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ABSTRACT

Background: Brodifacoum is a highly lethal 4-hydroxycoumarin anticoagulant rodenticide
that acts as a vitamin K antagonist. Its lipophilic nature enables long-term retention in tissues
allowing predators and scavengers to become exposed through contaminated prey. Despite its
widespread use its toxicopathological effects remain insufficiently defined.

Objectives: This study aimed to investigate the toxicopathological effects of brodifacoum
using male rats following secondary exposure through contaminated liver homogenate.

Methods: Ninety rats were randomly divided into four groups: group Gl received
brodifacoum bait for 24 to 48 hours (primary toxicity), group G2 served as an untreated
control, group G3 received an untreated liver homogenate from G2 to be used as a secondary
control and group G4 received a liver homogenate contaminated with brodifacoum from
G1 (secondary toxicity). Hepatic residues were determined using high-performance liquid
chromatography (HPLC), and cytochrome P450 (CYP450) levels were measured using an
enzyme-linked immunosorbent assay (ELISA) kit. Gross examination, hemorrhagic scoring,
and histopathological examinations were conducted on major organs.

Results: HPLC analysis confirmed that brodifacoum significantly accumulated in the
liver. G4 showed around a fivefold higher residue level (17.87+0.11 pg/g) compared with
G1 (3.53+0.49 ng/g). Hepatic CYP450 content showed a 1.8-fold increase in G4 relative
to G3 (P<0.0001). Gross and microscopic examinations revealed marked hemorrhagic and
degenerative changes, most prominent in the lungs, liver, and kidneys in G4.
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Introduction

nticoagulant rodenticides (ARs) are
among the most widely used pesticides for
rodent population control and to mitigate
their impact in urban and agricultural en-
vironments (Soh et al., 2022; Valverde et
al., 2021). These compounds act by inhib-
iting vitamin K-dependent clotting factors
I, VII, IX, and X, leading to delayed but fatal hemor-
rhage in rodents following the ingestion of a lethal dose
(Buckley et al., 2023; Priya et al., 2025). ARs are clas-
sified into first-generation (FGARs), intermediate-gen-
eration (IGARs), and second-generation ARs (SGARs)
based on their potency and half-life (Rattner & Har-
vey, 2021). FGARs, such as warfarin and coumachlor,
are less potent and have a shorter half-life compared to
later generations, requiring rodents to eat the bait over
several feedings to receive a lethal dose (Buckley et al.,
2023). SGARSs, also known as “superwarfarins”, such as
brodifacoum, bromadiolone, and difenacoum, are more
potent and have prolonged persistence and toxicity, of-
ten attaining lethality with a single feeding (Scammell
et al., 2024). IGARs, such as chlorophacinone and pin-
done, fall between FGARs and SGARs in potency and
persistence and resemble FGARs in their mode of ac-
tion (Rattner & Harvey, 2021). The practical advantage
of ARs is their delayed onset, on average spanning four
to nine days, which allows rodents to repeat consump-
tion the bait before experiencing symptoms. This allows
overcome “the bait shyness” when rodents associate the
consumption of bait to consequences and develop avoid-
ance behaviors (Riegraf et al., 2022; Shahwar et al.,
2024). While this feature enhances AR effectiveness, it
also increases the risk of secondary poisoning (Murray,
2020). Non-target species, including predators and scav-
engers, are at risk through primary exposure (direct con-
sumption of bait) or secondary exposure (consumption
of poisoned rodents). During the latent period, poisoned
rodents spend more time in open areas in a lethargic state
and are more susceptible to predation, further increasing
secondary exposure risks (Buckley et al., 2023; Caliani
etal., 2023).

Among the superwarfarins, brodifacoum is one of the
most commonly used compounds (Ragab et al., 2019).
It can be lethal after a single ingestion, making it a pre-
ferred choice in pest control programs (Rattner et al.,
2019; Stading et al., 2020). However, brodifacoum has
a long biological half-life and remains in liver tissues
for months. This prolonged persistence in biological
systems poses significant ecological risks and may lead
to increased bioaccumulation in target and non-target
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species (Hernandez-Moreno et al., 2013; Scammell et
al., 2024). Predators and scavengers, such as birds of
prey and carnivorous mammals, are usually vulnerable
through secondary exposure. It has been suggested that
such bioaccumulation can be transferred through higher
trophic levels, potentially disrupting food webs and con-
tributing to population declines among sensitive species
(Scammell et al., 2024). Several studies have document-
ed brodifacoum toxic effects, including disruption of the
coagulation system and hemorrhagic events, in particu-
lar secondary poisoning cases (Rattner et al., 2019). De-
spite these data, notable gaps remain in understanding
the metabolic pathways of brodifacoum, particularly the
role of cytochrome P450 (CYP450) enzymes in its de-
toxification, as well as the histopathological changes that
occur under secondary poisoning conditions (Rattner &
Mastrota, 2017; Rached et al., 2020; Rubinstein et al.,
2019). Besides other anthropogenic pollutants (Abdul-
jalel & Al-Saadi, 2022; Ammar & Mohammed Mosleh,
2024; Shakir & Al-Saadi, 2025), the effects of long-term
exposure to brodifacoum beyond hemostasis disruption
remains insufficiently explored (Rattner & Mastrota,
2017; King & Tran, 2015; Ware et al., 2017).

The present study aimed to investigate the toxico-
pathological effects of brodifacoum following second-
ary exposure using a controlled mammalian model. This
approach, utilizing Sprague-Dawley rats, provides a
practical and ethically acceptable system for investigat-
ing secondary exposure dynamics and the basic toxico-
pathological effects of consuming contaminated tissue.

Materials and Methods
Chemicals and regents

Brodifacoum high-performance liquid chromatogra-
phy (HPLC) grade with 98% purity (CAS NO. 56073-
10-0) was purchased from Sigma Chemical Co. (St.
Louis, USA). Commercial brodifacoum 0.005% paste
was used to induce primary toxicity. A CYP450 ELISA
(enzyme-linked immunosorbent assay) kit (SL0224Ra,
assay kit) specific for rat liver samples was purchased
from Sunlong Biotech Co. (Hangzhou, China). HPLC
solvents used for HPLC analysis, including methanol,
acetonitrile, acetone, and ammonium acetate, were of
HPLC-grade (Merck, Germany).

Experimental animals

The experimental animal model used for this study was
Sprague-Dawley rats. Ninety adult male rats about 12-14
weeks of age with an average weight of 200-250 g were
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kept in a room at the animal house at the College of Vet-
erinary Medicine, University of Baghdad. Animals were
acclimatized for one week and provided with a standard
rat pellet diet with water given ad libitum. The room
temperature was maintained at 25-28 °C under a 12:12 h
light-dark cycle throughout of the experiment.

Rats were randomly divided into four experimental
group: two treatment groups and two corresponding
control groups. The primary toxicity included group 1
(G1), in which 30 rats were fed on brodifacoum 0.005%
paste bait, and group 2 (G2), in which 30 rats were fed
on standard diet without any treatment. The secondary
toxicity included group 3 (G3), in which 15 rats were
fed on homogenized liver tissues (untreated liver tissues)
collected from group G2 to serve as a negative control
and group 4 (G4), where 15 rats were fed on homog-
enized liver tissues intoxicated with brodifacoum col-
lected from GI.

Primary toxicity induction

Following an overnight fasting, rats in G1 were ex-
posed to a commercially available brodifacoum bait con-
taining 0.005% active ingredient. The bait was offered in
a no-choice feeding setup, where each rat was provided
with the toxic bait as the sole food source and allowed
to consume it freely over a period of approximately 24
to 48 hours. Water was provided ad libitum during this
period. Animals were observed for clinical signs of tox-
icity of brodifacoum, including lethargy, hemorrhage,
and respiratory difficulty. Once clear signs of toxicity ap-
peared, euthanasia was performed using an overdose of
a mixture of ketamine and xylazine. Liver samples were
collected for residual analysis and preparation of homog-
enized liver tissues, which were used later to induce the
secondary toxicity experiment.

Secondary toxicity induction

To simulate secondary toxicity, liver tissues were col-
lected from donor rats previously exposed to a commer-
cial anticoagulant rodenticide containing 0.005% brodi-
facoum (G1) and from negative control rats (G2). The
livers were sliced into small pieces and homogenized
using a manual homogenizer after dilution with distilled
water at a ratio of 1:10 (w/v). Homogenization was per-
formed with approximately 15 strokes, which were suffi-
cient to disrupt the tissue and achieve a uniform homog-
enate. The resulting homogenate was filtered through the
sterile filter to remove large debris.
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Each rat in G3 received 1 mL of the liver homogenate
(1 mL / per animal / daily / for 4 weeks) prepared from
G2 (negative control) rats via oral gavage. Similarly, rats
in G4 received 1 mL of the liver homogenate (1 mL / per
animal / daily / for 4 weeks) prepared from G1 (brodifa-
coum-exposed) rats.

Sample collection

At the end of both experiments, the rats were eu-
thanized using overdose anesthesia (Mustafa & Jawad,
2024), and tissue samples were taken. Six representative
liver samples were collected from each of the toxicity
groups (primary and secondary) for the determination of
brodifacoum concentration by HPLC. In the secondary
toxicology groups, additional liver samples were collect-
ed, frozen in liquid nitrogen, and stored until CYP450
levels were analyzed.

For pathological assessment, the liver, kidney, and lung
were grossly examined for hemorrhagic scores. Tissue
samples from the liver, kidney, spleen, and lung were
then fixed in 10% neutral buffered formalin for the eval-
uation of histopathological changes.

HPLC analysis of brodifacoum residue in the liv-
er tissue

Liver samples from both toxic groups (primary and
secondary) were processed for residue extraction. Ap-
proximately 0.5 g of the liver tissue was homogenized in
5 mL of a solvent mixture consisting of acetonitrile, ac-
etone, and methanol in a ratio of 1:1:2 (v/v). The homog-
enate was placed on a mechanical shaker for 30 minutes.
The extraction solvent was separated through filtration,
then evaporated to dryness under reduced pressure using
a rotary evaporator, and the resulting dried extracts were
stored at —20 °C until analysis.

The concentrations of brodifacoum in the liver tissue
were determined using HPLC with a SYKAM system
(Germany). Chromatographic separation was established
using a C18 column (25 cm X 4.6 mm). The mobile phase
consisted of an isocratic mixture of acetonitrile and 0.1
M ammonium acetate buffer (pH 5.4) in a 70:30 (v/v)
ratio, delivered at a flow rate 1 mL/min. Detection was
performed with a UV detector set at 264 nm. Quantifica-
tion of brodifacoum was performed using the external
standard method, as described by Meiser (Meiser, 2005),
by comparing the peak areas of the samples with those of
standard brodifacoum solutions analyzed under identical
chromatographic conditions.
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CYP450 quantification via ELISA

Liver homogenates were prepared for the determina-
tion of CYP450 using a rat-specific ELISA kit (Sunlong
Biotech, Cat. No. SL0224Ra, Hangzhou, China). The
liver tissue was homogenized in phosphate-buffered sa-
line (PBS, pH 7.4) on ice and centrifuged at 2,000-3,000
rpm for 20 min at 4 ‘C; the supernatant was collected for
analysis. The assay was performed according to the man-
ufacturer’s protocol with minor adjustments. Briefly, 40
pL of sample dilution buffer and 10 pL of liver homog-
enate (1:5 dilution) were added per well, the plates were
sealed, and incubated for 30 min at 37 °C. After washing
five times with 1x wash buffer (prepared from the 30x
concentrate), 50 pL of HRP-conjugated anti-CYP450 re-
agent was added to each well and incubated for 30 min
at 37 °C, followed by 5 additional washes. Then, 50 uL
of chromogen solution A and 50 pL of chromogen solu-
tion B were added and incubated for 15 min at 37 °C
protected from light. The reaction was stopped with 50
uL of stop solution. Absorbance was measured at 450
nm within 15 min (the blank well was used for baseline
correction). CYP450 concentrations were interpolated
from a standard curve prepared with kit standards (as-
say range: 0.5-40 ng/mL; sensitivity: 0.1 ng/mL). The
results were expressed in ng/mL. The control group (G3)
served as the baseline for calculation.

Gross and histopathological examination

At the end of the secondary toxicity experiment (after
four weeks of exposure), animals from both the control
group (G3) and the secondary toxicity group (G4) were
euthanized for postmortem examination. Each group
was initially composed of 15 rats; however, due to early
mortality in G4 prior to the scheduled necropsy, only 12
animals per group were available for complete gross and
histopathological assessment. A systematic gross exami-
nation was conducted to evaluate macroscopic altera-
tions in vital organs, particularly the liver, kidneys, and
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lungs. The severity of gross hemorrhagic lesions was as-
sessed using a semi-quantitative scoring system adapted
and modified from previous organ-based pathological
studies (Kaewamatawong et al., 2011), as summarized
in Table 1.

For histopathological examination, representative sec-
tions from secondary toxicity groups of the liver, kidney,
spleen, and lungs were excised and fixed in 10% neu-
tral buffered formalin for 48 hours. The samples were
then dehydrated in graded ethanol, cleared in xylene, and
embedded in paraffin. Sections of 5 pm thickness were
achieved using a rotary microtome (Leica RM2125RT)
and stained with hematoxylin and eosin (H&E) (Al-Saa-
di et al., 2025). The slides were then examined under a
light microscope to determine any pathological altera-
tions.

Statistical analysis

All data were analyzed using GraphPad Prism soft-
ware, version 10.2.2. Values of quantitative data were
expressed as Mean+SD, and differences between groups
were analyzed using an unpaired student’s t-test. Ordinal
data were expressed as median [interquartile range, IQR]
and analyzed using the Friedman test and Dunn’s post
hoc multiple comparison test. The significance threshold
for all statistical analyses was set at P<0.05.

Results
Brodifacoum residue levels in the liver tissue

Brodifacoum chromatography showed a consistent re-
tention time of 4.18 minutes (Figure 1A), which matched
the peaks detected in both treatment groups (G1 and
G4) (Figure 1B and C, respectively). No corresponding
peaks were observed in the negative control group (G3)
(Figure 1D). The mean hepatic concentration in the sec-
ondary toxicity group (G4) was 17.87+0.11 pg/g, which

Table 1. The semi-quantitative scoring system used to assess gross hemorrhagic lesions in major organs

Score Description
0 No visible hemorrhage
1 Focal or petechial hemorrhages localized to a single area or limited to the organ surface
2 Hemorrhages affecting two or more distinct regions, such as lobes or tissue layers, are multifocal
3 Diffuse hemorrhage involving most of the organ surface or parenchyma
4 Confluent hemorrhage accompanied by organ swelling, dark discoloration, or rupture

Note: The scoring system ranges from 0 (no lesion) to 4 (severe hemorrhage).
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Table 2. Concentrations of brodifacoum in the liver samples (ug)
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Brodifacoum Concentrations in the Liver Samples (ug)

Animal Primary Toxicity Group (G1)" Secondary Toxicity Group (G4)"
1 3.45 18.25
2 3.85 20.14
3 3.78 16.99
4 3.25 17.49
5 3.65 16.9
6 3.22 17.44
Mean+SD 3.534#0.268 17.87+1.21°

“Significant difference (P<0.0001).

was significantly higher (P<0.0001) that in the primary
toxicity group (G1), at 3.53+0.49 pg/g, representing an
approximate five-fold increase (Table 2).

CYP450 levels

CYP450 levels were estimated by interpolating the
absorbance values from the standard curve (Figure 2).
The results revealed statistically significant elevation
(P<0.0001) in CYP450 levels in the treatment group
(G4), 17.34+1.08 ng/mL, compared to 9.64+2.72 ng/mL
in the control group (G3) (Figure 3).

Clinical signs and anatomic location of hemor-
rhage associated with brodifacoum poisoning

Rats exposed to brodifacoum in the primary toxicity
group (G1) exhibited clinical signs of toxicity, includ-
ing lethargy, weakness, anorexia, dyspnea, reluctance to
move, and ataxia, followed by death within 4-7 days.
These symptoms were accompanied by multiple bleed-
ing spots and subcutaneous hemorrhages distributed
throughout the body (Figure 4). Rats in G4 that received
the liver tissue contaminated with brodifacoum from G1
(following 4 weeks of the experiment) began to exhibit
signs of toxicity like those observed in the primary group
(G1) by the third week. In contrast, control groups (G2

and G3) showed no signs of toxicity during the experi-
ment period.

Gross examination and hemorrhagic score

The severity of hemorrhagic lesions in the liver, kidney,
and lung of G4 rats expressed as median (range; 1Q25—
1Q75), were 3 [2—4] for the liver, 2 [2-3] for the kidney,
and 4 [3-4] for the lung. Statistical analysis using Fried-
man’s test revealed a significant difference among or-
gans in hemorrhagic scores within G4 rats (P=0.0001).
Post hoc Dunn’s multiple comparison test indicated that
the lung had significantly higher hemorrhagic scores
compared with the kidney (P=0.001), whereas differ-
ences between the liver and the other organs were not
statistically significant (P>0.05). Table 3 illustrates the
gross hemorrhagic scores of rats in G4.

Liver

The gross pathological appearance of the liver from
the control group (G3) showed a normal appearance
without any significant lesions (Figure 5A). The gross
pathological appearance of the liver from G4 revealed
severe congestion affecting several lobes (Figure 5B).
Moreover, edematous liver parenchyma with a round
edge was observed in other intoxicated animals (Figure

Table 3. Hemorrhage scoring for rats in group G4 (n=12, median [IQR])

Organ Median [IQR]
Liver 3 [2-4]AB

Kidney 2 [2-3]A
Lung 4 [3-4]B
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Figure 1. Chromatographic analysis of brodifacoum residues in rat liver sample

A) Chromatogram of the brodifacoum standard solution showing a retention time of 4.18 minutes, B) Chromatogram of brodi-
facoum residues in the liver of rats from group G4, C) Chromatogram of brodifacoum residues in the liver of rats from group
G1, D) Chromatogram of rat liver from group G3 after four weeks of administration of control liver homogenate prepared from

group G2, serving as a negative control

5C). Furthermore, some animals showed fatty liver and
hepatomegaly (Figure 5D). According to the applied
scoring system , the liver scored 2 [2-3], which suggests
moderate to severe hemorrhagic involvement.

Kidney

The gross pathological examination of the kidney from
the rat model in the G3 control group showed a normal
kidney appearance (Figure 6A). In contrast, the cut sur-
face of the kidney revealed multiple cortical and medul-
lary hemorrhages (Figure 6C). Moreover, the kidneys in
G4 that were secondarily intoxicated with brodifacoum
following 4 weeks were enlarged and exhibited a sub-
capsular hematoma (Figure 6B). Moreover, the median
hemorrhagic score observed in the kidney was 2 [2-3],
reflecting moderate hemorrhagic injury.

Lungs

The lungs of G3 rats showed no evidence of hemor-
rhagic lesions (Figure 7A). Lungs from rats in G4

exhibited multifocal to coalescing dark red to black
hemorrhagic patches affecting multiple lobes (massive
pulmonary hemorrhage) (Figure 7B). Other animals in
G4 revealed multiple hemorrhagic foci indicative of pul-
monary hemorrhage and congestion (Figure 7C). Fur-
ther, hemorrhagic scores for the lungs were consistently
high, with a median score of 3 [2-4] in treated rats, indi-
cating diffuse hemorrhage.

Histopathological examination
Liver

The control group (G3) showed normal hepatic archi-
tecture. The hepatic lobules were well-preserved, with
hepatocytes arranged in cords radi-ating from the central
vein, with no evidence of hemorrhage (Figure 8A). Liver
sections from group G4 showed extensive hemorrhage
and edema in the portal areas (Figure 8B). Microvascu-
lar degeneration of hepatocytes was observed, suggest-
ing early cellular injury (Figure 8C). Moreover, focal
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Figure 2. Standard curve for CYP450 quantification
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Note: Absorbance values at 450 nm (y-axis) are plotted against known CYP450 standard concentrations (3, 6, 12, 24 and 36 ng/
mL on x-axis). The dashed line represents the linear regression fit (Y=0.03654 X+0.003153; R?=0.9897). The standard curve was
used to interpolate CYP450 concentrations in liver homogenate samples in groups G3 and G4.

hepatic necrosis with leukocyte infiltration was also
present (Figure 8D).

Kidney

Kidneys from the control group (G3) exhibited intact
glomeruli and normal tubular architecture (Figure 9A).
In contrast, kidneys from G4 showed granular RBC
casts with tubular dilation (Figure 9B), tubular epithe-
lial degeneration with ghost-like remnants (Figure 9C),
acute tubular necrosis and degeneration with brick-red
RBC casts (Figure 9D), extensive intratubular hemor-

rhage with congested blood vessels (Figures 9E and 9G),
segmental glomerular atrophy, and intratubular hemor-
rhage with vascular congestion (Figure 9F).

Spleen

Histological examination of the spleen from the sec-
ondary control group (G3) showed normal architecture,
with normal white and red spleen pulps (Figure 10A).
In the secondary toxicity group (G4), the histopathologi-
cal findings in spleen sections showed different degen-
erative lesions, such as white pulp atrophy with reduced

Figure 3. Hepatic cytochrome P450 concentrations in control (G3) and secondary toxicity (G4) groups following 4 weeks of

exposure
""Significant difference at P<0.0001.

Note: Data are expressed as Mean+SD (n=12).
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Figure 4. Gross pathological findings of hemorrhagic lesions in rats following lethal brodifacoum exposure

A) Gross pathological image of a rat in group G1 showing subcutaneous hemorrhage and muscular hematomas due to co-
agulopathy after lethal exposure to brodifacoum, B) Rats from group G1 showing external bleeding close to the eye and neck
(arrows), C) Rat in group G1 showing severe testicular hemorrhage, D) Rats from group G1 showing external bleeding near
the nose and neck (arrows), E) Rat in group G1 showing abdominal hemorrhage

lymphoid cells (Figure 10B), thinning of the marginal
zone, and the absence of germinal centers (Figure 10C).
Splenic red pulp lesions included aberrant and dilated si-
nusoidal structures, deposition of hemosiderin, increased
trabeculae (Figure 10D), and lymphoid follicle depletion
and necrosis (Figure 10F).

Lung

Lung sections from the control group (G3) displayed
normal pulmonary parenchyma. Alveolar sacs were in-
tact and uniformly expanded. Bronchioles and blood
vessels maintained normal structural integrity, with no
signs of congestion, hemorrhage, or alveolar edema
(Figure 11A). Lung sections from G4 showed bronchio-
lar obstruction with necrotic debris, RBCs, and mucus
exudate (Figure 11B). Vascular inflammation was evi-
dent, with lymphocytic infiltration (Figure 11C). Ex-
tensive inflammation disrupted lung architecture, with
lymphoid follicles invading bronchiolar walls (Figure
11D). Bronchiolitis obliterans, alveolar wall thickening,
and luminal obstruction were prominent (Figure 11E).

Severe hemorrhage and inflammatory cell infiltration ef-
faced alveolar and bronchiolar structures (Figure 11F),
while alveolar septa exhibited hemorrhage and vascular
congestion (Figure 11H).

Discussion

Brodifacoum exposure leads to several pathophysi-
ological effects, primarily internal bleeding, by interfer-
ing with vitamin K recycling. The interference inhibits
the activation of vitamin K-dependent clotting factors,
which are essential for blood clotting and injury healing.
CYP450 is the superfamily of enzymes primarily found
in the liver and plays an important role in drug detoxi-
fication, cell metabolism, and homeostasis. The liver
is also the main organ for brodifacoum accumulation,
where it can persist for an extended period (Feinstein et
al., 2016; Fisher, 2009; Rattner & Harvey, 2021). To our
knowledge, no previous research has investigated the po-
tential effect of brodifacoum on hepatic CYP450 levels.
In this study, the total P450 levels were quantified and
the results (Figure 3) demonstrated a significant 1.8-fold
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Figure 5. Gross pathological images of rats livers from in secondary control group (G3) and secondary toxicity group (G4) fol-

lowing 4 weeks of brodifacoum exposure

A) Normal liver architecture without any significant lesions, B) Severe congestion affecting multiple liver lobes, C) Edematous
liver parenchyma with a rounded edge, D) Fatty liver and hepatomegaly

increase in G4, the secondary toxicity group, compared to
(3, the secondary control group. The elevation of P450
in G4 indicates a liver response to the toxic effects of
brodifacoum. Although this upregulation may suggest an
attempt to enhance detoxification, it was insufficient to
prevent brodifacoum-induced toxicity. CYP450 is com-
posed of a number of isoforms, which are known to play
important roles in the phase I metabolism of both xeno-
biotic and endobiotic compounds (Stading et al., 2020;
Mohammed & Al-Shawi, 2025). Several studies have
reported that an increase in p450 levels or the induction
of certain CYP450 isoforms may increase cellular toxic-
ity and cell injury (Cederbaum, 2010; Cui et al., 2025;
Hameed & Hassan, 2022; Orellana & Guajardo, 2004).
Although brodifacoum does not undergo significant me-
tabolism in the liver, changes in CYP450 levels remain
toxicologically relevant as the CYP450 enzyme fam-
ily reflects environmental exposure and hepatic stress.
Since biochemical subcellular alterations precede cellular
and organism-level effects, P450 has been proposed as a
sensitive biomarker and an early-warning system for as-
sessing toxicant impact (Regnery et al., 2022; Rubinstein
et al., 2019). It is plausible to conclude that the increase

in total P450 is an adaptive hepatic response to oxidative
or toxic stress rather than enzymatic induction. Several
studies have suggested that the exposure to brodifacoum
induces reactive oxygen species (ROS) production (Kali-
nin et al., 2017; Ware et al., 2015), which in turn has been
associated with the upregulation of the expression of oxi-
dative stress-responsive CYP isoforms, such as CYP2EI
and CYP1A1 (Jin et al., 2013; Stading et al., 2020; Ware
et al., 2015). While our assay quantified total CYP450
rather than specific isoforms, this increase may indirectly
reflect changes in these pathways. Furthermore, the ac-
tivation of xenobiotic-sensing nuclear receptors, such as
the pregnane X receptor (PXR) and the constitutive an-
drostane receptor (CAR) might also contribute to this up-
regulation, and further research is needed to provide clar-
ity in this context (Satoru et al., 2008; Yoshinari, 2019).
Moreover, the oxidative potential of brodifacoum is not
limited to the liver; earlier studies have demonstrated
similar oxidative mechanisms contributing to brain and
renal injury in rats (Kyle et al., 2015; Sergey et al., 2017).
In this study, brodifacoum residues were quantified in rat
livers from both primary and secondary exposure groups
(G1 and G4, respectively). The mean liver concentration
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Figure 6. Gross pathological images of rat kidneys in the secondary control group (G3) and the secondary toxicity group (G4)

following 4 weeks of brodifacoum exposure

A) Normal macroscopic appearance of a kidney in the secondary control group (G3), B) The cut surface of a G4 kidney show-
ing multiple cortical and medullary hemorrhages (blue arrows), C) The kidney of a G4 rat is enlarged and exhibits a subcap-

sular hematoma (black arrow)

of brodifacoum in G1 was 3.53+0.49 pg/g, correspond-
ing to liver residues from a single exposure to commercial
bait containing 0.005% brodifacoum. These findings are
comparable to those reported by Frankova et al. (2024),
who used the same bait concentration in a no-choice feed-
ing trial, and obtained comparable results: (3.16+1.34
ug/g) in the liver tissue. The secondary toxicity group
(G4) that received 1 mL daily for 4 weeks of liver ho-

mogenate obtained from G1 showed a 5-fold higher liver
concentration (17.87+0.11 pg/g) than the primary toxicity
group (G1) (3.53£0.49 pg/g).

The high concentration of brodifacoum detected in
the hepatic tissues of the secondary toxicity group (G4)
(Table 2) is attributed to its tendency to accumulate in
the liver tissue and its strong intracellular binding capac-

Figure 7. Gross pathological images of rats lungs in groups G3 and G4

A) Normal macroscopic appearance of lungs in the secondary control group (G3), B) The lungs in a G4 rat showing multiple
hemorrhagic foci indicative of pulmonary hemorrhage and congestion, C) The lungs in a G4 rat exhibiting multifocal to co-
alescing dark red to black hemorrhagic patches involving multiple lobes (massive pulmonary hemorrhage)
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Figure 8. Histopathological findings of the liver in control (G3) and secondary toxicity (G4) groups

A) Histopathological section of the liver in a rat from group G3 (secondary control group) showing normal liver tissue (H&E,
x10), B) Histopathological section of the liver in a rat from group G4 (secondary toxicity group) showing extensive hemor-
rhage and edema occupying the portal area (H&E, x20), C) The liver section in a rat from group G4 showing microvascular
degeneration (H&E, x40), D) The liver section in a rat from group G4 showing focal areas of hepatic necrosis with leucocytic

cell infiltration (H&E, x40)

ity following repeated exposure (Bachmann & Sullivan,
1983; Rattner et al., 2014). Furthermore, Frankova et
al. (2024) reported that brodifacoum can accumulate to
higher levels in the liver when rats ingest bait contain-
ing lower concentrations of brodifacoum, than when
they ingest higher concentrations. It is worth noting that
the delayed manifestation of brodifacoum toxicity in G4
compared to G1 suggests that brodifacoum sequestration
in the liver may initially prevent toxicity until accumula-
tion sites become saturated. Once saturated, free brodi-
facoum starts blocking a high proportion of vitamin K
epoxide reductase (VKORCI1) binding sites. Finally, the
exhaustion of pre-existing clotting factors leads to bleed-
ing. Moreover, the U.S. Environmental Protection Agen-
cy (EPA) noted that rodents exposed to SGARs, such as
brodifacoum and difethialone, may continue to feed on
baits and ingest doses ranging from 9 to 46 times the
LD50, exceeding the minimum reported lethal threshold
before succumbing (Hindmarch & Elliott, 2018). Col-
lectively, this may explain the higher liver residue in the
secondary toxicity group (G4) compared to the primary
toxicity group, as well as the delayed manifestation of
toxicity until the beginning of the third week. Monitor-

ing liver residues in poisoned rats provides valuable in-
sight into brodifacoum retention following secondary
exposure in the experimental model (Fisher et al., 2004).
It should be noted that the interpretation of liver residues
is challenging, as it relates to past exposure and storage
in the liver, not necessarily to the onset or severity of
toxic effects (Rattner & Harvey, 2021).

Brodifacoum toxicity is mainly associated with exces-
sive internal bleeding due to the vitamin K cycle disrup-
tion, the clinical manifestations of brodifacoum toxicity,
such as lethargy, weakness, anorexia, dyspnea, reluctance
to move, and ataxia, followed by death within 4-7 days.
This delay is due to the time needed for the depletion of
pre-existing K-dependent clotting factors, which usually
takes between four and nine days. In our study, rats in the
primary toxicity group (G1) that offered lethal brodifacoum
bait showed signs of toxicity from 4 to 7 days after expo-
sure. These findings are consistent with the typical finding
at the organism level described in the literature (Rattner et
al., 2014; Schmieg et al., 2025). Furthermore, rats in the
secondary toxicity group (G4), which were administered
liver homogenate from G1 animals, developed similar signs
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Figure 9. Histopathological findings of the kidney in control (G3) and secondary toxicity (G4) groups

A) Histopathological section of the kidney in a rat from group G3 (secondary control group) showing normal renal structure
(H&E, x20), B) Histopathological section of the kidney in a rat from group G4 (secondary toxicity group) showing an early
stage of red blood cell casts within renal tubules; the majority of the casts are granular with massive tubular dilation (H&E,
x20), C) The kidney section in a rat from group G4 showing a spectrum of early stage of RBC casts, numerous ghost cells,
and granular RBCs associated with dilation and degeneration of renal tubules (H&E, x20); D) The kidney section in a rat
from group G4 showing the late stage of RBC casts, where the majority of casts are compact and appear “brick-red” in color
associated with acute tubular necrosis and degeneration (H&E, x20), E) The kidney section in a rat from group G4 showing
massive intratubular hemorrhage (H&E, x20), F) The kidney section in a rat from group G4 showing glomerular atrophy and
segmented glomeruli (H&E, x20), G) The kidney section in a rat from group G4 showing extensive intratubular hemorrhage
with congested blood vessels (H&E, x40)

Figure 10. Histopathological findings of the spleen in control (G3) and secondary toxicity (G4) groups

A) Histopathological section of the spleen in a rat from group G3 (secondary control group) showing normal splenic tissue
from the secondary control group G3, B) Histopathological section of the in a rat from group G4 (secondary toxicity group)
showing splenic white pulp atrophy characterized by reduced lymphoid cells in the periarteriolar lymphoid sheath (H&E,
x20), C) The splenic section in a rat from group G4 showing a reduced white pulp area, a thinner marginal zone, and the ab-
sence of a germinal center (H&E, x40), D) The splenic section in a rat from group G4 showing pathological alteration in the red
pulp characterized by dilated sinusoids, hemosiderin deposits, and increased number of trabeculae (H&E, x40), E) The splenic
section in a rat from group G4 showing depletion of the white pulp with the absence of a germinal center and necrotic areas in
the lymphoid follicle (H&E, x40)
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Figure 11. Histopathological findings of the lung in control (G3) and secondary toxicity (G4) groups

A) Histopathological section of the lung in a rat from group G3 (secondary control group) showing normal lung tissue (H&E,
x10); B) The lung section in a rat (secondary toxicity group) from group G4 showing bronchiole lumen obstruction with ne-
crotic debris, RBCs, inflammatory cells, and mucous exudate (H&E, x40); C) The lung section in a rat from group G4 showing
that the lung architecture is obscured by inflammation: A large lymphoid follicle destroys the bronchiole wall and narrows
its lumen (H&E, x20); D) The lung section in a rat from group G4 showing bronchiolitis obliterans characterized by lumen ob-
struction associated with mucosal growth along the inner bronchiole wall. Alveolar walls are inflamed, thickened, discontinu-
ous, and filled with RBCs and inflammatory cells (H&E, x20); E) The lung section in a rat from group G4 showing that the lung
architecture obscured by inflammation and hemorrhage. Alveolar and bronchiolar lumina are filled with abundant hemor-
rhage, RBCs, cellular debris (alveolar septal necrosis), and inflammatory cells that destroy bronchiolar walls and alveolar septa
(H&E, x20); F) The lung section in a rat from group G4 showing that alveolar septa are expanded by hemorrhage, inflammatory
cells, and congested blood vessels (H&E, x20); G) The lung section in a rat from group G4 showing alveolar septa filled with

inflammatory cells, hemorrhage, accompanied by severe blood vessel (H&E, x40)

similar to G1 but with more delayed onset, starting around
the third week. The delayed signs in G4 reflect the time
required for sufficient bioaccumulation of brodifacoum to
reach threshold to impair vitamin K recycling and deplete
functional clotting factors (Murray, 2011). In the present
study, hemorrhagic lesions are the main finding based on
gross organ examination, including the liver, kidney, and
lung. Lungs had the highest hemorrhagic score (4) [3—4],
followed by the liver (3) [24] and kidney (2) [2-3]. In
contrast, another study reported the highest hemorrhagic
score in the liver followed by kidney (Kaewamatawong et
al., 2011). This finding emphasizes the high vascularity of
the lung and its importance in the context of anticoagula-
tion toxicity (Fitzgerald et al., 2018; Paulin et al., 2024).
Moreover, the hemorrhage severity of the liver reflects the
role of liver as the primary target organ for brodifacoum
accumulation, which interferes with recycling of vitamin
K1, resulting in the depletion of clotting factors eventually
causing systemic bleeding. The importance of this find-
ing lies in the fact that the coagulopathy observed across
multiple organs in brodifacoum poisoning is fundamentally
driven by liver injury. Therefore, hepatic lesions remain a

key diagnostic indicator in suspected cases of anticoagulant
rodenticide toxicity (Priya et al., 2025). In the histopatho-
logical context, secondary exposure in rats produced severe
multisystemic histopathological changes, with lesions most
evident in the liver, kidney, spleen, and lung. Our observa-
tion regarding changes in the liver tissue, such as extensive
hemorrhage, marked dilatation, edema, vacuolations, focal
infiltration, and aggregation of inflammatory cells are simi-
lar to the findings reported by other researchers (Atia et al.,
2024; Giil et al., 2016). This vascular degeneration, hem-
orrhage, cellular injury, and dystrophic changes may result
from the direct toxic effect of brodifacoum, in addition to
indirect injury caused by anemia and hypoxia secondary to
the disruption of hemostasis. Furthermore, the subsequent
activation of inflammatory pathways and oxidative stress
may exacerbate tissue damage and contribute to the pro-
gression and severity of these pathological changes (Popov
Aleksandrov et al., 2024; Rattner et al., 2014). These degen-
erative changes, which suggest mitochondrial dysfunction
and oxidative stress (Abbas & Jawad, 2023), are consistent
with the indirect injury initiated by hypoxia. Meanwhile,
the focal necrosis accompanied by leukocytic infiltration
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reflects an inflammatory response to tissue damage (Ha-
meed & Hassan, 2022). These results emphasize the role of
the liver as a target organ for the accumulation and toxicity
of brodifacoum (El-Daly & Nassar, 2014; Popov Aleksan-
drov et al., 2024). The renal alteration seen in the kidney of
poisoned rats ranged from tubular degeneration and RBC
casts to acute tubular necrosis and glomerular atrophy (Fig-
ure 9). These alterations resemble hemorrhagic nephropa-
thy, previously reported in SGAR poisoning (Kalaitzidis
et al., 2017). The severity of intratubular hemorrhage and
vascular congestion and damage to glomerular and tubular
epithelial cells could be explained by the nephrotoxic ef-
fect of brodifacoum on renal tubules (Binev et al., 2012).
The prognoses of early granular casts to compact RBC casts
indicates worsening tubular damage and suggests increased
renal susceptibility to brodifacoum toxicity (Dvanajscak et
al., 2020). Splenic white pulp atrophy, lymphoid follicle
depletion, and hemosiderin deposition manifest both vas-
cular injury and immunotoxicity. White pulp atrophy with
absent germinal centers is consistent with the suppression
of adaptive immunity, as noted in other SGAR cases (Oner
& Giil, 2022; Rattner et al., 2014). Such immune impair-
ment may increase the susceptibility to secondary infec-
tions subsequent to brodifacoum exposure (Kopanke et al.,
2018). For example, brodifacoum exposure in rats has been
shown to negatively affect the immune system, evidenced
by the deterioration of the structure of CD4+ and CD8+
cells, suggesting functional immune impairment (Oner &
Giil, 2022). Moreover, severe histopathological changes,
such as bronchiolar obstruction with necrotic debris, al-
veolar hemorrhage, bronchiolitis obliterans, and vascular
inflammation, were observed during the lung examination
(Figure 11). Similar findings of widespread pulmonary con-
gestion and hemorrhage have been reported in avian and
mammals exposed to brodifacoum residues (Binev et al.,
2012; Hughes et al., 2013; Popov Aleksandrov et al., 2024;
Priya et al., 2025; Rattner et al., 2011). These pathological
changes are secondary to brodifacoum-induced impairment
of hemostasis. The clinical manifestation of such pathology
may lead to respiratory distress in affected animals.

The toxicity of brodifacoum and other ARs are not lim-
ited to the acute exposure. Studies have shown that chronic
or repeated exposure to sublethal doses can lead to adverse
effects on the animal’s overall health, influencing the abil-
ity of animal to cope with stressors, and increased suscep-
tibility to diseases and infections, as noted by Rattner et al.
(2014).

Conclusion

IRANIAN JOURNAL OF VETERINARY MEDICINE

This study demonstrated that consuming the liver ho-
mogenate contaminated with brodifacoum can induce sec-
ondary toxicity in rats. HPLC analysis confirmed marked
hepatic accumulation, and ELISA results showed increased
CYP450 activity. These finding were accompanied by no-
table gross and histopathological hemorrhagic and degen-
erative lesions in major organs, including the liver, kid-
neys, lungs, and spleen. These findings provide controlled
laboratory evidence of secondary brodifacoum toxicity in
a mammalian model and strengthen the understanding of
toxic responses following indirect exposure. Further work
involving models that better represent natural feeding inter-
actions would enhance the evaluation of secondary expo-

sure risks in broader biological contexts.
Study limitation

An inherent limitation of the experimental design of
this study is the use of an intraspecific model (rat-to-rat
consumption) to investigate secondary exposure. While
this design offers a controlled, practical, and ethically ac-
ceptable system for investigating secondary exposure, its
findings cannot be directly extrapolated to the complex in-
terspecific dynamics of natural food webs. Predators and
scavengers in the nature encompass a wide range of avian
and mammalian species, each with unique metabolic rates,
feeding behaviors, and sensitivities to anticoagulants.
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