Osol Journal of Medical Sciences (OJMS) ISSN: 3005-9097
DOI: 10.69946/0jms/2026.04.01.01, pp(1-10)

The Predictive Role of CYP3A4 and MDA in Duration-Dependent
Oxidative and Metabolic Hepatic Alterations among Chronic
Methamphetamine Users

Ali Faried Salman'!, Ghid Hassan Abdulhadi?, Mushtaq Talib Hashim?,
L.2Department of biochemistry, college of Medicine, University of Baghdad, 11001, Iraq.
3Department of Medicine, College of Medicine-University of Baghdad, 11001, Iraq.

Corresponding Author email: ghid.h.ah@comed.uobagdad.edu.ig
This article is open-access under the CC BY 4.0 license (http://creativecommons.0rg/licenses/bv/4.0/)

Abstract

Background: Methamphetamine (METH) is a powerful psych stimulant that causes hepatotoxic and
neurotoxic effects through metabolic disruption and oxidative stress. Despite growing evidence of
liver impairment brought on by methamphetamine, it is still unclear how exposure duration affects
oxidative markers and cytochrome P450 (CYP3A4) activity.

Objectives: The objective of this study was to determine how long-term methamphetamine usage is
associated with liver abnormalities, to find out if long-term exposure makes oxidative and metabolic
problems worse, and to determine whether these biochemical changes happen before or at the same
time as changes in LFTs, which would explain how methamphetamine causes progressive liver
damage.

Methods: A case-control study was performed on 116 male individuals aged 18 to 40 years,
including 80 METH users divided into two groups according to the duration of use (G1 3-5 years; n
=44 and G2 6-8 years; n = 36) and 36 control participants. Serum CYP3A4, MDA, LFTs, albumin,
total protein, and globulin levels were measured.

Results: Age and body mass index did not significantly differ across groups. (p > 0.05). CYP3A4
levels were markedly reduced in both METH user groups compared with controls (p<0.001) where
MDA levels were significantly elevated (p<0.001), showing a duration-dependent increase. ALT,
AST, and ALP were significantly higher in long-term users (p<0.05). While total protein and
albumin increased significantly in both groups (p<0.001).

Conclusions: Prolonged METH exposure induced progressive oxidative and metabolic hepatic
alteration that preceded clinically apparent hepatotoxicity. CYP3A4 inhibition and MDA elevation
serve as sensitive early biomarkers for detecting subclinical hepatic impairment in chronic METH
users, underscoring their potential value as early diagnostic.

Keywords: Methamphetamine, CYP3A4, oxidative stress, malonaldehyde, liver function test,
hepatotoxicity

1. Introduction

Methamphetamine (METH) is a powerful stimulant of the central nervous system (CNS). It is a
highly addictive drug that causes abnormal physiological and psychological states [1]. Street ice and
crystal meth are other names for amphetamines. METH is one of the four amphetamines that are
often used in the US. Dextroamphetamine is added to METH in Iraq [2]. Hepatotoxicity,


mailto:ghid.h.ah@comed.uobagdad.edu.iq
http://creativecommons.org/licenses/by/4.0/

Osol Journal of Medical Sciences (OJMS) ISSN: 3005-9097
DOI: 10.69946/0jms/2026.04.01.01, pp(1-10)

cardiovascular toxicity, and neurotoxicity are among the multi-system toxicities linked to long-term
or high-dose METH usage [3]. METH Reactive oxygen species (ROS), oxidative stress-induced
aging, apoptosis, and necrosis are among the negative consequences associated with use [4].

When free radicals accumulate, Oxidative stress occurs due to a difference between the generation
of oxidants and the capacity of antioxidant defences, which causes crucial macromolecular damage.
The term "reactive oxygen species" (ROS) refers to a category of free radicals and reactive species
generated from molecular oxygen. These reactive oxygen species cause irreversible damage to
macromolecules, such as DNA, proteins, lipids and carbohydrates in the body [5], [6]. Oxidative
stress, in particular an increased malondialdehyde (MDA) content (as a marker of lipid peroxidation)
as well as a decreased glutathione (GSH) level have been reported to be associated with METH
exposure [7]. Enzymes, such as cytochrome P450, are responsible for most of the metabolism of
METH in the liver, which leads to active metabolites (amphetamine and 4-
hydroxymethamphetamine). After this; it is largely cleared by the kidneys in the urine [8].

Cytochrome P450 (CYP) proteins belong to a family of heme-containing enzymes that play an
essential role in the metabolism of many drugs and other xenobiotics. CYP enzymes reside in the
endoplasmic reticulum of cells across the body, with greatest abundance in liver. CYP enzymes can
facilitate a wide array of processes, encompassing oxidation, reduction, hydrolysis, and
isomerization [9]. Among the 57 potentially functional human CYP enzymes, the CYP1, CYP2, and
CYP3 families are responsible for the metabolism of over 80% of therapeutically used medicines.
CYP-dependent metabolism converts lipophilic substances into water-soluble forms for enhanced
excretion and affects treatment outcomes by altering drug efficacy, safety, bioavailability, and
resistance in both primary metabolic organs and concentrated drug action sites [10], [11].

Among the CYP isoforms, CYP3A4 has gained significant clinical attention due to its extensive
involvement in drug metabolism and distinct regulatory mechanisms. CYP3A4, the most abundant
hepatic hormone, is responsible for the metabolism of over 30% of prescribed drugs [12], [13].
CYP3A4 contributes to bile acid detoxification, the termination of steroid hormone action, and the
elimination of phytochemicals in food and the majority of medicines [14]. CYP3A4 shows the
largest interindividual differences in mRNA and protein expression in the liver, by a factor of several
tens to hundreds [15].

There is growing evidence that exposure to methamphetamine induces oxidative stress and
disrupts hepatic metabolism. However, the extent to which the use duration influences the
development and severity of these alterations remains unclear. Most previous studies have focused
on apparent hepatotoxicity using conventional liver function tests without examining early
biochemical disturbances, such as cytochrome P450 (CYP3A4) inhibition and lipid peroxidation
(reflected by elevated MDA levels), which may precede clinically detectable abnormalities.
Furthermore, the potential interactions between these markers and traditional liver function
parameters across different exposure durations have not been thoroughly characterized [16], [17].

Therefore, the present study aimed to investigate duration-related hepatic changes linked to long-
term METH usage, determine whether extended exposure to METH causes oxidative metabolic
disturbance and determine whether changes in liver function tests are preceded or coincident with
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these biochemical changes, thereby elucidating the progressive pattern of hepatic injury caused by
METH.

2. Subjects and Methods
2.1 Subject

This case—control study included 80 male methamphetamine users aged 1840 years. Participants
were divided into two groups based on how long they had been using methamphetamine.: Group 1
(G1), 3-5 years (n = 44), and Group 2 (G2), 6-8 years (n = 36). Additionally, a control group of (n =
36) age-matched healthy males (18—40 years) was enrolled.

The inclusion criteria for the METH group were a confirmed diagnosis of METH use disorder by
a psychiatrist according to the DSM-5 criteria, a history of chronic METH use, and a positive urine
screening test for amphetamines at the time of recruitment. Exclusion criteria for all participants
included known pre-existing liver diseases (e.g., hepatitis B and C and cirrhosis), comorbid
substance use disorders (except nicotine), HIV infection, current use of medications known to affect
cytochrome P450 enzyme activity or liver function, and any chronic medical condition (e.g., diabetes
and cardiovascular disease).

Data collection was conducted between January and June 2025. The Al-Qanat Center for Social
Rehabilitation in Baghdad, Iraq, provided ethical approval. All procedures were performed in
accordance with the principles of the Declaration of Helsinki. Written informed consent was
obtained from all participants after the study procedure was fully explained (IRB 1068, 12/01/2025).

2.2 Blood sample collection and biochemical analysis

Peripheral blood samples (5 mL) were obtained from each patient and from the control group. Blood
samples were separated by centrifugation for 20 minutes at 1000 x g to obtain serum. The separated
serum samples were stored in a deep freeze at -20 °C until the time of CYP3A4 and MDA
measurement.

Serum CYP3A4 levels were measured using sandwich enzyme-linked immunosorbent assay Kkits
(Fine Test, China). MDA concentrations were measured using competitive inhibition enzyme-linked
immunosorbent assay (Competitive-ELISA) according to the manufacturer’s instructions (Fine Test
and ELK, China), respectively.

Routine liver function tests, including alanine aminotransferase (ALT), aspartate aminotransferase
(AST), alkaline phosphatase (ALP), total serum bilirubin (TSB), total protein, globulin, and albumin,
were assessed on the same day of blood collection to ensure consistency in clinical biochemistry
profiling. They were performed using the Beckman Coulter 480 AU Chemistry Analyzer, a
diagnostic device from Beckman Coulter Germany. Serum globulin levels were calculated by
subtracting the albumin concentration from the total protein concentration (Globulin = Total Protein
— Albumin) [18].

2.3 Statistical analysis

Statistical analysis was conducted with Microsoft Excel for data organization and the Statistical
Package for the Social Sciences (SPSS) version 27.0. The data are presented as the mean + standard
deviation (SD). Differences between patients and control groups were assessed using Student’s t-test.



Osol Journal of Medical Sciences (OJMS) ISSN: 3005-9097

DOI: 10.69946/0jms/2026.04.01.01, pp(1-10)

The ANOVA test was utilized to compare multiple distinct groups in order to evaluate the differences
between the means of numerical data. P-values of <0.001 and <0.05 were deemed very significant
and significant, respectively.

3. Results

No significant differences were observed in age or body mass index (BMI) among the three study
groups. The mean age was (27.54 + 6.24) years in participants with G1 of METH use, (32.25 £3.97)
years in those with G2 of METH use, and (30.22 + 6.41) years in the control group G3. Similarly, the
mean BMI values were (23.43 + 2.81) kg/m?, (23.63 + 2.02) kg/m? and (22.96 + 2.40) kg/m? for G2,
G3, and control groups G3, respectively, as presented in Table 1.

Table 1: Demographic characteristics of the participants

Variable Control (n = 36) Mean + 3-5 years (n=44) 6-8 years (n=36) p-value p-value
SD (G3) Mean £+ SD (G1) Mean + SD (G2) (G1) (G2)
Age (years) 30.22+£6.41 27.54 +6.24 32.2543.97 0.064 0.112
BMI (kg/m?) 22.96 +2.40 23.43+£2.81 23.63 £2.02 0.422 0.207

As shown in Table 2 and Figs. 1 and 2, CYP3A4 levels were significantly decreased in both G1
and G2 compared with the control group (p <0.0001), while MDA levels were significantly
increased (p < 0.0001). ALT and AST showed no significant changes in G1 but were significantly
elevated in G2 (p < 0.05). Total protein and albumin levels were significantly higher in both G1 and
G2 (p< 0.0001), whereas ALP and globulin increased significantly only in G2. ANOVA revealed
significant differences among the groups for most parameters, except for TSB.

Table 2: Mean= (S.D) value of the parameters of healthy controls and groups

Parmeter Control Gl Gl G2 G2 ANOVA
Mean+ (S.D) Mean# (S.D) p-value Mean# (S.D) p-value

CYP3A4 (pg/mL) 1531+461.7 486.47+176.27 | <0.0001** | 486.53+187.36 | <0.0001** | <0.0001**

MDA (ng/mL) 21.92+1.51 26.78+2.636 | <0.0001** 29.05+2.53 <0.0001** | <0.0001**
ALT (U/L) 29.1348.71 29.7549.98 0.77 36.4+14.5 0.01* 0.036*
AST (U/L) 23.166+8.32 24.13+10.03 0.63 30.5+14.4 0.01* 0.038*

AST/ALT 0.821+0.27 0.970+0.665 0.18 0.866+0.30 0.518 <0.0001**
TSB (mg/dL) 0.841+0.19 0.816+0.25 0.61 0.899+0.43 0.371 0.253
ALP (U/L) 81.27+14.29 79.5+22.22 0.66 97.72+33.43 0.009* 0.015%*

Total protein (g/dL) 6.702+0.36 7.45+0.79 <0.0001** 7.51+0.85 <0.0001** | <0.0001**

Albumin(g/dl) 3.84+0.23 4.48+0.47 <0.0001** 4.30+0.55 <0.0001** | <0.0001**
Globulin (g/dl) 2.85+0.18 2.97+0.77 0.33 3.21+0.68 0.003* 0.025%*
A/G 1.35+0.08 1.64+0.56 0.001* 1.399+0.33 0.409 0.003*

*P <0.05 is considered significant.
** P <0.001 is highly significant
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Fig. 1 Serum marker levels between the control and G1 groups.

Fig. 2 Serum marker levels between the control and G2 groups
4. Discussion

The present study evaluated CYP3A4 suppression and MDA elevation levels as early predictive
biomarkers of methamphetamine-induced hepatic impairment, in conjunction with alterations in
conventional liver function tests, providing novel insight into the subclinical progression of METH-
related hepatotoxicity.

No significant differences in age or BMI were observed among the three groups. This suggests
that baseline demographic characteristics were comparable, indicating that these variables did not
confound or influence the studied biochemical markers [19], [20].
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Serum CYP3A4 levels were markedly reduced in both METH user groups compared with
controls. However, no significant difference was observed between the short-term (3-5 years) and
long-term (6-8 years) METH use groups, indicating that the inhibitory effect of METH on CYP3A4
reaches a plateau after prolonged exposure. This trend indicates that the majority of enzyme
inhibition takes place within the first few years of use, which is followed by stabilization. Early loss
of the hepatic metabolic function was reported for CYP3A4, a key enzyme responsible for the
metabolism of nearly 50%of clinically administered drugs [21]. The down-regulation in expression
of the enzyme as detected would imply that prolonged METH exposure may progressively weaken
the hepatic enzymatic defense against xenobiotics, thereby predisposing it to drug sequestration,
toxicity, and overall metabolism dysfunction. The hepatic microsomal CYP3A4 isoform, which is
the most abundant of the cytochrome P450 isoforms in the liver, was significantly lower in users,
probably due to mechanisms associated with oxidative stress. ROS are capable of damaging the
endoplasmic reticulum in hepatocytes and depleting ATP, which leads to impairment of CYP3A4
synthesis. CYP3A4, moreover, can also be reversibly inhibited by reactive metabolites [22].

Chronic METH use demonstrates the extent of oxidative damage, reflecting significantly higher
MDA levels in response to chronic methamphetamine use. MDA levels augmented and gradually
increased in both MSG groups, but significantly increased in the long-term use group and were
lowest in controls [23]. This pattern reflects the extent of lipid peroxidation and degradation of
hepatocyte membrane integrity in prolonged METH exposure. The gradual increase in MDA levels
generates robust evidence that METH induces oxidative stress in a time-related manner,
overwhelming the cellular antioxidative defense system and provoking progressive hepatic damage.
These findings underscore the importance of assessing lipid peroxidation in drug-induced
hepatotoxicity research, and indicate that MDA may be an applicable biomarker of oxidative injury
in METH abusers [24], [25].

The results of this study are in agreement with Dic-Ijiewere and Osadolor (2023), who reported a
significantly elevated MDA level decrease in hepatic CYP3A4 enzyme when alcohol is concurrently
used with tramadol, which indicates that oxidative stress plays a critical role in drug-induced
hepatotoxicity. These increased MDA and decreased CYP3A4 phenomena are consistent with what
was seen in long-term methamphetamine users, suggesting common liver metabolic-oxidative
toxicity between some hepatotoxins [26].

In contrast, both user groups levels of albumin and total protein were noticeably higher than those
of the control group. Although a mild albumin increase may initially reflect adaptive hepatic
responses, chronic elevation could indicate dehydration or altered protein turnover. On the other
hand, a significant rise in globulin levels and the altered A/G ratio observed particularly in the 68
year group may indicate immune activation secondary to oxidative stress and hepatic inflammation
[27], [28]

Regarding liver function parameters, ALT, AST and ALP were significantly increased only for
the longer exposure (6—8 years) but kept within the reference limits. These results also indicate a
hepatic injury beginning in infancy. Only marginally elevated transaminase levels have been found,
in line with the described direct hepatocellular and cytotoxic effect of METH itself [29] and toxicity
due to METABs-induced mitochondrial injury.



Osol Journal of Medical Sciences (OJMS) ISSN: 3005-9097
DOI: 10.69946/0jms/2026.04.01.01, pp(1-10)

Also, Merino de Paz et al. [30] reported that, while classical serum liver enzymes ALT, AST and
ALP remained around the normal values, MDA in blood was significantly elevated among IBD
patients. They conclude that oxidative stress (as depicted by levels of MDA) is more related to
subclinical liver abnormalities and modifications of lipids than the changes in traditional liver
function tests.

Our finding is related to this, as the MDA activity as an oxidative and metabolic indicator could
reflect incipient hepatic injury in its early stage before any detectable changes can be seen by LFTs.
This difference illustrates that clinical normality does not equal statistical significance, even when
the levels remain in the reference range. The middle of the range marks the mean and a statistically
significant upward deviation from midrange signifies that there is some subclinical dysfunction [30].

Yadav et al. [31], demonstrated that the CYP3A4 enzyme exhibits a time-dependent inactivation
mechanism upon exposure to inhibitory compounds, contributing to one of the key pharmacokinetic
changes and characteristic interactions. Human liver microsomes (HLMs) have been approved for
use, where the enzyme was transfected with several inhibitors, such as troleandomycin,
erythromycin, verapamil, and diltiazem, for short periods (up to 60 minutes). However, in a broad
reversible study, the numerical model clearly indicates that activation uses a dynamically distinct
mechanism, characterized by rapid retraction and a low level of non-contact in the enzyme.

The creation of this pattern has been explained by the use of complexes established between the
enzyme and metabolic intermediate complexes that enable it to participate partially, in addition to
oxidative compensation that changes the protein structure of the enzyme, making the restart process
in liver cells limited but continuous, at the beginning of a marathon with the enzyme plateau phase
[31].

In comparison with our findings, the early decline and subsequent stabilization of CYP3A4 levels
in methamphetamine users is entirely consistent with this model of temporal inhibition. Chronic use
appears to induce a strong and irreversible initial inhibition of the enzyme, followed by a
stabilization phase resulting from a balance between oxidative damage and enzyme resynthesis. Our
study's early observation of a decline in CYP3A4 activity reflects the TDI mechanism described by
Yadav et al., supporting the hypothesis that metabolic damage starts early and levels become stable
at a low enzyme activity despite prolonged exposure. Usually, abnormalities in LFTs appear after a
longer length of time, but this metabolic decrease becomes apparent earlier [31].

In conclusion, the results indicate long-term methamphetamine users eventually develop a
dysfunction of functional liver enzymes despite values remaining within reference ranges. It should
be emphasized that this significant increase is indicative of the beginning of subclinical functional
impairment. The study also stresses that CYP3A4 and MDA display early metabolic and oxidative
changes, which are much prior to any obvious alterations in routine liver functional tests, thereby
being of remarkable value to be used as early metabolic assay for diagnosis of the liver injury at its
progressive phase (especially among chronic users). This underscores the importance of these lines
in early detection and prevention of meth-induced hepatotoxicity. Extensive studies have focused on
uncovering mechanisms involved in meth metabolism.
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5. Recommendations

CYP3A4 and MDA are proposed as early markers for the detection of meth-induced hepatic injury
because they reflect functional disturbances before conventional liver enzyme changes. In chronic
users, it would be more preferable for them to be included in standard screening to stage
hepatotoxicity early. The incorporation of both of these markers in treatment and prevention follow-
up protocols is also suggested so that drug therapy can be adapted and targeted toward decreasing
hepatic oxidative stress.
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