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Abstract: The aim of this review is to evaluate the therapeutic possibilities of trifluralin and
other 2,6-dinitroaniline herbicides by assessing different aspects of trifluralin’s toxicology
(including its mitochondrial toxicity), pharmacokinetics, and environmental fate. The
particular features of TFL have triggered a wide range of policies about its properties. Is
has been banned in some countries and, at the same time, has been proposed as a drug
for the cure of parasitic disease by some scientific research articles. The use of this pre-
emergence herbicide to control broadleaf weeds and annual grasses is assumed to rely only
on its microtubule depolarization or cytoskeleton disassembly abilities (on-target effect),
a fact that justifies its inhibition of a wide range of microorganisms (mostly protozoans),
sharing a relatively high degree of conservation in tubulin protein sequences with weeds
and grasses. Recent studies have confirmed that TFL also affects mitochondrial function
(off-target effect), a hypothesis previously suggested in earlier works. Here, we account for
the main issues in TFL toxicology, other potential uses of the herbicide outside crops, and
its feasibility for use as an antiprotozoal drug.

Keywords: dinitroaniline herbicides; trifluralin; antiprotozoan drugs; microtubule inhibitors;
mitochondrial toxicity

1. Trifluralin, the Molecule
Trifluralin (TFL) is also known as 2,6-dinitro-N, N-di-n-propyl-a, a, a-trifluoro-p-

toluidine, or its IUPAC name aaa-trifluoro-2,6-dinitro-N,N-dipropyl-p-toluidine, CAS num-
ber (CAS#) 1582-09-8. Its commercial names vary from one country to another, with the
most popular in Western countries being the herbicide sold under the tradename of Treflan
(DowElanco). Others are Olitref (Chemol), Tri-4 (Cyanamid), Triflurex (Makhteshim-Agan),
Trigard (FCC), Triplen (Sipcam), Tristar (Pan Britanica), and Zeltoxone (Zeneca). Triflu-
ralin is also commercialized in mixtures such as [Trifluralin +] linuron; napropamide;
metribuzin; clomazone; tebutam; napropamide: boromoxinil + ioxynil; isoproturon; ter-
butryn; linuron + trietazine; linuron + neburon; linuron + clomazone; and isoxaben [1].

TFL belongs to a 2. 6-dinitroaniline herbicide class, some of the other well-known
members of which include pendimethalin (CAS# 40487-42-1), oryzalyn (CAS# 19044-88-3),
ethalfluralin (CAS# 55283-68-6), dinitramine (CAS# 29091-05-2), and prodiamine (CAS#
29091-21-2), among others (Figure 1, Table 1).

Trifluralin’s commercial synthesis, as well as that of other dinitroaniline herbicides,
uses 4-Chloro-3,5-dinitrobenzotrifluoride (chloralin) [2,3] as a main intermediate (Figure 2),
a compound that has been shown to be hematotoxic [4,5].
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Table 1. Representative 2,6 dinitroaniline herbicides . 

Type Herbicide Residues 

  R1 R2 R3 R4 

Dinitro- 

anilines 

Trifluralin (CH2)2CH3 (CH2)2CH3 H CF3 

Oryzalin (CH2)2CH3 (CH2)2CH3 H SO2NH2 

Dinitramine CH2-CH3 CH2-CH3 NH2 CF3 

Pendimethalin CH2(C2H5)CH3 H CH3 CH3 

Ethalfluralin CH2(CH3)=CH2 CH2-CH3 H CF3 

Prodiamine (CH2)2CH3 (CH2)2CH3 NH2 CF3 
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Figure 2. Synthesis of Trifluralin. 

Figure 1. 2,6 dinitroanilines.

Table 1. Representative 2,6 dinitroaniline herbicides.

Type Herbicide Residues

R1 R2 R3 R4

Dinitro-
anilines

Trifluralin (CH2)2CH3 (CH2)2CH3 H CF3
Oryzalin (CH2)2CH3 (CH2)2CH3 H SO2NH2

Dinitramine CH2-CH3 CH2-CH3 NH2 CF3
Pendimethalin CH2(C2H5)CH3 H CH3 CH3
Ethalfluralin CH2(CH3)=CH2 CH2-CH3 H CF3
Prodiamine (CH2)2CH3 (CH2)2CH3 NH2 CF3
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Like other dinitroaniline herbicides, TFL belongs to group 3 herbicides, which are known
to inhibit microtubule assembly [6]. Heavily used herbicides like TFL, pendimethalin, and
oryzalin disrupt mitosis by the inhibition of spindle microtubules during prometaphase–
metaphase transition [7].

TFL is applied to soil after planting and prior to the emergence of plants, which means
that this compound is used as a pre-emergence herbicide and soil incorporation markedly
enhances its activity. TFL does not directly inhibit germination, but the inhibition of lateral
root development and swelling of the root tips are universally recognized morphological
effects of TFL. Its main action is exerted towards organs that have plenty of rapidly dividing
mitotic cells such as roots and shoots, where active meristems are located. Injury to the top
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of the shoots is recognized by sudden darkness pigmentation, stunting, and tumescence of
the hypocotyl. The results in those affected organs are quite pronounced and lead to the
plant’s death, mainly when the young shoot has been exposed to TFL [7–9].

2. The Inhibitor: Molecular Mechanisms
The specificity of Trifluralin as a microtubule inhibitor for plants is based on the lack

of homology between plants (or plant relative microorganisms) and metazoans. The early
studies that allowed TFL to become a worldwide approved herbicide were focused only
on its general toxicological aspects, and none of them measured TFL as a microtubule
inhibitor [10–13]. Some of these studies were carried out by the same company that pro-
duced TFL [10,11], which always raises suspicions. Other earlier works on TFL showed
that plant microtubules stabilized with Taxol (paclitaxel, a microtubule-stabilizing drug)
rapidly depolymerized when a dinitroaniline was added. On the contrary, animal mi-
crotubules treated with Taxol did not break up upon dinitroaniline exposure, evidencing
dinitroaniline specificity towards plant tubulines (at least in the presence of Taxol) [14].
An interesting conundrum about these experiments is that Taxol is believed to interact
with β-tubulin, whereas dinitroanilines are claimed to bind α-tubulin. Indeed, some years
after those seminal experiments, molecular models for dinitroaniline interactions with
plant α-tubulin pointed out a possible binding site for these inhibitors in the molecule.
Furthermore, when analyzing plant-related parasites that display resistance to oryzalin
due to mutations in the α-tubulin gene, some interesting 3D models for possible docking
sites of the drug were generated [15]. Nevertheless, since most α-tubulin mutations af-
fected the “core” of the molecule, several resistance mutations were located in the M or N
loops (tubulin regions that mediate the lateral adhesion of protofilaments) [16,17]. These
findings fit with previously mentioned data that show dinitroanilines depolymerizing
microtubules fixed with Taxol [14], because, in this model, dinitroaniline inhibitors disrupt
microtubules by destabilizing protofilaments instead of α-β-Tubulin dimers. Nevertheless,
it was partially concluded that these mutations did not directly define a binding site for
dinitroanilines, but also based on designed flexible docking simulations, a likely binding
site for dinitroanilines beneath the α-tubulin N loop was suggested [18]. Another work
using the analysis of surface electrostatic potential also suggested that dinitroanilines bind
α-tubulin [19]. This work postulated a docking site for dinitroanilines in between the dimer
interface. Thus, both predicted binding sites were different. A third work also predicted
docking sites for dinitroanilines on α-tubulin based on software simulations of tubulins
from different species [20]. Time and the profuse use of 2,6 dinitroanilines in different
countries provide these speculations with the possibility to happen in nature, specifically in
plants. Thus, more recent studies have, indeed, shown that α-tubulin mutations in weeds,
particularly involving the residues Arg-243-Met (arginine to methionine in position 243)
and Val-202-Phe (valine to phenylalanine in position 202), confer resistance to dinitroani-
line herbicides (and TFL among them). Interestingly, resistance mutations conferred with
Val-202-Phe are accompanied by an enhanced metabolism [21], an off-target effect that is
linked to the cytochrome P450 gene and may be linked to a resistant mitochondria too.
This unexpected effect of a resistance mutation on fitness is the opposite in Arg-243-Met
α-tubulin mutation (which also confers resistance to dinitroanilines), which is nearly lethal
to plants [22]. The effect of the reduced fitness of a resistance mutation is more commonly
described for tubulin mutations in several organisms, among them Toxoplasma sp. [18,23].
All in all, 48 α-tubulin resistance mutations against dinitroaniline herbicides have been
reported, meanwhile, β-tubulin mutations that confer resistance to these herbicides, are
to date, only 2 (Supplementary Material, retrieved from the tubulin mutation database:
“https://tubulinmutations.bio.uci.edu/ (accessed on 22 January 2025)”) [24]. Interestingly,

https://tubulinmutations.bio.uci.edu/
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an early paper in 1991 described how two β-tubulin mutations in Chlamydomonas reinhardtii
confer resistance to microtubule-disrupting drugs and dinitroaniline herbicides while en-
hancing Taxol-stabilizing actions on microtubules [25] (these were mutations non-specific
for dinitroaniline resistance). Finally, although important evidence pointing towards a
direct interaction of TFL with plant/protozoan α-tubulin is accumulating over time, an
important caveat of most of these works is the lack of a real crystallography study for
dinitroaniline binding in plants or in plant-related protozoans tubulins/microtubules. Nev-
ertheless, when the most important mutations conferring resistance to 2,6 dinitroanilines
are mapped in a 3D model of α-tubulin/β-tubulin/Darpin D1 proteins, we can see that
all of them localize into a specific region of the α-tubulin protein (Figure 3a). Interestingly,
all of them cluster in a restricted space, delimiting an area or region that is highly likely to
contain the 2,6 dinitroanilines binding site (zoomed for details on inset Figure 3b).
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Figure 3. The 2,6 Dinitroaniline herbicide-resistant mutations mapped in a 3D molecular model
of α/βTubulin/Darpin D1 proteins from Tetrahymena thermophila. (a) Three-dimensional model of
proteins α-tubulin, β-tubulin, and Darpin D, where most important resistance mutations are clustered
in a specific region of α-tubulin. (b) Inset showing a magnification of the area, where you can observe
main mutation sites conferring resistance to dinitroaniline herbicides: PHE 24 and PHE52 (T. gondii),
LEU 136 (plants: A. aequalis and S. viridis; protists: T. thermophila and T. gondii), SER 165 (T. gondii),
VAL 202 (plants: A. aequalis and L. rigidum), ILE 235 (T. gondii), THR 239 (plants: E. indica, S. viridis
and L. rigidum; protists: T. gondii), ARG 243 (L. rigidum and T. gondii), and MET 268 (E. indica and
T. gondii).

3. Toxicology
A proper introduction to TFL’s toxicological aspects includes a general overview

of its metabolism in mammals. Radiocarbonated TFL administered at doses of 1 and
10 mg/kg to rats resulted in the identification of seven metabolites in urine and six in
feces, as thoroughly described by Erkog et al. [26]. The main metabolic routes of TFL are
N-dealkylation and nitro reduction. Other important ones are hydroxylation, conjugation,
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and cyclization. This last reaction produces a considerable amount of benzimidazoles,
which are also microtubule inhibitors, and its anti-cancer properties have been subject to
several appraisals [27,28].

As already stated in the introductory section about the compound, the first stud-
ies on TFL’s metabolism came from the same laboratories that manufacture it [10,11].
In the first study, performed by Ely Lilly & Co (Greenfield, IN 46140, USA -nowadays
Corteva/DowElanco/DowDuPont-), TFL’s metabolism was studied in rats and dogs. In
these studies, they identified four compounds that resulted from an alternative process
of N-dealkylation (over one or both alkyl residues) and nitro reduction, predominantly
on one nitro group. They found that 100% of the radioactive labeled compound (on the
trifluoromethyl carbon) was excreted (78% fecal excretion and 22% urinary) in rats, and
the main fecal metabolite only differed from TFL in having one amino instead of a nitro
group (nitro reduction). On the other hand, when they marked the N-propyl carbon, they
found higher N-dealkylation by a consistent 19% of the radioactivity in expired air (26% in
urine and 43% in feces) and the rest probably as part of circulating metabolites of the body.
Nevertheless, they concluded that an oral dose of 100 mg/kg was rapidly and completely
eliminated by the rat [10]. They performed some complementary experiments on TFL’s
solubility in lipids and found that TFL caused orange-colored fat tissue when it was subcu-
taneously or intraperitoneally administered. They found, thus, that the liposolubility of
TFL is a constraint for any administration route other than oral. They claimed to obtain the
same results in dogs as those they did for rats.

In the second paper, which is just a personal letter, the writer stated that TFL was not
hazardous for vertebrates other than fish (which would increase the issue of possible ecotox-
icity). The main arguments against the ecotoxicity possibility for TFL are its non-leaching
and its binding to soil properties [11]. With the same concern about freshwater species
toxicity, later studies showed that TFL impairs the normal development of amphibians
(T. helveticus and P. waltlii) by inhibiting normal cytokinesis and producing chromosome
abnormalities [12]. Low TFL concentrations severely harm the gills of freshwater fish [29].

The effects of TFL on mouse liver xenobiotic-metabolizing enzymes (P-450-dependent
mono–oxygenases, epoxide hydrolases, and glutathione S-transferases) and carnitine acetyl-
transferase challenge the vision that TFL is inertly transient in mammalian systems. TFL at
a dose of 250 mg/kg injected intraperitoneally over three days was shown to increase the
microsomal liver protein fraction, associated with an increase in cytochrome P-450 content
and significant increase in aminopyrine N-demethylase activity. At the same, doses of TFL
showed a significant increase in cytosolic and microsomal glutathione S-transferases and
microsomal-like epoxide hydrolase. A non-significant decrease in carnitine acetyltrans-
ferase was also noted at the same dose [30]. It should be noted that, although this high
acute dosage did not trigger extreme toxic effects, the chronic effect when exposed to this
dose was not evaluated. Among the possible metabolic dysregulation effects caused by
dinitronailine herbicides, a recent paper showed in a Wuhan–Zhuhai cohort of patients
a positive association with dinitroaniline herbicide blood levels (particularly TFL and
pendimethalin) and increased fasting plasma glucose (which, in turn, is correlated with
pre-diabetic glucose dysregulation) [31].

A study performed by one of the laboratories involved in the manufacturing of TFL
(Hoechst) came in 1992 [32]. This work employed more animals than any other study and
different species (rats, mice, dogs, rabbits, and Chinese hamsters) to measure mutagenicity
and acute, sub-chronic oral, and chronic and reproductive toxicity. The main findings
for sub-chronic oral toxicity was hematoxicity. This consisted of a slight anemia with
a decreased red blood cell count, hemoglobin content, and hematocrit value, increased
reticulocyte counts (dogs and rats), and the formation of methaemoglobin and Heinz bodies
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(dogs and mice) for doses ranging from 75 mg/kg body weight/day (dogs) to 485 mg/kg
body weight/day (mice). These differences among species were likely due to the different
metabolism and alimentary habits of these species, and probably a carnivore like the dog is
more sensitive to chemicals due to, evolutionarily, being less exposed to their consumption
from vegetables. The LD50 (acute toxicity) for rodents ranged from 1930 to 5000 mg/kg
body weight, with LDL0 (Lowest Lethal Dose) ranging from 1600 to 5000 mg/kg body
weight; meanwhile, for dogs, both parameters were >10,000 mg/kg body weight. The
no-observed-effects levels (NOELs) were 2000 ppm for rats, 400 ppm for mice, and less than
400 ppm for dogs. The sub-chronic toxic effects observed for a dose lower than 200 mg/kg
body weight/day were related to an increase in liver weight, meanwhile, chronic effects
were observed at doses higher than 800 ppm (which resulted in a marked increase in liver
weight and hepatocellular hypertrophy). The developmental toxic dose in rabbits was
near to a high sublethal dose. In rats, delayed fetal development and malformations, as
well as maternal toxicity, were found at the highest dose (500 mg/kg body weight/day).
A dose of 100 mg/kg body weight produced no signs of overt maternal toxicity, but led
to the death of all embryos shortly after implantation in one dam and an increase in the
number of fetuses with thickened, wavy, or bent ribs. Based on this, the maternal NOEL
was 100 mg/kg body weight/day and NOEL for developmental toxicity was 20 mg/kg
body weight/day. These numbers were just partially accepted by another study that agreed
with a dose of 100 mg/kg body weight/day for maternal NOEL, but disagreed about NOEL
for developmental toxicity, considering this to be 100 mg/kg body weight/day rather than
20 mg/kg body weight/day [33]. The authors pointed out that these differences are the
result of the use of a different vehicle for oral administration (which is a weak argument in
support of such differences).

Cardiotoxic effects of TFL have been proposed based on high creatinine kinase serum
levels [34], and concerns about cardiotoxicity are supported by a recent systematic review
that determined that exposure to TFL (among other pesticides) is associated with an
increased risk for acute myocardial infarction [35]. Since these results are not conclusive,
they will be properly discussed in the following sections, with a special emphasis on TFL
as a prospective drug.

Increasingly important in recent years has been the off-target toxicity of dinitroaniline
herbicides. One reported mode of action of Ethalfluralin is an impairment in mitochondrial
membrane potential (∆Ψm) as a putative result of the down-regulation of mitochondrial
respiratory complex-related genes, with a consequent decrease in mitochondrial respira-
tion [36]. The same research group showed that pendimethalin also affects mitochondria by
reducing the mitochondrial membrane potential with a consequent rise in cytosolic calcium
and ER stress [37]. Particularly interesting is that early reports on the off-target effects
of 2,6 dinitronilines pointed out mitochondria as one of the main affected intracellular
organelles. As measured in plant tissues [38] and on isolated mitochondria [39], decreased
Oxidative Phosphorylation (OXPHOS) was a result of the inhibition of multiple electron
transport complexes, putatively by partitioning of the herbicide into the inner mitochon-
drial membrane [40]. In this line, passive calcium efflux from mitochondria as a result of
increased membrane permeability has been reported as an effect of TFL in plants and in
animals [41,42]. This membrane permeability is associated with a decreased mitochondrial
membrane potential (∆Ψm) in immune cells exposed to Pendimethalin [43]. Another work
also reported that TFL impairs OXPHOS [44]. Also noteworthy, a recent study linked TFL
with Parkinson’s disease and its relevant mitochondrial dysfunction [45]. The mitochon-
drial effects of TFL (off-target) and the cytoskeletal/microtubular effects (on-target) are
illustrated in Figure 4.



Future Pharmacol. 2025, 5, 14 7 of 13

Future Pharmacol. 2024, 4, FOR PEER REVIEW 8 

Figure 4. On-target and off-target effects of Trifluralin. On the left the microtubule 

disruptive activities of TFL mostly by interaction with α-tubulin subunits. On the right, 

the effects on mitochondrial membrane potential with the consequent dysregulation of 

cytosolic calcium (Ca+2) by mitochondrial leakage. 

4. Genotoxicity and Oncogenicity

Aside from an early report appearing in 1982 [46] that detected mutagenic effects 

on mice germ cells treated with a TFL-containing pesticide (Olitref, 26%TFL), the first 

studies in this area that assessed the effects of pure TFL also came from the laboratories 

that elaborated it [47,48]. In these reports, they focused on quantitative aspects rather 

than on a qualitative evaluation of the hazardous effects or on the molecular mechanism. 

They used the Ames test (that measures the mutagenicity of a substance by its ability to 

revert auxotrophic mutations in bacteria), which does not assess any aspect related to 

the action of the herbicide in eukaryotic cells (i.e., mainly anti-microtubule activity 

during spindle assembly in mitosis/meiosis). They also did not measure it in germ cells. 

In the sister-chromatid exchange test (SCE) that they performed on Chinese hamsters, 

TFL was shown to decrease the sister-chromatid exchange ratio. In a mouse lymphoma 

forward mutation assay, TFL duplicated the mutation frequency of controls at a dose of 

15 µg/mL. Nevertheless, they concluded that TFL does not pose a genotoxic hazard to 

humans and is not carcinogenic in the B6C3F1 mouse model. Some years later, a group 

studying genotoxicity on human lymphocytes concluded that TFL is able to exert weak 

cytotoxic and genotoxic effects in cultured human lymphocytes [49]. Some of the authors 

showed in a later paper that TFL has positive genotoxic effects in a wing spot test of 

Drosophila melanogaster, results that were reproducible in two different strains [50]. Some 

other interesting genotoxic evidence (increase in micronuclei formation) in non-

mammals has shown that both Treflan®  and its active ingredient TFL enhance and 

increase chromosomal aberrations. These studies show that TFL significantly increases 

the number of micronuclei events in the peripheral blood erythrocytes of the Nile Tilapia 

Figure 4. On-target and off-target effects of Trifluralin. On the left the microtubule disruptive
activities of TFL mostly by interaction with α-tubulin subunits. On the right, the effects on mito-
chondrial membrane potential with the consequent dysregulation of cytosolic calcium (Ca+2) by
mitochondrial leakage.

4. Genotoxicity and Oncogenicity
Aside from an early report appearing in 1982 [46] that detected mutagenic effects

on mice germ cells treated with a TFL-containing pesticide (Olitref, 26%TFL), the first
studies in this area that assessed the effects of pure TFL also came from the laboratories
that elaborated it [47,48]. In these reports, they focused on quantitative aspects rather
than on a qualitative evaluation of the hazardous effects or on the molecular mechanism.
They used the Ames test (that measures the mutagenicity of a substance by its ability to
revert auxotrophic mutations in bacteria), which does not assess any aspect related to the
action of the herbicide in eukaryotic cells (i.e., mainly anti-microtubule activity during
spindle assembly in mitosis/meiosis). They also did not measure it in germ cells. In the
sister-chromatid exchange test (SCE) that they performed on Chinese hamsters, TFL was
shown to decrease the sister-chromatid exchange ratio. In a mouse lymphoma forward
mutation assay, TFL duplicated the mutation frequency of controls at a dose of 15 µg/mL.
Nevertheless, they concluded that TFL does not pose a genotoxic hazard to humans and
is not carcinogenic in the B6C3F1 mouse model. Some years later, a group studying
genotoxicity on human lymphocytes concluded that TFL is able to exert weak cytotoxic
and genotoxic effects in cultured human lymphocytes [49]. Some of the authors showed
in a later paper that TFL has positive genotoxic effects in a wing spot test of Drosophila
melanogaster, results that were reproducible in two different strains [50]. Some other
interesting genotoxic evidence (increase in micronuclei formation) in non-mammals has
shown that both Treflan® and its active ingredient TFL enhance and increase chromosomal
aberrations. These studies show that TFL significantly increases the number of micronuclei
events in the peripheral blood erythrocytes of the Nile Tilapia Fish (O. niloticus) at low
doses of the herbicide (1 µg/L, over an exposure time of three days). The commercial
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formulation, Treflan®, causes the same effects at higher doses (5 and 10 µg/L) or longer
exposure times (6 to 9 days) [51].

An Environmental Protection Agency (EPA) report on the carcinogenic action of pesti-
cides includes TFL within those that induce thyroid follicular cell tumors in rodents [52].
Since the EPA assessed the relevance of measuring thyroid follicular cell tumors in rodents
to determine carcinogenicity in humans, concluding that this method is appropriate [53], the
EPA conducted studies to determine carcinogenicity in more than 200 pesticides. Among
those 24 pesticides that cause tumors in chronic tests, TFL has been shown to produce
significant tumor incidence in rats and mice. The effects of TFL do not remain circum-
scribed only to thyroid tumors, but also increase the incidence of other types of tumors,
like urinary bladder and kidney tumors. Nevertheless, TFL’s mechanism of induction of
thyroid tumors is unclear, and a related compound (pendimethalin) has been shown to
increase iodide uptake in rats, which was connected to an enhancement in hepatic thyroid
hormone metabolism and excretion [52]. The mechanism of induction of thyroid tumors
by TFL was studied by the Dow Chemical Company [54], and they detected that a 2-week
TFL treatment at a dose of ≈400 mg/kg body weight /day caused a depletion in thyroid
hormones that led to thyroid hyperactivity in order to replenish T3 and T4 blood levels
(and, thus, homeostasis). This thyroid hyperactivity resulted in cellular hypertrophy and
cell proliferation with the development of follicular cell tumors. The authors detected
higher levels of biliary T3 and T4 in TFL-treated animals than in controls (negative and
positive). Even though they showed a certain degree of depletion in T3 and T4 in the sera
of TFL-treated animals, which was coincident with the highest biliary levels of T3 and
T4, they did not show how TFL shifted the equilibrium towards an enhanced excretion of
thyroid hormones.

5. The Drug
Since the discovery of Chan and Fong that TFL kills intracellular protozoan parasites

selectively, without affecting the host cell viability [55], a plethora of studies have been
flooding the literature about TFL as a promising antiprotozan drug. Several 2,6 dinitroani-
lines have been shown to inhibit the replicative stages of protozoan parasites. The first
group that proved to be sensitive to dinitroanilines was the class kinetoplastida, which
includes Leishmania sp., Trypanosoma brucei, and Trypanosoma cruzi [55–65]. Most seminal
works on the inhibition of protists by dinitronilines have been summarized elsewhere [64].
Later studies have shown that dinitroanilines are potent inhibitors of apicomplexan par-
asites [66–69] and related protozoans [70]. Many of these works proved the inhibitory
efficacy of TFL in both in vitro and in vivo models.

Liposomal and topical formulations against Leishmania sp. could be interesting al-
ternatives for the treatment of visceral leishmaniasis [61,62], but the presence of already
mentioned toxic effects make this possibility very unlikely. Perhaps a more plausible
treatment could be developed against cutaneous leishmaniasis, but more studies about
transdermal penetration and related toxicology must be performed [71]. Based on the
aforementioned results, why can TFL not be used for the treatment of cutaneous leish-
maniasis? The answer is that the epithelium is one of the most actively dividing tissues
among those of the vertebrate body. The actively dividing cells in the epidermis are a
conspicuous obstacle to using a mitosis-disrupting agent as topical treatment, with the un-
desired consequence of a high risk of carcinogenesis. Another important trypanosomiasis
is Chagas Disease. Several works have pointed out that TFL [63,65] or other dinitroaniline
herbicides [64] could be used against Trypanosoma cruzi, the etiological agent of Chagas
disease. In the special case of Chagas, there is a lack of safe pharmaceuticals to treat the
chronic phase of the disease [72], which is when the most severe complications involving
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cardiac compromise arise [73]. An outstanding feature of the cardiomyopathy is myocyte
hypertrophy [74], which is one of the causes of chagasic cardiomegaly. Current research
about how cardiomegaly has pointed to microtubule accumulation on the cardiomyocyte
cytoskeleton as the most likely cause [75,76]. Interestingly enough, microtubule inhibitor
drugs used in cancer chemotherapy present relevant levels of cardiotoxicity [77], similarly
displayed by TFL in a mice model [34]. The cardiotoxicity inferred for TFL was based
on creatine kinase (CK) and lactate dehydrogenase (LDH) activities, both significantly
higher than controls at 50 mg/kg body weight/day administered over 30 days. Between
the two parameters taken into account to determine cardiotoxicity, just the creatine ki-
nase elevated levels are regarded as a consistently realistic marker of acute myocardial
infarction [78]. Anyhow, enhanced LDH activity is a marker of cell destruction that, in this
context, could be used indirectly as a secondary indicator of acute myocardial infarction.
The explanation for the CK elevated levels were linked to myocarditis in 33% of TFL-treated
animals and could be related to a differential cardiotropic concentration of the compound.
Interestingly, it was shown that TFL reached its highest concentration in heart, two-fold the
concentration detected in the brain, which is rare for a lipophilic compound, but is a very
desirable for a compound intended to treat a cardiac disease. Despite its already mentioned
several toxic effects in mammals, TFL remained as a potential compound for the treatment
of extreme chagasic heart disease cases, until cardiotoxic data showed that TFL is not even
suitable for these treatments [36]. It is worth speculating that the cardiac mitochondria can
be also affected as a part of the myocardial disfunction caused by TFL. In many cases, the
addition of separate and previously independent risk factors, when combined, make TFL
inadvisable for use in the treatment of certain protozoal diseases. Furthermore, with the
specific characteristics of each disease and the requirement for its treatment, it is difficult
to push a compound into pharmacology when it has been already banned as herbicide.
Trifluralin was withdrawn from circulation in Sweden in 1990 due to its ability to leach and
the potential risk for aquatic organisms; TFL was withdrawn from all stores in Denmark
in 1997 because pesticides with a half-life longer than three months are unacceptable for
registration there. TFL is not authorized in the Netherlands and was banned in Norway in
1993 [51,79,80].

Software and websites used: chemical structures in figures were partially generated
in PubChem Sketcher V2.4 (https://pubchem.ncbi.nlm.nih.gov//edit3/index.html, ac-
cessed on 22 January 2025). Figure 3 was generated by using Mol*(WebGL) in RCSB
PBD (https://www.rcsb.org, accessed on 22 January 2025) [81] from a protein structure of
Tetrahymena thermophila (7PJF, https://doi.org/10.2210/pdb7PJF/pdb, accessed on 22 Jan-
uary 2025) previously crystalized and modeled [82]. Water, ions and ligands were removed
from the original 3D model for better visualization of the mutation sites. Figures 2 and 4
were generated by using GravitDesigner version 2020-1.3.4.1.

6. Conclusions
Trifluralin was developed in the 1960s, when the main concerns and regulations for

environmental pollution and toxicology were not in vogue. The history of TFL reflects how
societies become more conscientious about the dangers of the indiscriminate spreading
of hazardous substances in the environment. In this sense, advances in the chemical
industry, the availability of new safer herbicides, trends towards a more organic agriculture,
and the genetic advances in crop selections will make TFL and its related dinitroanilines
useless compounds soon or later. Here, we discussed different aspects of TFL’s toxicology,
how it has been shown to exert a wide spectrum of pernicious effects on a wide range of
organisms, and especially those relevant off-target effects in mammals. TFL has shown
many interesting features as a selective inhibitor of plant microtubules, which also accounts

https://pubchem.ncbi.nlm.nih.gov//edit3/index.html
https://www.rcsb.org
https://doi.org/10.2210/pdb7PJF/pdb
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for the inhibition of protozoa with homologous sequences of tubulin proteins (Plasmodium
sp., Toxoplasma sp., Cryptosporidium sp., Chlamydomonas sp., Tetrahymena sp., Trypanosoma
sp., and Leishmania sp. among those tested). Importantly, to this actions as a microtubule
disrupter, non-selective mitochondrial inhibition could be added as an anti-protozoan
property to be exploited. Regretfully, the promissory role of TFL as a potential drug has
ultimately faced its downfall, since it has been shown repeatedly that its toxicity outweighs
its antiprotozoan properties. Whether or not TFL will be part of a future pharmacology will
depend on its selective delivery to target parasites, chemical modifications, or substitutions
that reduce its toxicity and new safer formulations for specific uses.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/futurepharmacol5020014/s1. Tubulin Mutations containing α and β-
tubulin mutations conferring resistance to dinitroaniline herbicides was obtained from “The Tubulin
Mutation Database” [24] at https://tubulinmutations.bio.uci.edu/ (accessed on the 22 January 2025).
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