jejunum tissue after total body irradiation.11,12,25

Perhaps due to different radiation types, animal models, or
sampling times, and these studies were not limited to focus on
the carnitine profile alteration, the discovered significant el-
evated long-chain acylcarnitines were not as numerous as
those found in our study. Interestingly, 3 kinds of C16 species
levels, including C16:2, C16-OH, and C16:2-OH, were si-
multaneously enhanced in the small intestine samples and the
plasma. The fold changes of the 3 C16 species in the small
intestine samples were more obvious than those in the plasma.
These 3 kinds of C16 species might act as candidate markers
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for screening abdominal irradiation-induced intestinal injury
from blood samples in the future.

The long-chain fatty acids in cytoplasm are transported into
mitochondria exclusively as carnitine esters.26 CPT1, the rate-
limiting enzyme of FAO pathway, catalyzes the long-chain
acyl-CoA and L-carnitine esterification reaction to form
acylcarnitine. There are 3 subtypes of human CPT1, involving
CPT1A, CPT1B, and CPT1C. Except for CPT1C, both
CPT1A and CPT1B have acyltransferase activity.27 The
specific chain-length acyl-CoA in mitochondria is catalyzed
dehydrogenation through acyl-CoA dehydrogenase of FAO
pathway such as ACADVL and ACADM to finally produce an

acyl-CoA with a specific two-carbon chain shortened. The
changes of expression levels or activities of enzymes in FAO
pathway may alter the carnitine profile.28

The plasma carnitine profile, which includes free carnitine
and acylcarnitines, is frequently used for early detection of
fatty acid oxidation disorders.29 Recently, carnitine profile
analysis has also been conducted to analyze disease processes
induced by FAO pathway disequilibration, such as psoriasis30

and maintenance hemodialysis patients.31 CPT1 had been
proved to play a crucial role in carnitine profile. The long-
chain acylcarnitine levels were positively correlated with the
activity of CPT1.32,33 Knockdown CPT1A in cells could

Figure 4. Changes of carnitine palmitoyltransferase 1 (CPT1) expression level and enzyme activity in the small intestine samples of SD rats
after abdominal irradiated with 0 Gy, 10 Gy, or 15 Gy of 60Co gamma rays (n = 3 rats per group). (A) The mRNA levels of CPT1 A and CPT1
B in the small intestine samples of SD rats were detected with real-time PCR at 72 h after abdominal irradiated with 0 Gy, 10 Gy, or 15 Gy of
60Co gamma rays. (B, C) The protein levels of CPT1A and CPT1B in the small intestine samples of SD rats were detected with western blot and
quantified by densitometry at 72 h after abdominal irradiated with 0 Gy, 10 Gy, or 15 Gy of 60Co gamma rays. β-actin was used as a loading
control. (D) The CPT1 enzymatic activities in the small intestinal homogenates of SD rats at 72 h after abdominal irradiated with 0 Gy, 10 Gy,
or 15 Gy of 60Co gamma rays. Results were presented as fold change in enzymatic activity in the 10 Gy or 15 Gy group relative to that in the
0 Gy group. Data represent mean ± SEM (*P < .05, **P < .01, ***P < .001, compared with 0 Gy group, LSD t-test).
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greatly downregulate the concentration of the medium- and
long-chain acylcarnitine levels (C12, C14, and C16).34 The
C10- to C16-chain acylcarnitines were observed in cases of
ACADVL deficiency.35 The elevated C8-chain acylcarnitines
were used to confirm ACADM deficiency.36,37 The accu-
mulation of the long-chain acylcarnitines in the small intestine
and plasma samples of rats after abdominal irradiation may be
caused by the alteration of gene expression levels or activities
of enzymes in FAO pathway.

To our best knowledge, no study has shown direct evidence
indicating that the FAO pathway was altered in normal tissues
after total or partial body radiation exposure. There were only
2 studies verified that the CPT1A expression level was no-
ticeably enhanced in the radio-resistance cells generated from
parent cancer cells with continuous ionizing radiation.34,38 In
addition, some studies have discovered that radiation could
robustly activate the adenosine monophosphate-activated
kinase (AMPK), the upstream regulator of CPT1 enzyme
activity, which indicated radiation may activate CPT1 by the
pathway.39,40 Our present study confirmed that the expression
levels of CPT1A and CPT1B in the small intestine samples
were obviously enhanced in the abdominal irradiation-
induced intestinal injury rat model. Consistent with this, the
activity of CPT1 enzyme was also dramatically improved in
the 10 Gy and 15 Gy groups. These results indicated that
abdominal irradiation indeed activated the CPT1 enzyme in
FAO pathway.

Our study found that the mRNA levels of ACADM and
ACADVL in the small intestine samples were remarkably
reduced only in 15 Gy groups. The FAO rate, representing
total enzyme activity of acyl-CoA dehydrogenases, including
the ACADM and ACADVL, was dramatically dropped in
both 10 Gy and 15 Gy groups. Compared with the mRNA
levels of ACADM and ACADVL, the FAO rate in this study
may be more sensitive to radiation exposure. This finding is
consistent with some earlier studies of that ionizing radiation

could enhance the hyperacetylation levels of ACADVL and
ACADM to reduce their activities in mice.41,42

These results indicated that the abdominal irradiation-
induced increased medium- and long-chain acylcarnitines in
the small intestine samples may be related to the FAO pathway
disequilibration. The enhanced expression and activity of
CPT1 in FAO pathway improved the levels of fatty acids
transported into mitochondria,33 and at the same time, the
decreased activities of acyl-CoA dehydrogenases blocked the
complete oxidation of the fatty acids in mitochondria, in-
ducing accumulation of the medium- and long-chain acyl-
carnitines in the small intestine samples, finally increasing the
level of the metabolite in plasma. Notably, our study pre-
liminarily indicated that the changes of carnitine profile in the
small intestine of abdominal irradiation rats might relate to the
FAO pathway disequilibration. However, there were more
than ten kinds of enzyme involved in the FAO pathway, and
the abnormities of other enzymes such as mitochondrial tri-
functional protein can also result in the change of the carnitine
profile. Our study only focused on the changes of several
enzymes in the FAO pathway; systematic study would be
conducted to elaborate the changes of other enzymes in the
FAO pathway after irradiation in near future.

Conclusion

The targeted metabolomics based on UPLC�MS/MS plat-
form was conducted to analyze the effect of abdominal ir-
radiation on carnitine profile in the small intestine and plasma
of rats 72 h after 60Co gamma rays exposure. There were
eleven acylcarnitines in the small intestine and fourteen
acylcarnitines in the plasma of the abdominal irradiation-
induced intestinal injury model significantly enhanced respec-
tively. Most of the enhanced acylcarnitines were medium- or
long-chain acylcarnitine (C8–C18). Importantly, this study
indicated that the enhanced acylcarnitine levels in small

Figure 5. Changes of medium-chain acyl-CoA dehydrogenase (ACADM) and very-long-chain acyl-CoA dehydrogenase (ACADVL) mRNA
levels and fatty acid β-oxidation (FAO) rate in the small intestine samples of SD rats abdominal irradiated with 0 Gy, 10 Gy, or 15 Gy of 60Co
gamma rays (n = 3 rats per group). (A) The mRNA levels of ACADM and ACADVL in the small intestine samples of SD rats were detected
with real-time PCR at 72 h after abdominal irradiated with 0 Gy, 10 Gy, or 15 Gy of 60Co gamma rays. (B) FAO rates in the small intestine
samples of SD rats. This value represented the total enzyme activity of acyl-CoA dehydrogenases including ACADM and ACADVL. Data
represent mean ± SEM (*P < .05, **P < .01, compared with the 0 Gy group, LSD t-test).
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intestine of abdominal irradiation rats might relate to the FAO
pathway disequilibration. Although the effect of the FAO
pathway disequilibration on radiation damage needs further
investigation, this study provides a new thought for exploring
the reason for radiation-induced subtle alterations in metab-
olites, thus providing a new potential target for exploring the
mechanism of radiation-induced injury.
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