
Exploring the progression 
of drug dependence in a 
methamphetamine self-
administration rat model through 
targeted and non-targeted 
metabolomics analyses
Sang-Hoon Song1,3, Suji Kim1,3, Won-Jun Jang1, In Soo Ryu2, Chul-Ho Jeong1 & 
Sooyeun Lee1

Persistent neurochemical and biological disturbances resulting from repeated cycles of drug 
reward, withdrawal, and relapse contribute to drug dependence. Methamphetamine (MA) is a 
psychostimulant with substantial abuse potential and neurotoxic effects, primarily affecting 
monoamine neurotransmitter systems in the brain. In this study, we aimed to explore the progression 
of drug dependence in rat models of MA self-administration, extinction, and reinstatement through 
targeted and non-targeted metabolomics analyses. Metabolic profiles were examined in rat plasma 
during the following phases: after 16 days of MA self-administration (Group M); after 16 days of 
self-administration followed by 14 days of extinction (Group MS); and after self-administration 
and extinction followed by a reinstatement injection of MA (Group MSM). Each group of MA self-
administration, extinction, and reinstatement induces distinct changes in the metabolic pathways, 
particularly those related to the TCA cycle, arginine and proline metabolism, and arginine biosynthesis. 
Additionally, the downregulation of glycerophospholipids and sphingomyelins in Group MSM suggests 
their potential role in MA reinstatement. These alterations may signify the progressive deterioration of 
these metabolic pathways, possibly contributing to drug dependence following repeated cycles of drug 
reward, withdrawal, and relapse. These results provide valuable insights into the metabolic changes 
associated with MA use at various stages, potentially facilitating the discovery of early diagnostic 
biomarkers and therapeutic targets for MA use disorders.
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According to the World Drug Report 2023, the number of drug users has progressively increased from an 
estimated 219 million in 2011 to 296 million in 2021, representing 5.8% of the global population aged 15–64 
years. This signifies that one in every 17 individuals worldwide used drugs in 2021, 23% more than a decade 
earlier1. In particular, the number of individuals with drug use disorders was estimated at 39.5 million in 2021, 
reflecting a 45% increase from 10 years ago, with only 1 in 5 individuals receiving treatment1. The dysregulation 
of multiple neurotransmitter systems plays a key role in the development of drug use disorders. The initial 
or recreational administration of psychostimulants, such as methamphetamine (MA), immediately releases 
monoamines and reduces their reuptake, provoking a marked increase in their levels in extracellular spaces 
and excessive stimulation of the sympathetic nervous system. However, in rodents and non-human primates, 
repeated administration of increasing MA doses has been found to decrease striatal concentrations of dopamine 
and its metabolites. In human stimulant users, both the presynaptic and postsynaptic functions of the dopamine 
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system in the striatum are downregulated2–4. These findings suggest that persistent neurochemical and biological 
disturbances, resulting from repeated positive and negative reinforcements associated with ongoing cycles of 
drug reward, withdrawal, and reinstatement, contribute to the development of drug use disorders. In previous 
animal studies, metabolic disruptions in amino acid metabolism, lipid metabolism, and the TCA cycle have been 
reported following exposure of morphine5 and heroin5,6. Hair or blood samples obtained from individuals with 
a history of MA addiction or abuse have been extensively subjected to metabolic phenotyping7–9. One hurdle in 
treating drug use disorders is the lack of United States Food and Drug Administration-approved medications 
or other pharmacotherapies for psychostimulant use disorders10. Recent studies on MA use disorders have 
emphasized the identification of diagnostic markers and therapeutic targets. To meet this objective, metabolomic 
characterization of MA use disorders has garnered particular interest, with a focus on amino acid metabolism, 
lipid metabolism, and the TCA cycle.

Based on the theory proposed during the development of methadone maintenance programs, addiction can 
be considered a metabolic disease, given that it is initiated by a disruption in metabolism and causes persistent 
neurochemical disturbances, leading to addiction11,12. As evidence supporting metabolic disturbances in the 
process of developing MA use disorder, our previous study uncovered immediate and distinct changes in the 
metabolic pathways involved in energy metabolism, the nervous system, and membrane lipid metabolism in 
the plasma of MA self-administering rats during 24 h of short-term abstinence13. Wang et al. also observed 
metabolic disturbances in the serum of MA abusers, particularly perturbations in energy and amino acid 
metabolism8. Network analysis based on substantially altered metabolomes in human hair has demonstrated 
that heavy MA abuse affects the biosynthesis or metabolism of lipids, such as glycosphingolipids, sphingolipids, 
glycerophospholipids, and ether lipids, as well as the metabolism of amino acids14. However, no metabolomic 
studies have compared the multiple stages of MA exposure corresponding to drug reward, extinction, and 
reinstatement, which characterize the development of drug dependence. Reinstatement induced by drugs 
or drug-associated cues after a certain period of abstinence is a critical step in the development of drug use 
disorders. Therefore, understanding the metabolic signatures during the reinstatement stage of MA use disorder 
could facilitate the discovery of early diagnostic biomarkers and therapeutic targets.

Self-administration is a well-established animal model based on the principle of operant conditioning, 
in which an animal performs a specific behavior (e.g., pressing a lever) and is rewarded with a drug. The 
behavior exhibited by animals in self-administration experiments is similar to that of drug addicts, and data 
on characterized behavior patterns such as increases and decreases in lever pressing under certain conditions 
are used to investigate the mechanisms of physical and psychological dependence15,16. Previous studies have 
used the animal self-administration model to elucidate the neurological mechanisms of drug dependence and 
identify potential biomarkers for drug dependence17–20. In this study, we employed a rat self-administration 
model involving MA self-administration, extinction, and MA-primed reinstatement to explore the initial 
progression of drug dependence.

Blood serves as a specimen that reflects systemic metabolic changes in animal and clinical studies, while the 
brain reflects neurobiological processes. Blood, along with its liquid components, plasma or serum, is one of 
the most extensively studied sample types in metabolomics across various diseases because it mirrors systemic 
pathophysiological processes and provides a “snapshot” of metabolic changes influenced by factors such as 
age, sex, lifestyle (e.g., exercise, smoking, diet), genotype, medication, environmental factors, and others21. 
Furthermore, metabolomics data in blood holds significant potential as clinical diagnostic markers due to its 
easy accessibility and minimally invasive sampling22,23.

In the current study, we examined and correlated metabolic alterations to elucidate the stages of drug 
dependence progression in an MA self-administration rat model, encompassing MA self-administration, 
extinction, and reinstatement. To achieve this, rat plasma was collected at specific time points, i.e., immediately 
after 16 days of MA self-administration, after 16 days of MA self-administration followed by 14 days of extinction, 
after 16 days of MA SA, and after 14 days of extinction followed by priming injection of MA for reinstatement, 
and subjected to metabolic characterization.

Materials and methods
Materials and chemicals

Formic acid, 2-aminoanthracene, and 2,3,4,5,6-pentafluorobenzoic acid were purchased from Sigma 
Aldrich (St. Louis, MO). The AbsoluteIDQ p180 kit used for targeted analysis was purchased from Biocrates 
Life Sciences AG (Innsbruck, Austria). All solvents were of high-performance liquid chromatography 
(HPLC) grade. All other chemicals were of reagent grade.

Animals

Male Sprague-Dawley rats (Daehan Animal, Seoul, Republic of Korea), 7 weeks old (weighing 260–280 g) 
at the start of the study, were housed individually in cages in the laboratory animal facility under controlled 
temperature (22 ± 2 °C) and humidity (60 ± 2%) and with a 12 h light/dark cycle. Animals had ad libitum 
access to food and water. All experimental procedures were approved by the Institutional Animal Care 
and Use Committee of the Korea Institute of Toxicology, Daejeon, Republic of Korea (No. KIT-1802-
0074). All methods involving animals are reported in accordance with ARRIVE guidelines. Euthanasia 
was done at the end of the study using carbon dioxide in accordance with the scientific research guidelines 
and regulations of the Korea Institute of Toxicology.
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Animal behavior study

The procedures used for food training, surgical implantation of the jugular catheter, self-administration 
of MA or saline (SAL), extinction training, and MA-priming-induced reinstatement were conducted as 
described previously24,25, with minor modifications. Rats were anesthetized with pentobarbital (50 mg/kg, 
intraperitoneal) and an intravenous catheter was inserted into the right jugular vein that exited the body 
on the dorsal surface of the scapulae. Each rat was administered Ketoprofen (0.5 mL/kg, subcutaneous) 
as a post-operative analgesic immediately following surgery and allowed to recover for 5 days prior to 
the beginning of behavioral testing13,26. Figure 1A illustrates the timeline of the animal behavior study, 
experimental sessions, and treatment groups. After passing the food pellet test, 34 rats underwent 
consecutive experimental sessions involving drug self-administration, extinction, and reinstatement in 
the same operating chamber. Rats were subjected to predetermined experimental sessions and classified 
accordingly. After a 5-day recovery period from chronic indwelling jugular catheter implantation 
surgery, 10 and 24 rats were exposed to self-administered SAL (Group S) and MA (0.05 mg/kg/infusion; 
Group M), respectively, under a fixed-ratio 1 (FR-1) 20-s time-out reinforcement schedule for 2 h/day 
for 16 days. Immediately after the last self-administration session, four (Group S) and six (Group M) 
of the 10 and 24 rats, respectively, were sacrificed for plasma collection; the remaining 6 and 18 rats 
were used to continue extinction to diminish the previously learned drug-seeking behavior of MA self-
administered rats for 14 days (Group SS and Group MS, respectively), following the same protocol as SAL 
self-administration. Immediately after the last extinction session, 6 (Group SS) and 6 (Group MS) were 
selected for plasma collection. The remaining 12 rats, which had undergone MA self-administration and 
extinction, were subjected to the reinstatement session. The day after the last extinction session, the rats 
were intraperitoneally administered SAL (Group MSS, n = 6) or MA (0.3 mg/kg; Group MSM, n = 6) and 
then immediately transferred to the operant chamber for 2 h to measure the number of MA infusions 
and active lever presses to determine MA-seeking behavior. At the final stage, one rat each from Groups 
M and MSS that failed to acquire a stable response (less than 20% variation) to the lever press during the 
last 3 days was excluded from further experiments, with another rat in Group MS excluded due to with an 
insufficient sample size. The number of rats in each group was as follows: Group S, n = 4; Group M, n = 5; 
Group SS, n = 6; Group MS, n = 5; Group MSS, n = 5; and Group MSM, n = 6 (Fig. 1A).

Plasma sampling

Rats were anesthetized with pentobarbital (50 mg/kg, intraperitoneal) and sacrificed to obtain blood 
samples. Blood was collected through the abdominal vena cava (approximately 5 mL), and aliquots were 
transferred to EDTA tubes (BD Vacutainer® K2E (EDTA) 18.0 mg, BD Biosciences, Franklin Lakes, NJ, 
USA). After a brief mixing period, the tubes were allowed to stand at room temperature for 30  min. 
Following centrifugation at 1624×g for 10 min at 4 °C, the supernatant (plasma) was transferred to a 1.5 
mL microfuge tube and stored at − 80 °C before analysis13.

Targeted and non-targeted metabolomics analysis

All sample preparation and instrumental analyses for targeted and non-targeted metabolomic analyses 
were conducted following the procedures outlined in our previous study13, with the exception of the 
analysis of tricarboxylic acid (TCA) metabolites, which were investigated using our validated in-house 
method. For targeted metabolomic analysis of 40 acylcarnitines, 42 amino acids and biogenic amines, 
90 glycerophospholipids, 15 sphingolipids, and 1 monosaccharide, samples were prepared using the 
AbsoluteIDQ p180 kit (Biocrates Life Sciences AG) according to the manufacturer’s instructions and 
analyzed using flow injection analysis (FIA)-tandem mass spectrometry (MS/MS) and HPLC-MS/
MS (AB Sciex 4000 QTrap mass spectrometer, Sciex, Framingham, MA, USA). The kit was validated 
using MetValTM (Biocrates Life Sciences AG) software, and the analytical results were processed using 
AnalystTM (Sciex) and MetValTM software.
For analyzing 10 TCA metabolites, rat plasma samples were protein-precipitated using ice-cold acetone 
and then centrifuged at 19,274×g for 10  min at 4  °C. The supernatants were filtered using a 0.45  μm 
polyvinylidenefluoride microporous membrane and filtered sample was analyzed by HPLC–MS/MS. LC-
MS/MS analysis was conducted using a reverse-phase column coupled with a 1260 Infinity LC system 
and 6460 Triple Quadrupole MS/MS (Agilent Technologies, Santa Clara, CA, USA). Data were processed 
using MassHunter software (B. 08. 00; Agilent Technologies).
For non-targeted metabolomic analysis, samples were prepared by protein precipitation using acetonitrile 
and ultra-high-performance liquid chromatography coupled with quadrupole time-of-flight electrospray 
ionization (ESI) mass spectrometry (UPLC-QTOF-ESI-MS) was conducted in both positive and negative 
ionization modes. Analyses were performed using an Agilent 6530 Accurate-Mass Q-TOF LC/MS 
System with an Agilent 1290 Infinity LC (Agilent Technologies, Palo Alto, CA, USA). Pooled quality 
control samples, prepared by mixing aliquots from each sample, were analyzed every six sample analyses. 
Triplicate samples were analyzed for both targeted and non-targeted metabolomics.

Data processing and statistical analysis

Considering the UPLC-QTOF-ESI-MS data, data processing and statistical analyses were performed 
using MassHunter Profinder (version 10.0) and Mass Profiler Professional (MPP, version B.15.1) software 
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Fig. 1.  Summary of animal behavior experiments. (A) Timeline, experimental sessions, and animal groups 
for behavioral assessment. Gray circle represents the day of blood collection. (B) Numbers of infusions and 
lever presses during the self-administration period (1–16 days) of Groups S and M. (C) Numbers of infusions 
and lever presses during self-administration (1–16 days) and extinction period (17–30 days) of Groups SS and 
MS. (D) Numbers of infusions and lever presses during self-administration (1–16 days), extinction (17–30 
days), and reinstatement period (31 day) of Groups MSS and MSM. Statistical analyses were performed using 
the two-way ANOVA test, followed by Bonferroni’s multiple comparison post hoc test. The data are presented 
as mean ± standard error of the mean (SEM). *p < 0.05, **p < 0.01, ***p < 0.001 for daily comparison between 
groups; ##p < 0.01, ###p < 0.001 for total comparison between groups. NS, not significant; SAL, saline; MA, 
methamphetamine; Ac, active lever; InA, inactive lever.
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(Agilent Technologies) as described in our previous study13, with minor modifications. The parameters 
for feature extraction in Profinders were as follows: peak height > 300 counts; ion species, [M + H]+ and 
[M + Na]+, for positive ions, and [M-H]− for negative ions; isotope peak spacing tolerance, 0.0025 m/z 
and 7.0 ppm; and charge state, a maximum of 1. Ion features were aligned and extracted based on 
particular masses (mass window of 10 ppm + 2.00 mDa) and retention times (retention time window 
of 0.5 min). The peak abundances of internal standards in the quality control and experimental samples 
were inspected to reduce false-negative and false-positive features. The CEF files were exported to MPP 
for metabolic investigation using an in-house database24 and MassHunter METLIN Metabolite PCDL 
(Demo version, summer, 2014).
For statistical evaluation of data from both targeted and non-targeted metabolomic analyses, metabolic 
differences between groups were evaluated by principal component analysis (PCA) and partial least 
squares-discrimination analysis (PLS-DA) using the MetaboAnalyst software (version 6.0; https://www.
metaboanalyst.ca/). The software automatically performed a model-fitting analysis of the three principal 
components. The data were scaled by auto scaling. A t-test with unequal variance, followed by multiple 
testing correction (Benjamini–Hochberg false discovery rate [FDR], adjusted p-value), was used to 
determine significant differences in ion features or metabolites. For targeted and non-targeted analysis 
data, the following criteria were applied: fold change > 1.2 with p-values < 0.05 among the groups. For 
non-targeted analysis, the data reproducibility of the significantly altered ion features were examined in 
the quality control samples and those with relative standard deviation (RSD) less than 20% were finally 
selected. Pathway analysis was also performed using the MetaboAnalyst 6.0 software.

Results
MA self-administration, extinction, and reinstatement
Figure 1B-D present the number of infusions and lever presses during the self-administration period of Groups 
S and M; the self-administration and extinction periods of Groups SS and MS; and the self-administration, 
extinction, and reinstatement periods of Groups MSS and MSM. During the first 16 days of the self-administration 
session, Groups M (F1,112 = 83.27, p < 0.0001) and MS (F1,144 = 180.5, p < 0.0001) had a significantly higher 
number of drug infusions than the control groups, Groups S and SS, respectively, and showed < 20% variation 
during the last 3 days (Days 14–16) of the experiment. Moreover, Groups M (F1,112 = 41.45, p < 0.0001) and 
MS (F1,143 = 209.3, p < 0.0001) exhibited higher responses to the number of active levers than rats in Groups S 
and SS, respectively, with no significant differences observed in the number of inactive levers. Next, extinction 
training began the day after self-administration session. When MA access was removed, Group MS, MSS, 
and MSM initially maintained active lever pressing compared to Group SS on day 17 (p < 0.05), however this 
behavior gradually extinguished over time. In contrast, Group SS maintained relatively low level of lever pressing 
behavior. Considering the extinction session, there was no significant difference in the number of drug infusions 
during Days 18–30 following self-administration between rats in Groups MS and MSM and those in groups SS 
and MSS (p > 0.05). Additionally, there were no significant differences in the number of active and inactive levers 
between groups (p > 0.05). For drug-induced reinstatement, MA and SAL (control) were administered on the 
day after the last extinction session. Group MSM had a significantly higher number of drug infusions and active 
lever presses than Group MSS (p < 0.01). On Day 31, rats in Groups MSM and MSS performed 26.2 ± 2.8 and 
2.8 ± 1.5 infusions (mean ± SEM), respectively.

Metabolomics
Targeted analysis
Targeted metabolomics analysis was performed using a commercial analytical tool for the simultaneous 
quantification of 180 metabolites, 137 of which were quantified. Furthermore, our quantitative method was used 
to determine 10 TCA metabolites (Table S1). Data from the MA exposure groups were compared with those 
from the corresponding age-matched control groups (Group S vs. M, SS vs. MS or MSM). Performing the t-test 
between groups resulted in the selection of 16, 17, and 78 metabolites that were significantly altered based on the 
drug dependence stages (Fig. 2A). The PCA score plots revealed the most significant separation between Groups 
S and M (described by 40.1% of PC1), followed by the separation between Groups SS and MSM (described by 
47.5% of PC1), and between Groups SS and MS (described by 40.7% of PC1) (Fig. S1A). According to the PLS-DA 
score plots, Groups M/MS/MSM were clearly separated from each control group, with Q2 values of 0.95, 0.80, and 
0.87, and R2 values of 0.98, 0.91, and 0.95, respectively, indicating the reliability of the models (Fig. S1B). Volcano 
plots show statistically significant up- or downregulated metabolites in each group (p < 0.05, fold change > 1.2). 
In Group M, eight metabolites each were upregulated and downregulated, respectively. Group MS exhibited 17 
downregulated metabolites, whereas Group MSM had 78 downregulated metabolites (Fig. S1C). As illustrated in 
Fig. 3, the results of the targeted analysis revealed the levels of 93 significantly altered metabolites (1 acylcarnitine, 
10 amino acids and biogenic amines, 68 glycerophospholipids, 6 sphingolipids, and 8 TCA metabolites) during 
at least in one stage. The significance test demonstrated that the levels of these metabolites were significantly 
altered to different degrees depending on the type of metabolite and drug dependence stages. Among the 
nine quantified carnitines, only acetylcarnitine was significantly upregulated in Group M. The levels of three 
polyamines (putrescine, spermidine, and spermine) that were significantly increased in Group M were restored 
to normal concentrations or decreased below the initial levels in Group MS and/or MSM. The concentrations 
of methionine and proline were reduced in Group M, whereas those of citrulline, ornithine, and threonine were 
reduced in Group MSM. No significant changes were observed in the other groups. Most glycerophospholipids 
(81 of 90 metabolites) and sphingolipids (all 15 metabolites) were quantified in the rat plasma samples. Sixty-
eight glycerophospholipids, including lysophosphatidylcholines (lysoPCs) and phosphatidylcholines (PCs), 
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were significantly downregulated during one or two stages of drug dependence, with no upregulation detected. 
Notably, 62 glycerophospholipids were downregulated in Group MSM. Five sphingomyelins (SMs) (SM (OH) 
C14:1, SM (OH) C22:2, SM C16:1, SM C18:1, and SM C24:0) were significantly downregulated in Group MSM, 
with no significant alterations observed in the other groups. The levels of SM C18:0 fluctuated across each stage, 
showing a significant increase in Group M, a decrease in Group MS, and no significant change in Group MSM. 
The concentrations of major TCA metabolites, including citric acid, 2-hydroxyglutaric acid, isocitric acid, lactic 
acid, malic acid, pyruvic acid, succinic acid, and alpha-ketoglutaric acid, were altered significantly. Specifically, 
lactic acid, pyruvic acid, and alpha-ketoglutaric acid were upregulated in Group M, whereas lactic acid, pyruvic 
acid, and succinic acid were downregulated in Group MS. In Group MSM, citric acid, 2-hydroxyglutaric acid, 
isocitric acid, malic acid, and succinic acid were downregulated.

Non-targeted analysis
In accordance with the criteria outlined in “Data processing and statistical analysis”, the aligned ion features in 
each experimental sample were extracted from the UPLC-QTOF-ESI-MS data in both positive and negative 
ionization modes. Data processing and statistical analyses were further performed for differential and 
significance analyses. As shown in Fig. 2B, 21 and 280, 21, and 256 significantly altered ion features from the 
positive ESI analysis were obtained in the plasma samples of Groups M, MS, and MSM, respectively, compared 
with the respective control groups (p < 0.05, fold change > 1.2). Based on the negative ESI analysis, we detected 
326, 28, and 161 significantly altered ion features (p < 0.05, fold change > 1.2). The PCA score plots demonstrated 
a clear separation between Groups S and M, described by 25.5 and 25% of PC1 in each positive and negative 
ESI mode, respectively, while a large overlap was observed between Groups SS and MS or MSM (Fig. S2A). 
The 10-fold cross-validation results using the PLS-DA model revealed that Groups M/MS/MSM were notably 
discriminated from each control group in both the positive (Q2, 0.99/0.86/0.96; R2, 1.0/0.99/0.99) and negative 
ESI modes (Q2, 0.99/0.80/0.95; R2, 1.0/0.97/0.99) (Fig. S2B). Volcano plots depicted ion features, the levels of 
which were significantly increased or decreased in each group in positive and negative ESI modes (Fig. S2C). 
Table 1 lists the metabolites identified in rat plasma with an 80% frequency among all analyzed samples using an 
in-house database24. Metabolites exhibiting significant changes and associated fold changes are indicated. Group 
M showed significantly elevated levels of sphinganine, N-acetyl-l-phenylalanine, linolenic acid, 4-methyl-2-
oxo-pentanoic acid, and 4-pyridoxate, along with significantly reduced levels of norvaline, thyroxine, cholate, 
glycocholate, hippurate, and uridine. Hippurate and N-acetyl-l-phenylalanine were downregulated significantly 
in Group MS. In Group MSM, hippurate was downregulated, whereas linolenic acid was upregulated.

Metabolic pathway analysis
Metabolic pathway analysis was performed to better understand the alterations in metabolite levels based on the 
progression of MA-dependence. The three circles located at the top right of Fig. 4A (p < 0.05, impact > 0.2) and 
Table 2 show the significantly altered metabolic pathways: the citrate cycle (TCA cycle), arginine and proline 
metabolism, and arginine biosynthesis. These metabolic pathways were mutually affected and dynamically 
changed during drug dependence progression in MA self-administered rats, as shown in Fig. 4B, produced by 
the integration of targeted and non-targeted metabolomics data. Interestingly, the pathways of the biosynthesis 
and metabolism of arginine, proline, and citrate cycles were upregulated in Group M and recovered in Group 
MS. However, these pathways were notably downregulated in the MSM group.

Discussion
Targeted and non-targeted metabolomics, integrated with bioinformatics, have previously been used to 
explore the effects of addictive drugs and identify potential biomarkers for the diagnosis and treatment 
of drug use disorders. Metabolic changes, such as drug reward, withdrawal, and reinstatement, have been 
predominantly studied at different stages of drug dependence progression using animal models13,27–30. However, 

Fig. 2.  Venn diagrams of the numbers of significantly altered metabolites or ion features. (A) Targeted 
analysis. (B) Non-targeted analysis.
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Fig. 3.  Box plots of the target metabolites in plasma collected from methamphetamine self-administering rats 
at different stages of drug dependence progression. (A) Acylcarnitine. (B) Amino acids and biogenic amines. 
(C) Glycerophospholipids. (D) Sphingolipids. (E) TCA intermediates. Statistical analyses were performed 
using the Student’s t-test and normalized values of all the experimental groups were determined using the 
normalized log2 transformed and median normalized data (fold change > 1.2). The box plots were generated 
using GraphPad Prism 8. *p < 0.05, **p < 0.01, ***p < 0.001. TCA, tricarboxylic acid.
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to comprehensively understand drug dependence, it is crucial to investigate metabolomic alterations across 
multiple stages. Previous metabolomic studies have highlighted disruptions in the TCA cycle, amino acid 
metabolism, and lipid metabolism during drug exposure, withdrawal, and re-exposure using rodent urine and 
serum following intraperitoneal (i.p.) injection of morphine5 and heroin5,6. Heroin administration has been 
found to substantially disrupt these metabolic pathways, leading to increased energy metabolism. However, 
during heroin withdrawal, most metabolites return to baseline levels with only a few exceptions6. However, there 
is a limitation in the literature regarding metabolic characterization during the progression of MA dependence. 
In the current study, we performed an integrated investigation of targeted and non-targeted metabolomics in 
plasma collected at various time points after MA self-administration, subsequent extinction, and reinstatement 
with a priming injection of MA to elucidate the dynamic metabolic changes associated with the progression of 
drug dependence.

The high rate of relapse triggered by various stimuli such as stress, contextual cues, and reminders of past 
drug use plays a critical role in inducing drug dependence31. Previous studies have investigated drug relapse 
behaviors by observing cue-induced32, context-induced33, stress-induced34, and drug-primed reinstatement35,36 
in animal models of drug self-administration to simulate clinical scenarios. Animal models of drug self-
administration, known for their strong validity in depicting drug intake and abuse, are considered standard 
models for elucidating human addiction behaviors37. In the current study, we used a rat self-administration 
model with 2 h/day access to the drug to elucidate the initial vulnerability to drug dependence. This model 
features comparatively short training sessions and reliable induction of extinction and relapse behaviors. The 
drug-dependent stages of MA self-administration, extinction, and reinstatement were carefully constructed, and 
metabolic alterations were studied within this framework.

Figure 3.  (continued)
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Figure 3.  (continued)

Ionization polarity m/z tR (min) ΔtR (min) Formular Mass Δmass (ppm) Metabolite (Fold change) Ion species Score

Positive

180.0651 6.872 -0.285 C9H9NO3 179.0580 -1.14 Hippurate (#-1.68, †-1.85) (M + H)+ 73.79

118.0859 1.051 0.092 C5H11NO2 117.0786 -3.20 Norvaline (*-1.45) (M + H)+ 87.02

302.3046 35.953 -0.002 C18H39NO2 301.2972 -2.79 Sphinganine (*1.56) (M + H)+ 88.79

777.6930 34.079 -0.066 C15H11I4NO4 776.6854 -1.60 Thyroxine (*-1.51) (M + H)+ 93.92

Negative

206.0818 12.954 -0.464 C11H13NO3 207.0889 -2.89  N-acetyl-l-phenylalanine
(*2.10, #-1.96) (M-H)- 57.16

407.2802 35.205 0.001 C24H40O5 408.2873 -0.57 Cholate (*-2.41) (M-H)- 99.00

437.2903 36.379 -0.100 C24H40O4 392.2920 -1.78 Deoxycholate (M + HCOO)- 93.89

464.3015 34.376 0.001 C26H43NO6 465.3086 -0.91 Glycocholate (*-2.97) (M-H)- 99.09

178.0507 6.869 -0.288 C9H9NO3 179.0580 -1.55 Hippurate (*-1.51) (M-H)- 67.38

277.2165 38.504 -0.238 C18H30O2 278.2238 -2.92 alpha-Linolenic acid (*1.60, †1.67) (M-H)- 79.02

129.0557 4.176 -0.076 C6H10O3 130.0630 -0.16 4-Methyl-2-oxo-pentanoic acid (*2.57) (M-H)- 88.86

182.0457 2.984 -0.311 C8H9NO4 183.0530 -0.93 4-Pyridoxate (*2.05) (M-H)- 74.45

203.0822 4.054 -0.261 C11H12N2O2 204.0895 -2.10 Tryptophan (M-H)- 77.73

243.0615 1.667 -0.083 C9H12N2O6 244.0689 -2.45 Uridine (*-1.97) (M-H)- 84.18

Table 1.  Metabolites identified in rat plasma via UPLC-QTOF-ESI-MS analysis and in-house database 
matching. p < 0.05, for at least one condition (*Group M, #Group MS, †Group MSM) versus each control 
group. Fold changes are indicated in parentheses.
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Fig. 4.  Results of metabolic pathway analysis. (A) Metabolic pathway analysis using MetaboAnalyst. The 
size and color of each circle represent pathway impact value and p-value, respectively. (B) Alterations in 
metabolic pathways depending on methamphetamine (MA) dependence progression. Down- and upregulated 
metabolites are highlighted in blue and red, respectively. Gray color represents no significant change. The 
colored portions inside the dotted line are significant metabolic pathways. The solid and dotted line arrows 
represent single-step and multiple-step metabolic pathways between metabolites. TCA, tricarboxylic acid.
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Groups M, MS, and MSM were designed considering MA rewards, withdrawal, and relapse. Interestingly, 
both targeted and untargeted analyses showed that Group MSM exhibited notable metabolic changes, distinct 
from Groups M and MS (Fig. 2). Based on animal and clinical observations, understanding cue-induced drug 
cravings after withdrawal holds substantial potential for diagnosing and treating drug addiction25,38,39. In a 
previous study, transcriptomic profiling of brain regions involved in the brain’s reward circuitry (prefrontal 
cortex, dorsal striatum, nucleus accumbens, basolateral amygdala, ventral hippocampus, and ventral tegmental 
area) revealed considerable changes in transcript expression during the cocaine self-administration, withdrawal, 
and relapse phases, with the greatest changes detected in the re-exposure phase40. Our metabolomic data from 
sequentially designed animal experiments support the concept that novel potential diagnostic or treatment 
targets for drug dependence should focus on drug reinstatement.

MA self-administration, followed by extinction and priming injection of MA, impacted several targeted 
functional metabolites of acylcarnitines, amino acids and biogenic amines, glycerophospholipids, and 
sphingolipids. In particular, the degree of metabolite variation differed between Groups M and MSM despite the 
same immediate sampling time following MA self-administration. Glycerophospholipid levels were considerably 
affected during relapse.

The toxicity of MA is characterized by a decrease in monoamine synthesis and disruption of synaptic 
integrity41, accompanied by neuronal degeneration and cell death42. Moreover, growing evidence suggests that 
amphetamine and MA administration increase free radical formation and damage mitochondria, resulting in 
secondary excitotoxicity and failure of cellular energy metabolism43. From this perspective, the importance of 
carnitine, which plays a role in energy conversion by transporting long-chain fatty acyl groups to mitochondria 
for β-oxidation, has been revealed44. The administration of acetyl-l-carnitine along with MA (increasing 
from 1 to 5 mg/kg, i.p.) for 10 days was shown to attenuate the severity of symptoms caused by non-use of 
the drug during the subsequent 10-day withdrawal period in Wistar rats45. Furthermore, acetyl-L-carnitine 
administration reduced MA-induced behavioral sensitization in an MA challenge performed after 7 days of MA 
administration at 2.5 mg/kg, followed by a 7-day withdrawal period in CD1 mice46. Previous studies using cell 
lines have reported the preventive effects of acetyl-L-carnitine against structural damage caused by MA-induced 
toxicity47,48. In our study, elevated acetylcarnitine levels during the MA reward stage implies a homeostatic 
response to restore the balance of energy metabolism or neuronal function disturbed by MA exposure.

Several animal studies have explored the metabolic profiles of amino acids and polyamines following 
addictive drug administration and withdrawal; however, there have been no studies on relapse-induced metabolic 
perturbations. Reportedly, serum and urine levels of citrulline, ornithine, threonine, and methionine were found 
decrease substantially following both single (10 mg/kg, i.p.) and escalating (10, 12.5, 15, 20, and 30 mg/kg, i.p.) 
administration of MA, returning to baseline levels after a 2-day withdrawal period in Sprague Dawley rats49. The 
relevance of polyamines in the development of ethanol or cocaine dependence, withdrawal-related behaviors, 
and neuropathological sequelae has been reported50–53. Putrescine acts as an antagonist, whereas spermidine and 
spermine act as agonists, regulating the activity of N-methyl-d-aspartate (NMDA)-type glutamate receptors50. 
The action of spermidine and spermine on NMDA receptors in alcohol and/or cocaine use disorders has been 
highlighted53. Additionally, repeated cocaine administration for six days (50 mg/kg, i.p.) increased putrescine 
levels in six brain regions, including the striatum, hippocampus, and cortex, which returned to normal levels after 
three days of withdrawal51. Polyamines, particularly spermine and spermidine, reportedly modulate synaptic 
plasticity and neurotransmission54,55. The normalization or reduction of elevated levels of three polyamines 
(putrescine, spermidine, and spermine) in Group MS and/or MSM following a significant increase in Group M 
could potentially alter the neurochemical environment, which, in turn, enhances the rewarding effects of MA 
and influences addiction-related processes.

The neuroprotective role of SMs in the development of drug dependence induced by psychoactive drugs, 
including MA, cocaine, alcohol, and morphine, has been established, suggesting their potential as therapeutic 
targets56. The authors of previous studies have offered insights into the dynamic alterations of different lipid 
species due to psychostimulant exposure and their strong connection with lipid metabolic enzymes, such as 
sphingomyelin phosphodiesterase (SMase) and phospholipase A2 (PLA2). This was achieved through brain lipid 
profiling in a cocaine-conditioned place preference model57 and after seven days of repeated administration of 
MA (3 mg/kg, i.p.) in C57BL/6 mice58. Moreover, a decrease in phosphocholine cytidylyltransferase and PLA2 
expression has been documented in the postmortem brains of individuals who abused cocaine and MA59, and 
reduced levels of PLA2 have been observed in the brains of rats subjected to chronic cocaine administration60. 
The distinct downregulation of glycerophospholipids and SMs in Group MSM implied that these lipids could be 
crucial regulators of MA reinstatement.

Exposure to MA has been shown to disrupt energy metabolism by affecting mitochondrial function and 
interfering with the utilization of key metabolites, such as pyruvic and lactic acid, for energy production49,61. 
In the current study, we detected the upregulation of pyruvic acid and lactic acid in Group M, followed by 

No. Metabolic pathway Total p-value Impact Hit Metabolites

1 Citrate cycle (TCA cycle) 20 0.000 0.3 6 Citric acid, isocitric acid, alpha-ketoglutaric acid, malic acid, pyruvic acid, and succinic acid

2 Arginine and proline metabolism 36 0.001 0.4 6 Ornithine, proline, putrescine, pyruvic acid, spermidine, and spermine

3 Arginine biosynthesis 14 0.019 0.3 3 Citrulline, alpha-ketoglutaric acid, and ornithine

Table 2.  Altered metabolic pathways during drug dependence progression in methamphetamine self-
administrating rats. TCA, tricarboxylic acid.
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downregulation in Group MS. This pattern aligns with the findings from studies on NMRI mice (3  mg/kg, 
subcutaneous)62 and Sprague Dawley rats (10 × 3 and 5 mg/kg, i.p.) exposed to MA63, in which changes in these 
metabolites were linked to altered energy metabolism. Furthermore, several TCA intermediates, including citric 
acid, 2-hydroxyglutaric acid, isocitric acid, malic acid, and succinic acid, were downregulated in Group MSM 
without any upregulation. Similar MA-induced disturbances in TCA metabolism have been reported previously 
despite differences in dosage and administration methods. In Sprague Dawley rats administered MA (10 mg/
kg × 4, i.p.), significantly downregulated levels of various TCA intermediates, including α-ketoglutaric acid, 
malic acid, succinic acid, citric acid, isocitric acid, and pyruvic acid, were found to return to baseline levels after 
72 h64. Moreover, reduced levels of methionine and TCA intermediates were observed in the brains of Wistar 
rats treated with 2.5 mg/kg MA twice daily for a week65. Additionally, metabolic changes in the serum of MA 
abusers showed decreased levels of threonine, proline, methionine, and TCA intermediates, such as lactic acid, 
citric acid, pyruvic acid, and succinic acid66. The consistent downregulation of TCA intermediates following 
MA exposure in both the current and previous studies suggests that both initial MA exposure and subsequent 
re-exposure may lead to increased energy consumption.

It is important to evaluate and examine the endpoints in animal models of drug addiction, such as self-
administration, to capture the unique molecular or metabolic characteristics of drug use disorders13,30,67,68. 
Drug self-administration can be significantly influenced by environmental conditions (e.g., feeding conditions, 
palatable dietary substances, stress) and individual differences (e.g., reactivity level, age, sex, dietary preferences, 
genetics) even under the same pharmacological conditions such as drug dose, drug history, and pretreatment 
drugs69. Therefore, both the targeted and non-targeted metabolomics data from the MA exposure groups 
were compared with those from the corresponding age-matched control groups (Group S vs. M, SS vs. MS or 
MSM) rather than comparing the data from Groups M, MS, and MSM with each other. Chronic drug exposure 
can manifest differently at the transcriptional or metabolic level, depending on whether levels were assessed 
during early withdrawal, late withdrawal, or the relapse phase. Our findings suggest that each phase of MA 
reward, withdrawal, and relapse induce specific changes in metabolic pathways, particularly those related to the 
TCA cycle, arginine and proline metabolism, and arginine biosynthesis. The TCA cycle plays a crucial role in 
energy metabolism, whereas arginine and proline metabolism, along with arginine biosynthesis, are involved 
in neurotransmitter action through nitric oxide (NO)70–72, synaptic plasticity73,74, and stress responses75,76, 
affecting various aspects of brain function. Abnormalities in these functions contribute to drug addiction and 
increase vulnerability to relapse77–80. These changes could represent repeated metabolic perturbations that 
may lead to a pathological state of MA addiction following ongoing cycles of drug reward, withdrawal, and 
reinstatement. Given that vulnerability to the rewarding effects of stimulants in females, i.e., sex differences in 
MA self-administration and relapse, have been reported in both animal and clinical studies81–85, further research 
is necessary to compare metabolic changes between male and female models.

Although our study effectively tracked metabolic shifts associated with MA dependence, two main limitations 
should be addressed. First, although we followed a commonly used drug self-administration scheme, we 
proposed the use of an extended-access self-administration model to gain a more comprehensive understanding 
of drug addiction. Previous studies have combined short-access models (2 h) and long-access models (more 
than 6 h)86–88 or adjusted the FR schedule89 to better simulate the drug intake or seeking behaviors observed in 
humans. For instance, in a study involving cocaine and heroin, the FR-1 schedule was employed, with heroin 
administration adjusted to maintain the final concentration while extending the administration period by limiting 
the dose and number of infusions90. Although our animal model may fail to fully replicate the complex factors 
contributing to drug dependence in humans, it is deemed sufficiently robust to investigate relapse behavior 
upon re-exposure to MA. Second, despite the successful quantification and identification of metabolites through 
targeted and non-targeted analyses, there are limitations related to metabolomic approaches, such as coverage 
gaps. Targeted analyses focusing on a limited set of metabolites present challenges in capturing the full spectrum 
of the metabolome. Including metabolites related to neurotransmitters in the brain to monitor neurochemical 
changes associated with MA dependence or investigating oxidative stress pathways to clarify oxidative damage 
mechanisms linked to MA intoxication would enhance our understanding of the metabolic changes underlying 
MA dependence and improve metabolomic coverage. Furthermore, although non-targeted analysis revealed 
numerous ion features, the identification process was hindered by incomplete databases. Nevertheless, our study 
successfully distinguished the metabolic alterations associated with the progression of MA dependence and 
identified their relevant functionalities.

Conclusion
Our findings suggest that each phase of MA self-administration, extinction, and reinstatement induces distinct 
changes in the metabolic pathways, particularly those related to the TCA cycle, arginine and proline metabolism, 
and arginine biosynthesis. Additionally, the decrease in glycerophospholipids and SMs suggests their potential 
involvement in MA reinstatement. These alterations may signify the progressive deterioration of these metabolic 
pathways, possibly contributing to drug dependence following repeated cycles of drug reward, withdrawal, and 
relapse. These results provide valuable insights into the metabolic changes associated with MA use at various 
stages, potentially facilitating the discovery of early diagnostic biomarkers and therapeutic targets for MA use 
disorders.

Data availability
All data generated and/or analyzed during the current study available from the corresponding author upon 
reasonable request.
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