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Abstract

Lisdexamfetamine dimesylate (LDX) is a psychostimulant, that has been widely recommended in recent years for the treat-
ment of Attention-Deficit/Hyperactivity Disorder. The present study aims to evaluate the effects of LDX administration
on the hepatic morphophysiology of pubertal Wistar rats, since the liver plays a central role in systemic metabolism. Male
Wistar rats were randomly distributed into two experimental groups: LDX group (LDX) — received 11.3 mg/kg/day of LDX
diluted in tap water; and the Control group (C) — received tap water only. Animals were treated by gavage during puberty,
from postnatal day (PND) 25 to PND 65. The results showed that administration of LDX decreased white adipose tissue
weight without altering overall body weight gain. Plasma biochemical analysis demonstrated an increase in plasma total
cholesterol and in the concentration of hepatic transaminases in LDX rats. In addition, LDX animals exhibited an increase in
N-acetyl-B-D-glucosaminidase activity, indirectly indicating macrophage recruitment to the liver. This study shows that daily
exposure to LDX during puberty causes early liver inflammation and damage due, in part, to increased hepatic transaminases
and associated with indirect signs of macrophage recruitment. This finding highlights the importance of monitoring the
indiscriminate use of amphetamines and alerting patients to possible liver disorders.
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Introduction

Amphetamine, a synthetic central nervous system stimulant,
has been commercially available since the 1930s (Heal et al.
2013). Its primary mechanism of action involves the inhibi-
tion of dopamine and norepinephrine transporters, leading to
elevated levels of these catecholamines within the synaptic
cleft (Faraone 2018). Physiologically, dopamine facilitates
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and impulsivity (American Psychiatric Association, 2013).
The estimated worldwide prevalence of ADHD in children
and adolescents is 5.29%, with a higher incidence in men
(Polanczyk et al. 2007).

One of the amphetamines widely recommended to treat
ADHD is lisdexamfetamine dimesylate (LDX), an inactive
prodrug of dextroamphetamine (D-AMPH) (Comiran et al.
2016). According to Goodman (2010), LDX is the first long-
acting psychostimulant prodrug intended for the treatment
of ADHD, consisting of a D-AMPH molecule covalently
linked to the essential amino acid L-lysine. LDX is mainly
sold in capsules, meaning its primary route of administration
is oral (Steer et al. 2012; Ermer et al. 2016). This drug is
mainly absorbed via peptide transporter 1 (PEPT1) (Ermer
et al. 2012), which is abundantly expressed in the gut (Vien-
nois et al. 2018). Upon absorption, LDX reaches the portal
bloodstream, where it is quickly enzymatically hydrolyzed
(Ermer et al. 2016). This metabolism occurs in plasma and
is carried out in the cytosol of erythrocytes by an unknown
aminopeptidase (Sharman and Pennick 2014). Najib et al.
(2020) reported that D-AMPH crosses the blood—brain
barrier, reaching the central nervous system, and acts by
increasing noradrenergic and dopaminergic neurotransmis-
sion. Its metabolites are subsequently eliminated by renal
excretion (Krishnan et al. 2008).

There is substantial clinical and experimental evidence
(Montiel-Duarte et al. 2002; El-Tawil et al. 2011; Dias Da
Silva et al. 2013) as well as case reports (Hood and Nowicki
2010; Vanga et al. 2013) demonstrating hepatotoxicity
caused by exposure to amphetamines in general; however,
there is little information about LDX at this dosage. It is
noteworthy that although LDX is used during the develop-
mental phase in humans, there are no studies on LDX hepa-
totoxicity during this phase, i.e., puberty. Thus, as LDX is
a relatively new drug and has a different pharmacological
profile compared to other amphetamines (Heal et al. 2013),
an extensive evaluation of its toxicological profile of LDX
is necessary in different organs and tissues, to assess pos-
sible alterations in inflammatory parameters, oxidative status
and morphological parameters. Based on this context and an
extensive review of the current scientific literature, the aim
of the present study was to evaluate whether the administra-
tion of LDX causes damage to the liver morphophysiology
of pubertal Wistar rats.

Material and methods
Animals and experimental conditions
Twenty male Wistar rats, aged postnatal day 22 (PND

22), were obtained from the Central Animal House of the
Londrina State University (CCB—UEL), Paran4, Brazil.
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These animals were acclimated to the new environment
(at the Animal House of the Laboratory of Toxicology
and Metabolic Dysfunction of Reproduction) for 3 days
before the beginning of the experiment. During the experi-
mental period (PND 25 to 65), the rats were housed in
polypropylene cages (5 rats per cage) with laboratory-
grade pine shavings as bedding. The animals were kept
under controlled light conditions (12 h light/dark cycle,
with lights on at 07:00 am), maintained at a constant tem-
perature (23 +2 °C), and had access to standard commer-
cial laboratory chow and tap water ad libitum throughout
the experimental period. The body weight of all rats was
measured three times a week and expressed in grams (g).
All animal care and handling procedures were conducted
in accordance with Brazilian National Council for the
Control of Animal Experimentation (CONCEA) guide-
lines and Brazilian legislation (No. 11,794/2008). The
research was approved by the Ethics Committee on Animal
Use of Londrina State University (OF. CIRC. CEUA N°
82/2019 and addendum OF. CIRC. CEUA N° 004/2021).
All experimental procedures were performed by the same
evaluators.

LDX exposure and experimental design

The animals were randomly assigned to two experimental
groups of 10 animals each: control (C) and lisdexamfe-
tamine (LDX). The animals in the LDX group received
lisdexamfetamine dimesylate by gavage of 11.3 mg/kg
b.w. (body weight) diluted in tap water. The calculation
was performed using the conversion of animal doses (rat)
to human-equivalent doses based on body surface area
(Food and Drug Administration 2013). This dose was
selected considering that it is equivalent to administer-
ing a 70 mg capsule of the drug and corresponds to 1.13%
of the oral LD50 for rats (oral LD50 for rats > 1000 mg/
kg) (Krishnan and Montcrief 2007). The control group
received only the vehicle (tap water). All groups were
treated daily, by oral gavage, for 40 consecutive days
(between PND 25 and 65). This period corresponds to
the juvenile and peripubertal phase of Wistar rats (Ojeda
et al. 1980), which is a similar life stage to that recom-
mended for human use of LDX, in childhood and puberty
(Najib et al. 2020).

Preparation of lisdexamfetamine dimesylate
solution

Lisdexamfetamine dimesylate (Venvanse®, Patheon Phar-
maceuticals Inc., Ohio, USA) was diluted daily in the cor-
responding volume of tap water.



Naunyn-Schmiedeberg's Archives of Pharmacology

Blood and liver collection

On the 40th day of the experiment (PND 65), rats were sub-
jected to an overnight fast with free access to water. Blood
glucose levels were determined from a tail vein blood drop
using Accu-Chek Active strips (Ref. 07124112001. Roche,
Taquara, RJ, Brazil).

On PND 66, the rats were intraperitoneally anesthetized
with a combination of ketamine 75 mg/kg b.w. (Sedomin®
10%, Avellaneda, Argentina) and xylazine 10 mg/kg b.w.
(Anasedan®, Paulinia, Brazil), weighed and euthanized by
inferior vena cava puncture. Blood samples were collected in
the presence of heparin (Hemofol®, Sao Paulo, Brazil) and
plasma was stored at — 20 °C for determination of plasma
aspartate aminotransferase (AST), alanine aminotransferase
(ALT), cholesterol, triglycerides, and free fatty acid concen-
trations (n = 10 rats per group).

The liver and white adipose tissue (retroperitoneal, per-
igonadal, and perirenal) were removed, and their absolute
and relative weights were determined (n =10 per group).
Relative weight was calculated as the ratio of organ weight
to animal body weight multiplied by 100.

The largest lobe of the liver (large right middle lobe) was
selected and divided into 4 parts for each analysis: histologi-
cal and histochemical analysis (n =6 per group); inflamma-
tory profile (n=10 per group); gene expression (n=35 per
group); and redox balance status assay (n= 10 per group).

Biochemical analyses

Plasma levels of total cholesterol, triglycerides, and hepatic
transaminases (AST and ALT) were measured using com-
mercially available kits (Laborclin and Labtest Diagndstica
SA, Brazil, respectively) according to the manufacturers’
instructions. Plasma free fatty acid concentrations were
determined spectrophotometrically at 550 nm, following
the extraction and quantification protocols described by de
Souza et al. (2019). All samples were measured in duplicate.

Processing and morphometric and histological
evaluation

Liver samples were fixed in aqueous Bouin for 48 h. The
samples were dehydrated through graded ethanol baths to
ensure complete removal of water and prevent tissue shrink-
age (started with 70% ethanol for 30 min, followed by three
baths of 95% ethanol, 30 min each, and then three consecu-
tive baths of 100% ethanol, 30 min each), and subsequently
cleared in four xylene baths, 30 min each. Samples were
then infiltrated with molten paraffin through four consecu-
tive paraffin baths, 30 min each. After infiltration, tissues
were embedded in paraffin using molds and allowed to cool
completely.

The samples were sectioned at 7 pm (2 non-serial sections
per animal). The thickness used here (7 um), optimized for
collagen polarization analysis, may differ from the stand-
ard 3—4 um used for routine morphological evaluation. The
sections were stained with hematoxylin and eosin (HE) and
evaluated in a Moticam® image capture system coupled to
a photomicroscope (Motic, Xiamen, China) and analyzed
using Motic Image Plus 3.0® software.

H&E staining was performed to evaluate hepatic mor-
phology in all samples. Paraffin sections were deparaffinized
in two xylene baths, 10 min each, followed by rehydration in
100%, 95%, and 70% ethanol (5 min each) and distilled water
(5 min). Slides were stained with hematoxylin for 1 min and
washed in running tap water for 5 min. Sections were then
counterstained with eosin for 2 min and briefly rinsed in
distilled water, followed by rapid passages through 70% and
95% ethanol. Dehydration continued in 95% ethanol (5 min)
and two baths of 100% ethanol (10 min each). Slides were
cleared in alcohol—xylene (1:1, 10 min) and 2 xylene baths
(10 min each), then mounted with Canada balsam.

For measurement of morphometric parameters, 20 photo-
micrographs of each animal were obtained at 400 X magnifi-
cation: 10 images of the portal regions and 10 of the central
regions. The average diameter of the portal vein, hepatic
artery, bile duct, and central vein was measured. In each
image, the diameter of 5 sinusoids next to the veins was also
measured, as well as the count of leukocytes adhered to the
vessel lumen.

Interpretation of the histological alterations was based
on previous studies (Samelo et al. 2020; Kaya Tektemur
et al. 2021). The following parameters of liver damage were
evaluated: necrosis, hydropic degeneration, foci of defense
cells, steatosis, vascular congestion, and sinusoidal conges-
tion. The frequency of each parameter of liver injury was
observed and scored as absent (0), mild (1), moderate (2),
and severe (3).

Histochemical analyses
Azan Heidenhain trichrome stain

The slides (with 2 non-serial sections per animal) were first
deparaffinized in two baths of xylene (5-7 min), rehydrated
through graded ethanol solutions (100%, 90%, 70%) (5 min
each) and rapidly rinsed in distilled water. The dye used was
Azo-Carmin G (20 min), washed thoroughly, and destained
in 70% ethanol (5 min). After rinsing, sections were incu-
bated in phosphotungstic acid as a catalyst (25 min), washed
again, and stained with Aniline blue for 20 min. Excess stain
was removed with distilled water, and sections were dehy-
drated through 70%, 90%, and 100% ethanol (5 min each),
and cleared in two baths of xylene (5 min each).
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Using the Moticam® image capture system coupled to
a photomicroscope (Motic, Xiamen, China), at 400 X mag-
nification, 5 images from each region (central and portal)
were captured per animal. Using Image-Pro PLUS® soft-
ware version 4.5, the blue pixels, which indicate collagen
in each image were quantified (Taatjes et al. 2019; Honério
da Silva et al. 2024). The data were compared to define the
distribution of these tissue components between the regions
of the groups.

The regions close to the vessels were chosen for evalua-
tion in the histochemical analyses, because of the hemody-
namic and functional scheme of the liver. As there is a dif-
ference in the blood that leaves the portal triad and reaches
the central vein, the functions of hepatocytes will also differ
according to their location in the hepatic lobe (Trefts et al.
2017; Freitas-Lopes et al. 2017). For this reason, the lobe is
divided into 3 metabolic zones (Grijalva and Vakili 2013).

Picrosirius-polarization method

Picrosirius red is a histochemical technique used to differ-
entiate between mature (type I) and newly synthesized (type
III) collagen fibers when observed under polarized light,
making it possible to determine the percentage of each type
of collagen in tissues (Charan Gowda et al. 2017). In short,
the slides (with 2 non-serial sections per animal) were depar-
affinized in two baths of xylene (10 min each) and rehydrated
through 100%, 95%, 70%, and 80% ethanol (5 min each), fol-
lowed by distilled water (5 min). Samples were immersed
in Picrosirius solution (0.2 g of Sirius red in 200 mL of
saturated picric acid) for 1 h and rinsed in distilled water and
running water for 5 min. Slides were then dehydrated in 90%
ethanol, 100% ethanol, alcohol-xylene (1:1) (5 min each),
and four xylene baths (10 min each). Using the Moticam®
image capture system coupled to a polarized light micro-
scope (Motic® BA410), at 400 X magnification, 5 images
from each region (central and portal) were captured per ani-
mal. Image-Pro PLUS® software version 4.5 was used to
quantify the red pixels for type I collagen fibers and green
pixels for type III collagen fibers (Pupim et al. 2017). The
data were compared to define the distribution of these tissue
components between the regions of the groups.

Toluidine blue stain

This stain is mainly used to stain the metachromatic gran-
ules of mast cells and thus enables the quantification of the
mast cells in tissues (Ribatti 2018). The tissue sections were
stained with 1% toluidine blue to identify mast cells, which
were classified with the aid of a light microscope into intact
and degranulated forms. The analysis of the count of these
cells was performed by analyzing the entire length of the
sections. (2 non-serial sections per animal) using a light
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microscope and quantifying and classifying each observed
mast cell (Paula Franco Punhagui et al. 2016).

Inflammatory profile
Myeloperoxidase activity

Myeloperoxidase (MPO) activity is a method of indirect
assessment of neutrophil recruitment, since MPO is an
abundant enzyme in the azurophilic granules of neutrophils.
This assay was performed as previously described by Ferraz
et al. (2021). Liver samples of approximately 100 mg were
removed and stored in a cryotube with 200 uL. of 50 mM
K,PO, buffer solution (pH 6.0), composed of hexadecyl-
trimethylammonium bromide (HTAB; 0.5%), at— 80 °C.
On the day of the assay, these samples were homogenized
on ice using a Tissue-Tearor (Biospec®). Subsequently, the
homogenates were centrifuged (600 g, 2 min, 4 °C), and the
resulting supernatants (15 uL) were blended with 200 pL of
50 mM K,PO, buffer, pH 6.0, containing 0.167 mg/mL of
o-dianisidine dihydrochloride and 0.015% hydrogen perox-
ide. The absorbance of MPO activity was determined spec-
trophotometrically at 450 nm (Multiskan GO Microplate,
Thermo Fischer Scientific, Vantaa, Finland). The results of
the MPO activity assay are expressed as the number of neu-
trophils per mg of protein using a neutrophil standard curve
(196—400,000 neutrophils).

N-acetyl-B-D-glucosaminidase activity

N-acetyl-p-D-glucosaminidase (NAG) activity is a col-
orimetric method to assess macrophage recruitment. This
assay was performed as previously described by Ferraz
et al. (2021). Firstly, 10 uL of the supernatant obtained from
the MPO activity procedure was separated and added to a
96-well plate, followed by the addition of 40 uL. of 50 mM
phosphate buffer, pH 6.0. The reaction was initiated by the
addition of 2.24 mM 4-nitrophenyl NAG. The plate was
incubated at 37 °C for 10 min, and the reaction was stopped
by the addition of 100 pL of 0.2 M glycine buffer, pH 10.6.
NAG enzymatic activity was determined spectrophotometri-
cally at 400 nm (Multiskan GO Microplate, Thermo Fischer
Scientific, Vantaa, Finland). The results of the NAG activity
are expressed as the number of macrophages per mg of pro-
tein using a standard curve of macrophages (196-400,000
macrophages).

Oxidative status assay

Liver samples were homogenized in PBS (pH 7.4) using an
Ultra-turrax (IKA Works, Wilmington, USA), and centri-
fuged (500 g, 10 min). The supernatant was used to deter-
mine the protein concentration by the Bradford method
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(Bradford 1976), and all samples were subsequently nor-
malized to 1 mg/mL protein. Lipid peroxidation was meas-
ured by measuring thiobarbituric acid reactive substances
(TBARS), expressed as malondialdehyde (MDA) equiva-
lents (Buege and Aust 1978). Catalase (CAT) activity was
determined by monitoring H,0, consumption at 240 nm
(Aebi 1984). Glutathione S-transferase (GST) activity was
assessed by measuring the conjugation of GSH with CDNB
at 340 nm (Keen et al. 1976). Reduced glutathione (GSH)
levels were quantified using the enzymatic recycling method
with CDNB at 412 nm (Rahman et al. 2006). Superoxide
dismutase (SOD) activity was evaluated by the inhibition of
nitroblue tetrazolium (NBT) reduction at 560 nm (Senthil-
kumar et al. 2021). All biochemical oxidative assays were
adapted for microplate reading, measured in duplicate, and
corrected for protein content (Honério da Silva et al. 2024).

RNA extraction, cDNA synthesis and RT-qPCR

Total RNA was isolated from the liver samples using TRIzol
reagent (Cat. 15,596,018, Invitrogen, Waltham, MA, USA)
according to the manufacturer’s instructions. cDNA was syn-
thesized from 2000 ng of RNA using the M-MLV Reverse
Transcriptase System (Promega, USA). The qPCR reaction
was performed with 0.5 puL (500 nM) of the forward primer,
0.5 uL (500 nM) of the reverse primer, 1 pL of purified
water, 5 uL. of SYBR Green Master Mix (Cat. 4,309,155,
Applied Biosystems, Waltham, MA, USA), and 4 uL of the
previously diluted cDNA. All reactions were performed on
the QuantStudio 12 K Flex Real-Time PCR System device
(Applied Biosystems, USA). All samples were analyzed in
technical triplicates, and the GAPDH gene was chosen as
housekeeping. Quantification was performed by the 2744CT
method. We used the following primer sequences: Gapdh (F:
AGGTCGGTCTGAACGGATTTG; R: TGTAGACCATGT
AGTTGAGGTCA); Cd206 (F: TCTGTGCCTATCTCTCCA
ACCA; R: CGACTTCAATTTCATAAGGGCATA); 1110 (F:
CCAAGCCTTGTCAGAAATGATCA; R: CAGCTTCTC

TCCCAGGGAATTC); Tnf-a (F: CAGACCCTCACACTC
AGATCA; R: CTCCGCTTGGTGGTTTGCTA); and Tgf-$
(F: AACTATTCGTTCAGCTCCACAGAGA; R: AAGTTG
GCATGGTAGCCCTT).

Statistical analysis

A formal a priori power analysis was not performed. Sam-
ple sizes were determined based on previous studies using
similar experimental designs and were considered sufficient
to detect biologically relevant differences in the evaluated
outcomes.

The parameters were submitted to the Shapiro—Wilk test
to verify the normal distribution of the data and classify
them into parametric and non-parametric data. The homo-
geneity of the variance between the groups was assessed by
the Levene test. Comparisons of data between two groups
were performed using the unpaired two-tailed Student’s
t-test or the Mann—Whitney test. Data are presented as
mean + S.E.M. (standard error of the mean), with P <0.05
was considered statistically significant. The statistical analy-
ses and graph design for the results were performed using
GraphPad Prism for Windows version 8.2.1 (San Diego, CA,
USA).

Results
Body and organ weights

The body weight (gain, initial, and final) and relative and
absolute organ weights (liver and white adipose tissue) are
shown in Table 1. There were no significant differences
between groups for body weight parameters. However, a
reduction was observed in the weight of the white adipose
tissue (absolute and relative weight) in animals in the LDX
group compared with the Control group.

Table 1 Body and organ weight

Parameters Control group (C) LDX group (LDX) P value
Absolute weight (g)
Initial 61.6+1.1 62.9+1.7 0.5361
Final 272.0+4.9 256.0+8.4 0.1204
Weight gain 211.0+4.2 193.0+7.1 0.0531
Liver 8.81+0.31 7.96+0.44 0.1306
White adipose tissue 4.53+0.34 3.33+0.36 0.0254*
Relative weight (/100 g)
Liver 3.23+0.07 3.09+0.09 0.2242
White adipose tissue 1.65+0.10 1.27+0.10 0.0189*

Values are mean+S.E.M. (n=10 per group). Unpaired Student’s #-test. Asterisks indicate statistically sig-
nificant differences compared to the Control group. *p <0.05
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Assessment of liver injury and lipid metabolism

Plasma concentrations of ALT and AST, which are mark-
ers of liver injury, increased in animals that received LDX
compared to the Control group (Fig. 1a and b).

In the assessment of lipid metabolism, no significant differ-
ences were observed in the plasma concentration of triglycer-
ides (Fig. 1d), free fatty acids (Fig. le), and glycemia (Fig. 1f).
However, the plasma concentration of total cholesterol was
significantly higher in the animals that received LDX (Fig. 1c).

Morphometric and histopathological analyses
of the liver

Morphometric analysis (Table 2) showed that the dose of LDX
used did not change the mean diameter of the main hepatic
structures, which are the central vein, portal vein, hepatic artery,
and bile duct. The average diameter of the sinusoid lumen near
the main vessels was also not significantly different.

Histopathological analysis of the liver, as shown in
Fig. 2, showed that sinusoidal and vascular congestion, foci
of defense cells in the parenchyma, steatosis, and necrosis
were not observed in either group.

Fig. 1 Plasma levels of hepatic a
transaminases (a, b), total 50+
cholesterol (c¢), triglycerides *x
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Table 2 Liver morphometric analysis

Control group (C) LDX group (LDX) P value

Mean diameter (um)

Central vein ~ 50.6+2.9 56.4+2.6 0.1611
Lumen of 5.57+0.30 5.59+0.37 0.9689
sinusoids
near the
central vein
Portal vein 33.3+0.7 35.0+2.2 0.4610
Lumen of 3.76+0.24 3.73+0.31 0.9366
sinusoids
near the
portal vein
Hepatic artery 12.2+0.5 11.5+0.6 0.3913
Bile duct 14.8+1.0 15.0+0.7 0.9233

Values are mean+S.E.M. (n=6 per group). Unpaired Student’s -test.
Asterisks indicate statistically significant differences compared to the
Control group. p>0.05
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Fig.2 Photomicrograph of liver
section from Control group

(A, C) and LDX group (B, D).
H&E, scale bar=100 um (A,
B) and 10 um (C, D). Aster-
isks denote typical vascular
structures (e.g., central veins
and sinusoids), and arrows
indicate normal hepatocytes.
These features highlight the
preserved hepatic architecture
and the complete absence of
morphological alterations, such
as necrosis or steatosis, in both
groups

Liver inflammatory profile

With the toluidine blue technique, it was possible to count
the number of mast cells in the extent of the cut, and dif-
ferentiate them as intact or degranulated, but there was no
difference between the Control and LDX groups (Table 3).
Furthermore, in the HE stains, leukocytes adhered to the
main vessels were counted and also demonstrated no sig-
nificant difference between the groups (Table 3).

Figure 4 presents the results from the evaluation of MPO
and NAG activity. There was no significant difference
in MPO activity (Fig. 3a) between the LDX and Control
groups, however it is possible to observe that LDX increased
NAG activity in the liver (Fig. 3b). This indirectly indicates
an increase in the recruitment of macrophages, but not neu-
trophils, in the liver.

Corroborating these data, we evaluated the gene expres-
sion of TNF (Fig. 3c), IL-10 (Fig. 3d), CD206 (Fig. 3e), and
TGEF-p (Fig. 3f) by RT-qPCR. None of these genes showed
significantly altered expression in the LDX group when
compared to the Control group.

Hepatic oxidative status

LDX administration did not induce an increase in hepatic
lipid peroxidation when assessing MDA concentra-
tion (Fig. 4a). Furthermore, when evaluating antioxi-
dant enzymes, no significant differences were observed in

Table 3 Number of leukocytes adhered to the vessel lumen and mast
cell count per section

Control group LDX group P value
© (LDX)
Leukocytes adhered
Central vein  0.70%0.12 0.97+0.12 0.1449
Portal vein ~ 0.78+0.19 0.83+0.15 0.8398
Mast cells
Intact 1.17+0.48 1.17+0.31 >0.9999
Degranulated 1.17+0.31 0.50+0.22 0.1099
Total 1.17+£0.27 0.83+0.21 0.3387

Values are mean +S.E.M. (n=6 per group). Unpaired Student’s z-test.
Asterisks indicate statistically significant differences compared to the
Control group. p>0.05

CAT activity (Fig. 4b), GSH quantification (Fig. 4d), and
SOD activity (Fig. 4e) between groups. However, there was
areduction in GST activity in the LDX group compared with
the Control group (Fig. 4c).

Histochemical analyses
The percentage of total collagen (Fig. 5) and of the differ-
ent types of collagens (Fig. 6) evidenced that there were no

significant differences between the experimental groups for
these parameters.
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Fig.3 Hepatic inflammatory profile (a, b). Enzymatic activity of
Myeloperoxidase—MPO (a) and N-acetyl-B-D-glucosaminidase—
NAG (b). c—f. Gene expression analysis of Tnf-a (c), 1110 (d), Cd206
(e) and Tgf-p (f) by RT-qPCR, normalized to Gapdh. Data are

Discussion

In the present study, we showed that exposure to LDX during
the peripubertal period alters hepatic parameters in pubertal
male rats, and that immune and antioxidant systems may be
involved in modulating these effects.

Interestingly, it was demonstrated that LDX at the dose
used reduces white adipose tissue in male Wistar rats,
without significantly altering weight gain. Corroborat-
ing our findings, Krishnan and Montcrief (2007) reported
that after 28 days of oral LDX treatment (20 mg/kg/day),

@ Springer

mean=+S.E.M. (n=10 per group for a and b; n=5-4 per group for
c—f). Unpaired Student’s r-test. Asterisks indicate statistically signifi-
cant differences compared to the Control group. *p <0.05

Sprague—Dawley male rats aged approximately 7 weeks
showed minimal toxicological effects and no change in
body weight parameters. However, the same authors also
noted that rats receiving different doses of LDX (40 and
80 mg/kg/day) exhibited a reduction in mean body weight
and weight gain. In contrast, Ekstrand et al. (2019) observed
a significant decrease in mesenteric, renal, and epididymal
adiposity, along with a reduction in body weight in male
Long-Evans rats (approximately 5 weeks of age at the start
of the study) after 1.5 mg/kg LDX oral administration for
20 days and a further 9 days of withdrawal period. Together,



Naunyn-Schmiedeberg's Archives of Pharmacology

a b

T

(9]

800+

-
(o2}
J

200+

T

-
N
1

1504 600

- 100 400-

200+

©
PN
1

(42
o
1
Glutathione S-transferase

Malondialdehyde
(MDA, nmol.mg protein')
o
(o2
1
Catalase
(CAT, mM.min"".mg protein’™")
(GST, uM.min"".mg protein™)

o
)

T T

C LDX C LDX
Fig.4 Oxidative status assay in the liver. Malondialdehyde concen-
tration (a), Catalase (b), GST (c) and SOD activity (e), GSH quan-
tification (d). Data are mean+S.E.M. (n=10 per group of graphs a,

Fig.5 Photomicrographs of liver sections from the central region (a,
¢) and the portal region (b, d) staining total collagen in blue. (a and
b) Control group; (¢ and d) LDX group. Percentage of total collagen
in the central (e) and portal (f) regions. Azan Heidenhain trichrome

these data suggest that alterations in body parameters are
highly dependent on LDX dose and treatment duration. In
our model, a low dose (11.3 mg/kg) over approximately
5 weeks was sufficient to reduce adipose tissue without
restricting overall body weight in male rats.
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staining. Scale bar: 10 um. Data are mean=+ S.E.M. (n=6 per group).
Unpaired Student’s z-test. Asterisks indicate statistically significant
differences compared to the Control group. p > 0.05

Alongside the adipose tissue reduction, we observed an
increase in ALT and AST after LDX administration. The
plasma levels of these transaminases is a classic and reli-
able marker of liver injury (Sookoian and Pirola 2015), as
hepatocellular damage directly causes the leakage of these
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Fig.6 Collagen type I and III distribution in liver regions. Non-
polarized (a—d) and polarized (e-h) photomicrographs of liver sec-
tions from the central (a, b, e, f) and portal regions (c, d, g, h). (a, e,
¢, g) Control group; (b, f, d, h) LDX group. Picrosirius red staining.

intracellular molecules into the systemic circulation (Reich-
ling and Kaplan 1988; Kamiike et al. 1989). However, in the
present study, despite the increase in ALT and AST levels,
no morphological alterations were found in the liver. In this
context, the findings suggest that LDX exposure induces
early or subclinical liver injury, characterized by increased
membrane permeability or reversible cellular stress rather
than necrosis or tissue disorganization. This interpretation
is consistent with toxicological models in which biochemi-
cal markers and oxidative status precede histopathological
changes, particularly under conditions of mild or moderate
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exposure, or adaptation after exposure (Church and Watkins
2017; Ye et al. 2018; McGill and Jaeschke 2019).

When the liver is affected by disease or injury, lipid
metabolism can be altered (Liangpunsakul and Chalasani
2019; Willis et al. 2021). As the central organ regulating
lipid homeostasis, the liver plays a key role in cholesterol
metabolism (Wang et al. 2018), while white adipose tissue
serves as a major reservoir of free cholesterol, contribut-
ing to the balance between tissue storage and circulating
cholesterol levels (Krause and Hartman 1984; Zhang et al.
2019). Although we found a significant elevation in plasma
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total cholesterol following peripubertal LDX administra-
tion, the lack of a detailed systemic lipid profile is a limita-
tion of the present study. We did not quantitatively evalu-
ate specific circulating lipoprotein fractions (e.g., HDL,
LDL, and VLDL fractions). Because the liver governs cho-
lesterol homeostasis and lipoprotein assembly, identifying
which specific fraction drives this hypercholesterolemia is
essential to fully understand the metabolic impact of the
drug (Yamauchi et al. 2026). Future investigations evaluat-
ing these parameters may help clarify the metabolic impact
of LDX on hepatic function.

Furthermore, based on the inflammatory profile evalua-
tions, the increase in NAG activity indirectly indicated an
increase in macrophages in the liver after exposure to LDX.
Although macrophages are highly heterogeneous, they are
often broadly categorized into two main subsets, M1 and M2,
based on their inflammatory profiles (Shapouri-Moghaddam
et al. 2018). M1 macrophages are known to be pro-inflam-
matory (Bashir et al. 2016), and M2 macrophages are anti-
inflammatory, with pro-resolving characteristics, repairing or
healing wounds (Wang et al. 2019). Macrophages are essen-
tial for hepatic regeneration, as their depletion impairs tissue
remodeling and metabolic recovery following liver injury
(You et al. 2013; Miura et al. 2021). The predominance of
macrophage-associated activity, together with unchanged
neutrophil activity, is consistent with inflammation resolu-
tion or tissue adaptation (Medzhitov 2008; Zigmond et al.
2014), which may explain the increased NAG activity with-
out overt inflammatory activation.

Notably, the absence of changes in TNF-a, TGF-f,
IL-10 and CD206 expression suggests that macrophage
recruitment induced by LDX does not correspond to clas-
sical M1 or M2 polarization states. Increasing evidence
indicates that the M1/M2 dichotomy represents an over-
simplified model, as tissue macrophages frequently adopt
intermediate or homeostatic activation states depending on
local metabolic cues. In this context, macrophage accumu-
lation may reflect a surveillance or adaptive response to
mild hepatic stress rather than canonical inflammatory or
fibrogenic activation (Wen et al. 2021; Peng et al. 2025).

A limitation of the present study is that inflammatory
mediators were evaluated at the transcriptional level using
RT-qPCR, without confirmation at the protein level. Since
mRNA expression does not always correlate with pro-
tein abundance or biological activity, subtle changes in
cytokine signaling or macrophage functional states cannot
be completely excluded.

Liver injuries can cause redox imbalance, resulting in oxi-
dative stress (Zhu et al. 2012). Inflammatory response and
drug-induced toxicity are examples of increased production
of reactive oxygen species (ROS), since the liver has high
metabolic and detoxification activity (Andrade et al. 2015).

To date, no studies have evaluated the hepatic oxida-
tive status following continuous LDX exposure. However,
D-AMPH has been associated with hepatotoxic effects
(Carvalho et al. 2001a; El-Tawil et al. 2011). In the present
study, conventional oxidative damage markers were largely
unchanged, although GST activity was reduced, suggesting
an early impairment in detoxification capacity rather than
widespread oxidative injury (Faustino et al. 2011).

The mechanisms underlying LDX-induced hepatic alter-
ations may involve catecholamine-mediated toxicity and
mitochondrial dysfunction, processes previously associ-
ated with amphetamine exposure. LDX is metabolized to
D-AMPH, which increases catecholaminergic signaling
and may promote oxidative metabolism and ROS genera-
tion, particularly in highly metabolic organs such as the liver
(Carvalho et al. 1997, 2001b; El-Tawil et al. 2011). Excess
catecholamines may impair hepatic mitochondrial function
through monoamine oxidase—dependent oxidative metabo-
lism, promoting electron transport chain dysfunction and
increasing mitochondrial ROS production, ultimately lead-
ing to early disturbances in redox homeostasis and hepato-
cellular injury (Shehu et al. 2017; Lelou et al. 2022). In the
present study, the absence of consistent changes in classical
oxidative damage markers, together with reduced GST activ-
ity, suggests an initial impairment in detoxification capacity.
Additional analyses, including markers of protein and DNA
oxidation, lipid peroxidation products, and the evaluation
of mitochondrial-dependent antioxidant pathways, would
further clarify the redox mechanisms involved.

In summary, our data indicate that a long-term dose of
LDX induces early subclinical hepatic stress in pubertal rats,
as evidenced by increased ALT and AST levels. Concur-
rently, macrophages are recruited for silent tissue repair,
accompanied by reductions in adipose tissue weight without
significant changes in body weight gain. We conclude that
peripubertal LDX administration in male rats triggers early,
reversible hepatocellular stress and a subtle redox imbal-
ance, reinforcing the need for hepatic monitoring during
continuous psychostimulant use in pubertal age.

Acknowledgements The authors wish to thank all department techni-
cians for their technical assistance. The authors are grateful to CAPES—
PROEX (Coordinating Body for the Improvement of Postgraduate
Studies in Higher Education) for providing a Master’s scholarship to
JVHS. This paper represents part of the Master’s thesis of JVH da Silva
(Experimental pathology — State University of Londrina—Brazil) under
the supervision of GSAF. We also acknowledge the financial support
from the Government of the State of Parana, Parana Council of Sci-
ence and Technology, and State Secretariat for Science, Technology, and
Higher Education (budget allocation #4560.19.571.06.6153; eprotocol
21.234.745-0).

Author contributions JVHS: Conceptualization; Methodology;

Validation; Formal analysis; Investigation; Writing—Original Draft;
Visualization; Writing—Review & Editing. LCS: Investigation. RPE:

@ Springer



Naunyn-Schmiedeberg's Archives of Pharmacology

Methodology; Investigation. DPS: Conceptualization; Methodology;
Investigation. CRF, CFS: Investigation. LEDG: Investigation; Writ-
ing—Review & Editing. WAVIJ: Funding acquisition; Resources.
NOSC: Funding acquisition; Resources; Supervision. ETU: Resources.
FGA, GSAF: Conceptualization; Methodology; Validation; Resources;
Project administration; Funding acquisition; Writing—Review & Edit-
ing. All authors read and approved the manuscript. The authors declare
that all data were generated in-house and that no paper mill was used.

Funding The Article Processing Charge (APC) for the publication
of this research was funded by the Coordenagao de Aperfeicoamento
de Pessoal de Nivel Superior - Brasil (CAPES) (ROR identifier:
00xOma614). The authors are grateful to CAPES—PROEX (Coordi-
nating Body for the Improvement of Postgraduate Studies in Higher
Education) for providing a partial financial support (Finance Code
001). GSAF and WAV]J reports the research fellowship from CNPq
(National Council for Scientific and Technological Development)
(#313704/2021 and #309633/2021-4, respectively) and NOSC reports
a research fellowship from FAPESP (The Sao Paulo Research Founda-
tion) (17/05264-7).

Data availability The data that support the findings of this study are
available from the corresponding author, F.G.A., upon reasonable
request.

Declarations

Ethics approval This study was performed in accordance with the U.K.
Animals (Scientific Procedures) Act, 1986 and associated guidelines,
EU Directive 2010/63/EU for animal experiments, and the research was
approved by the Ethics Committee on Animal Use of Londrina State
University (OF. CIRC. CEUA N° 82/2019 and addendum OF. CIRC.
CEUA N° 004/2021).

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Aebi H (1984) Catalase in vitro. Methods Enzymol. 105(C):121-126.
https://doi.org/10.1016/S0076-6879(84)05016-3

American Psychiatric Association (2013) Diagnostic and statistical
manual of mental disorders (5th ed.)

Andrade K, Moura F, dos Santos J, de Aratjo O, de Farias Santos J,
Goulart M (2015) Oxidative stress and inflammation in hepatic
diseases: therapeutic possibilities of N-acetylcysteine. Int J Mol
Sci 16(12):30269-30308. https://doi.org/10.3390/ijms 161226225

Bashir S, Sharma Y, Elahi A, Khan F (2016) Macrophage polarization:
the link between inflammation and related diseases. Inflamm Res
65(1):1-11. https://doi.org/10.1007/s00011-015-0874-1

@ Springer

Bradford MM (1976) A rapid and sensitive method for the quantita-
tion of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal Biochem 72(1-2):248-254. https://doi.
org/10.1016/0003-2697(76)90527-3

Bradley C (1937) The behavior of children receiving benzedrine. Am
J Psychiatry 94(3):577-585. https://doi.org/10.1176/ajp.94.3.577

Carvalho F, Remiao F, Soares ME, Catarino R, Queiroz G, Bastos ML
(1997) d-Amphetamine-induced hepatotoxicity: possible contribu-
tion of catecholamines and hyperthermia to the effect studied in
isolated rat hepatocytes. Arch Toxicol 71(7):429-436. https://doi.
org/10.1007/3002040050407

Carvalho F, Duarte J, Neuparth M, Carmo H, Fernandes E, Remido F,
Bastos M (2001a) Hydrogen peroxide production in mouse tissues
after acute d -amphetamine administration. Influence of monoam-
ine oxidase inhibition. Arch Toxicol 75(8):465—469. https://doi.
org/10.1007/3002040100264

Carvalho F, Duarte J, Neuparth M, Carmo H, Fernandes E, Remido
F, Bastos M (2001b) Hydrogen peroxide production in mouse
tissues after acute d-amphetamine administration. Influence of
monoamine oxidase inhibition. Arch Toxicol 75(8):465-469.
https://doi.org/10.1007/s002040100264

Charan Gowda BK, Kokila G, Gopinathan PA, Praveen KS (2017)
Picrosirius red and polarization microscopy — a tool for gender
differentiation. J Clin Diagn Res 11(1):ZC107. https://doi.org/
10.7860/JCDR/2017/22863.9296

Church RJ, Watkins PB (2017) The transformation in biomarker
detection and management of drug-induced liver injury. Liver
Int 37(11):1582-1590. https://doi.org/10.1111/1iv.13441

Comiran E, Kessler FH, Froehlich PE, Limberger RP (2016) Lis-
dexamfetamine: a pharmacokinetic review. Eur J Pharm Sci
89:172-179. https://doi.org/10.1016/j.ejps.2016.04.026

Connolly JJ, Glessner JT, Kao C, Elia J, Hakonarson H (2015) Atten-
tion-deficit hyperactivity disorder and pharmacotherapy—past,
present, and future: a review of the changing landscape of drug
therapy. Ther Innov Regul Sci 49(5):632-642. https://doi.org/
10.1177/2168479015599811

de Souza CF, Stopa LRS, Santos GF, Takasumi LCN, Martins AB,
Garnica-Siqueira MC, Ferreira RN, de Andrade FG, Leite CM,
Zaia DAM et al (2019) Estradiol protects against ovariectomy-
induced susceptibility to the anabolic effects of glucocorticoids
in rats. Elsevier Inc. https://doi.org/10.1016/j.1fs.2018.12.037

Dias Da Silva D, Carmo H, Lynch A, Silva E (2013) An insight into
the hepatocellular death induced by amphetamines, individually
and in combination: the involvement of necrosis and apopto-
sis. Arch Toxicol 87(12):2165-2185. https://doi.org/10.1007/
$00204-013-1082-9

Dunn GA, Nigg JT, Sullivan EL (2019) Neuroinflammation as a
risk factor for attention deficit hyperactivity disorder. Pharma-
col Biochem Behav 182:22-34. https://doi.org/10.1016/j.pbb.
2019.05.005

Ekstrand E, Murphy HM, Wideman CH (2019) The effects of the
prodrug Vyvanse on spatial working memory and adiposity in
rats. Pharmacol Biochem Behav 186:172765. https://doi.org/10.
1016/j.pbb.2019.172765

El-Tawil OS, Abou-Hadeed AH, El-Bab MF, Shalaby AA (2011)
D-Amphetamine-induced cytotoxicity and oxidative stress
in isolated rat hepatocytes. Pathophysiology 18(4):279-285.
https://doi.org/10.1016/j.pathophys.2011.04.001

Ermer JC, Haffey MB, Doll WJ, Martin P, Sandefer EP, Dennis K,
Corcoran M, Trespidi L, Page RC (2012) Pharmacokinetics
of lisdexamfetamine dimesylate after targeted gastrointestinal
release or oral administration in healthy adults. Drug Metab
Dispos 40(2):290-297. https://doi.org/10.1124/dmd.111.040691

Ermer JC, Pennick M, Frick G (2016) Lisdexamfetamine dime-
sylate: prodrug delivery, amphetamine exposure and duration



Naunyn-Schmiedeberg's Archives of Pharmacology

of efficacy. Clin Drug Investig 36(5):341-356. https://doi.org/
10.1007/s40261-015-0354-y

Faraone SV (2018) The pharmacology of amphetamine and meth-
ylphenidate: relevance to the neurobiology of attention-deficit/
hyperactivity disorder and other psychiatric comorbidities. Neu-
rosci Biobehav Rev 87:255-270. https://doi.org/10.1016/j.neubi
orev.2018.02.001

Faraone SV, Asherson P, Banaschewski T, Biederman J, Buitelaar JK,
Ramos-Quiroga JA, Rohde LA, Sonuga-Barke EJS, Tannock R,
Franke B (2015) Attention-deficit/hyperactivity disorder. Nat Rev
Dis Primers 1(1):15020. https://doi.org/10.1038/nrdp.2015.20

Faustino LC, Pires RM, Lima AC, Cordeiro A, Souza LL, Ortiga-
Carvalho TM (2011) Liver glutathione S -transferase a expression
is decreased by 3,5,3'-triiodothyronine in hypothyroid but not in
euthyroid mice. Exp Physiol 96(8):790-800. https://doi.org/10.
1113/expphysiol.2011.058172

Ferraz CR, Manchope MF, Andrade KC, Saraiva-Santos T, Franciosi
A, Zaninelli TH, Bagatim-Souza J, Borghi SM, Candido DM,
Knysak I et al (2021) Peripheral mechanisms involved in Tityus
bahiensis venom-induced pain. Toxicon 200:3—12. https://doi.
org/10.1016/j.toxicon.2021.06.013

Freitas-Lopes M, Mafra K, David B, Carvalho-Gontijo R, Menezes G
(2017) Differential location and distribution of hepatic immune
cells. Cells 6(4):48. https://doi.org/10.3390/cells6040048

Food and Drug Administration (2005) Guidance for Industry: Esti-
mating the maximum safe starting dose in initial clinical trials
for therapeutics in adult healthy volunteers. U.S. Department
of Health and Human Servies, Center for Drug Evaluation and
Research (CDER). Rockville, MD.

Grijalva J, Vakili K (2013) Neonatal liver physiology. Semin Pedi-
atr Surg 22(4):185-189. https://doi.org/10.1053/j.sempedsurg.
2013.10.006

Heal DJ, Smith SL, Gosden J, Nutt DJ (2013) Amphetamine, past and
present — a pharmacological and clinical perspective. J Psychop-
harmacol 27(6):479-496. https://doi.org/10.1177/0269881113
482532

Honoério da Silva JV, Erthal RP, Vercellone IC, Dos SDP, Ferraz
CR, de Matos RLN, Gongalves LED, Bracarense APFRL, Verri
WA, Camara NOS et al (2024) Lisdexamfetamine dimesylate-
exposition in male rats during the peripubertal period impairs
inflammatory mechanisms, antioxidant activity, and apoptosis
process in kidneys of male pubertal rats. ] Biochem Mol Toxicol
38(8):e23781. https://doi.org/10.1002/jbt.23781

Hood B, Nowicki MJ (2010) Eosinophilic hepatitis in an adolescent
during lisdexamfetamine dimesylate treatment for ADHD. Pedi-
atrics. https://doi.org/10.1542/peds.2009-1835

Kamiike W, Fujikawa M, Koseki M, Sumimura J, Miyata M,
Kawashima Y, Wada H, Tagawa K (1989) Different patterns
of leakage of cytosolic and mitochondrial enzymes. Clin Chim
Acta 185(3):265-270. https://doi.org/10.1016/0009-8981(89)
90216-7

Kaya Tektemur N, Erdem Giizel E, Giill M, Tektemur A, Ozcan
Yildirim S, Kavak Balgetir M, Ozan Kocamiiftiioglu G, Yal¢in
T, Enver Ozan 1 (2021) The combination of N-acetylcysteine
and cyclosporin A reduces acetaminophen-induced hepatotoxic-
ity in mice. Ultrastruct Pathol 45(1):19-27. https://doi.org/10.
1080/01913123.2020.1850964

Keen JH, Habig WH, Jakoby WB (1976) Mechanism for the sev-
eral activities of the glutathione S-transferases. J Biol Chem
251(20):6183-6188. https://doi.org/10.1016/S0021-9258(20)
81842-0

Krause BR, Hartman AD (1984) Adipose tissue and cholesterol
metabolism. J Lipid Res 25(2):97-110

Krishnan S, Montcrief S (2007) Toxicity profile of lisdexamfetamine
dimesylate in three independent rat toxicology studies. Basic

Clin Pharmacol Toxicol 101(4):231-240. https://doi.org/10.
1111/j.1742-7843.2007.00093.x

Krishnan SM, Pennick M, Stark JG (2008) Metabolism, distribu-
tion and elimination of lisdexamfetamine dimesylate. Clin
Drug Investig 28(12):745-755. https://doi.org/10.2165/00440
11-200828120-00002

Lelou E, Corlu A, Nesseler N, Rauch C, Mallédant Y, Seguin P, Ani-
nat C (2022) The role of catecholamines in pathophysiological
liver processes. Cells. https://doi.org/10.3390/cells11061021

Liangpunsakul S, Chalasani N (2019) Lipid mediators of liver injury
in nonalcoholic fatty liver disease. American Journal of Physi-
ology-Gastrointestinal and Liver Physiology 316(1):G75-G81.
https://doi.org/10.1152/ajpgi.00170.2018

Goodman DW (2010) Lisdexamfetamine dimesylate (Vyvanse), a
prodrug stimulant for attention-deficit/hyperactivity disorder.
Pharm Ther 35(5):273-287

McGill MR, Jaeschke H (2019) Biomarkers of drug-induced liver
injury. Adv Pharmacol 85:221-239. https://doi.org/10.1016/bs.
apha.2019.02.001

Medzhitov R (2008) Origin and physiological roles of inflammation.
Nature 454(7203):428-435. https://doi.org/10.1038/nature07201

Buege JA, Aust SD (1978) Microsomal lipid peroxidation. 302-310.
https://doi.org/10.1016/S0076-6879(78)52032-6

Miura A, Hosono T, Seki T (2021) Macrophage potentiates the recovery
of liver zonation and metabolic function after acute liver injury.
Sci Rep 11(1):9730. https://doi.org/10.1038/s41598-021-88989-9

Montiel-Duarte C, Varela-Rey M, Osés-Prieto JA, Loépez-Zabalza MJ,
Beitia G, Cenarruzabeitia E, Iraburu MJ (2002) 3,4-Methylenedi-
oxymethamphetamine (“Ecstasy”) induces apoptosis of cultured
rat liver cells. Biochimica et Biophysica Acta (BBA) - Molecular
Basis of Disease 1588(1):26-32. https://doi.org/10.1016/S0925-
4439(02)00112-6

Najib J, Didenko E, Meleshkina D, Yusupov K, Maw K, Ramnarain
J, Tabassum M (2020) Review of lisdexamfetamine dimesylate
in children and adolescents with attention deficit/hyperactivity
disorder. Curr Med Res Opin 36(10):1717-1735. https://doi.org/
10.1080/03007995.2020.1815002

Ojeda SR, Andrews WW, Advis JP, White SS (1980) Recent advances
in the endocrinology of puberty. Endocr Rev 1(3):228-257.
https://doi.org/10.1210/edrv-1-3-228

Paula Franco Punhagui A, Rodrigues Vieira H, Eloisa Munhoz De Lion
Siervo G, da Rosa R, Scantamburlo Alves Fernandes G (2016)
Ethanol exposure during peripubertal period increases the mast
cell number and impairs meiotic and spermatic parameters in adult
male rats. Microsc Res Tech 79(6):541-549. https://doi.org/10.
1002/jemt.22664

Peng M, Li N, Wang H, Li Y, Liu H, Luo Y, Lang B, Zhang W, Li
S, Tian L, Liu B (2025) Macrophages: subtypes, distribution,
polarization, immunomodulatory functions, and therapeutics.
MedComm 6(8):e70304. https://doi.org/10.1002/mc02.70304

Polanczyk G, de Lima MS, Horta BL, Biederman J, Rohde LA (2007)
The worldwide prevalence of ADHD: a systematic review and
metaregression analysis. Am J Psychiatry 164(6):942-948. https://
doi.org/10.1176/ajp.2007.164.6.942

Pupim ACE, Campois TG, Aradjo EJdeA, Svidizinski TIE, Felipe I
(2017) Infection and tissue repair of experimental cutaneous can-
didiasis in diabetic mice. ] Med Microbiol 66(6):808-815. https://
doi.org/10.1099/jmm.0.000496

Rahman I, Kode A, Biswas SK (2006) Assay for quantitative determi-
nation of glutathione and glutathione disulfide levels using enzy-
matic recycling method. Nat Protoc 1(6):3159-3165. https://doi.
org/10.1038/nprot.2006.378

Reichling JJ, Kaplan MM (1988) Clinical use of serum enzymes in
liver disease. Dig Dis Sci 33(12):1601-1614. https://doi.org/10.
1007/BF01535953

@ Springer



Naunyn-Schmiedeberg's Archives of Pharmacology

Ribatti D (2018) The staining of mast cells: a historical overview. Int
Arch Allergy Immunol 176(1):55-60. https://doi.org/10.1159/
000487538

Samelo RR, Cunha de Medeiros P, Carvalho Cavalcante DN, Aranha
MLG, Duarte FA, Castro iB, Ribeiro DA, Perobelli JE (2020)
Low concentrations of sodium arsenite induce hepatotoxicity in
prepubertal male rats. Environ Toxicol 35(5):553-560. https://doi.
org/10.1002/tox.22890

Senthilkumar M, Amaresan N, Sankaranarayanan A (2021) Plant-
microbe interactions. Springer US, New York, NY. https://doi.
org/10.1007/978-1-0716-1080-0

Shapouri-Moghaddam A, Mohammadian S, Vazini H, Taghadosi
M, Esmaeili S, Mardani F, Seifi B, Mohammadi A, Afshari JT,
Sahebkar A (2018) Macrophage plasticity, polarization, and
function in health and disease. J Cell Physiol 233(9):6425-6440.
https://doi.org/10.1002/jcp.26429

Sharman J, Pennick M (2014). Neuropsychiatric Disease and Treatment
Dovepress Lisdexamfetamine Prodrug Activation by Peptidase-
Mediated Hydrolysis in the Cytosol of Red Blood Cells. https://
doi.org/10.2147/NDT.S70382

Shehu Al, Ma X, Venkataramanan R (2017) Mechanisms of drug-
induced hepatotoxicity. Clin Liver Dis 21(1):35-54. https://doi.
org/10.1016/j.c1d.2016.08.002

Sookoian S, Pirola CJ (2015) Liver enzymes, metabolomics and
genome-wide association studies: from systems biology to the
personalized medicine. World J Gastroenterol 21(3):711. https://
doi.org/10.3748/wjg.v21.i3.711

Steer C, Froelich J, Soutullo CA, Johnson M, Shaw M (2012) Lisdexa-
mfetamine dimesylate. CNS Drugs 26(8):691-705. https://doi.org/
10.2165/11634340-000000000-00000

Taatjes DJ, Bouffard NA, Barrow T, Devitt KA, Gardner J-A, Braet F
(2019) Quantitative pixel intensity- and color-based image analy-
sis on minimally compressed files: implications for whole-slide
imaging. Histochem Cell Biol 152(1):13-23. https://doi.org/10.
1007/500418-019-01783-7

Trefts E, Gannon M, Wasserman DH (2017) The liver. Curr Biol
27(21):R1147-R1151. https://doi.org/10.1016/j.cub.2017.09.019

Vanga RR, Bal B, Olden KW (2013) Adderall induced acute liver injury:
a rare case and review of the literature. Case Reports in Gastroin-
testinal Medicine 2013:1-3. https://doi.org/10.1155/2013/902892

Viennois E, Pujada A, Zen J, Merlin D (2018) Function, regulation, and
pathophysiological relevance of the POT superfamily, specifically
PepT1 in inflammatory bowel disease. Compr Physiol 731-760.
https://doi.org/10.1002/cphy.c170032

Wang Y, Ding W-X, Li T (2018) Cholesterol and bile acid-mediated
regulation of autophagy in fatty liver diseases and atherosclerosis.

@ Springer

Biochimica et Biophysica Acta (BBA) - Molecular and Cell Biology
of Lipids 1863(7):726-733. https://doi.org/10.1016/j.bbalip.2018.04.
005

Wang L, Zhang S, Wu H, Rong X, Guo J (2019) M2b macrophage
polarization and its roles in diseases. J Leukoc Biol 106(2):345—
358. https://doi.org/10.1002/JLB.3RU1018-378RR

Wen Y, Lambrecht J, Ju C, Tacke F (2021) Hepatic macrophages in
liver homeostasis and diseases-diversity, plasticity and therapeutic
opportunities. Cell Mol Immunol 18(1):45-56. https://doi.org/10.
1038/541423-020-00558-8

Willis SA, Bawden SJ, Malaikah S, Sargeant JA, Stensel DJ, Aithal GP,
King JA (2021) The role of hepatic lipid composition in obesity-
related metabolic disease. Liver Int 41(12):2819-2835. https://
doi.org/10.1111/1iv.15059

Yamauchi Y, Sharpe LJ, Brown AJ (2026) Balancing cholesterol
metabolism in the liver and gut: perspectives in health and dis-
ease. Nat Rev Gastroenterol Hepatol. https://doi.org/10.1038/
s41575-025-01168-3

Ye H, Nelson LJ, Gomez Del Moral M, Martinez-Naves E, Cubero FJ
(2018) Dissecting the molecular pathophysiology of drug-induced
liver injury. World J Gastroenterol 24(13):1373-1385. https://doi.
org/10.3748/wjg.v24.113.1373

You Q, Holt M, Yin H, Li G, Hu C-J, Ju C (2013) Role of hepatic
resident and infiltrating macrophages in liver repair after acute
injury. Biochem Pharmacol 86(6):836-843. https://doi.org/10.
1016/j.bcp.2013.07.006

Zhang T, Chen J, Tang X, Luo Q, Xu D, Yu B (2019) Interaction
between adipocytes and high-density lipoprotein: new insights
into the mechanism of obesity-induced dyslipidemia and athero-
sclerosis. Lipids Health Dis 18(1):223. https://doi.org/10.1186/
$12944-019-1170-9

Zhu R, Wang Y, Zhang L, Guo Q (2012) Oxidative stress and liver
disease. Hepatol Res 42(8):741-749. https://doi.org/10.1111/j.
1872-034X.2012.00996.x

Zigmond E, Samia-Grinberg S, Pasmanik-Chor M, Brazowski E, Shi-
bolet O, Halpern Z, Varol C (2014) Infiltrating monocyte-derived
macrophages and resident Kupffer cells display different ontogeny
and functions in acute liver injury. J Immunol 193(1):344-353.
https://doi.org/10.4049/jimmunol. 1400574

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



