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Photodegradation is a promising technique for remediating contaminated environmental matrices. 
It demonstrates significant potential in transforming organic contaminants into carbon dioxide, 
water, and inorganic anions through degradation reactions that involve transient oxidizing species, 
mainly hydroxyl radicals generated by ultraviolet (UV) irradiation. In this study, we investigated 
whether the photodegradation of Paraquat (PQ) with UV irradiation reduced its toxicity in Drosophila 
melanogaster. Our results indicate that ingesting PQ degradation products by larvae resulted in 
a low axial ratio (pupal volume). In the adults, it resulted in markedly diminished climbing ability 
in a time-dependent manner after 10 days of feeding. In addition, exposure of D. melanogaster to 
photodegradation of PQ reduced acetylcholinesterase and citrate synthase activities but improved 
oxidative stress, as evidenced by protein carbonyl, and lactate production. These results suggest that 
the photodegradation of PQ with UV irradiation produced PQ fragments with higher toxicity than PQ, 
while the precise mechanism of its action requires further investigation.
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The increase in world population in the 20th century would not have been possible without a parallel growth in 
food production, and this was achieved with agrochemicals, which are currently important components of the 
world’s agricultural systems1. Nevertheless, studies show the negative impacts of farming residues on soils and 
aquatic ecosystems that can have toxic effects on animals and humans2.

Paraquat (PQ) is a widely used bipyridyl herbicide whose mode of action is based on the deflection of electrons 
from photosystem I, producing reactive oxygen species (ROS), and causing cell death in the target organism due 
to the destruction of fatty acids in the thylakoids and other membranes3,4. PQ has a negligible vapor pressure 
at room temperature, being practically non-volatile5. Additionally, it has a high sorption coefficient (Koc) of 
4 × 103mg/dL, a half-life of approximately six years, and low degradation by microorganisms4, guaranteeing 
adequate bioavailability for roots in the soil. This compound is persistent in the environment causing problems 
for animals and humans5–7.

Nowadays, PQ is banned in more than 50 countries worldwide, including China, South Korea, the European 
Union, and the United Kingdom. In other countries such as the United States, Australia, Colombia, Chile, 
Uruguay, and Japan, paraquat is under re-evaluation and/or strictly controlled use8.

Studies have highlighted the toxicity of PQ for animals. The oral mean lethal dose (LD50) varies from 
22 to 262 mg/Kg, depending on the species9,10, and there are no antidotes after exposition7,10,14. PQ impairs 
bioenergetic function, mitochondrial metabolism, and the aggregation of α-synuclein and amyloid precursor 
protein (APP), crucial proteins involved in neurodegenerative processes11–13. In addition, this compound is 
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similar to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), a dopaminergic neurotoxin widely used as an 
inducer of Alzheimer’s and Parkinson’s diseases in experimental animal models14–18.

Studies describe that the physicochemical and biological processes are efficient in removing organic 
environmental contaminants, such as PQ, from water and wastewater19–21. In this context, Advanced Oxidative 
Processes (AOP) stand out. Among these, photolysis has demonstrated potential for application in the 
degradation of organic pollutants through UV radiation due to its promise due to its low price, high efficiency, 
and non-toxic properties22–24. The basis for the use of AOPs for the remediation of organic and inorganic toxins 
lies in the fundamental reactions of ROS. While kinetic parameters and reaction pathways have been determined 
for the aqueous-based free-radical-mediated destruction of numerous problematic pollutants, simple organic 
compounds can involve complex reaction pathways and product mixtures25. The generation of hydroxyl radicals 
by various homogeneous and heterogeneous AOPs can also affect different reaction dynamics and lead to 
significantly different reaction pathways that could be more toxic than the original compound.

The study of the toxic effect of chemical compounds such as PQ requires the use of animal models, in this 
case, the insect Drosophila melanogaster, known as the “fruit fly” the closest invertebrate model to humans due 
to its conserved evolutionary genetics and development biology. This insect has high reproductive capacity, fast 
development, short lifespan, and conserved biological processes, making it an ideal toxicological assessment 
model26. In addition, the daily food consumption of a single D. melanogasteris approximately 1.5 uL, representing 
1.7 times its body mass27, and females in the maturation stage of fertilized eggs consume more solid food than 
virgin females28.

Toxicological studies targeting residual compounds generated in AOPs, and their ecological impacts29 and 
insect health are not fully defined. In this work, we present the neurotoxic effects on behavioral, physiological, 
and biochemical parameters in D. melanogaster caused by the photodegradation derivatives of PQ by means of 
a UV light source. This study can help guide the recommendations for compounds generated in AOPs and their 
toxic effects.

Materials and methods
Samples
To prepare the aqueous solution fortified with Paraquat, PQ (CAS n. 75365-73-0) 79 mM, final concentration, 
ultrapure water (18.2 MΩ cm) was used from a water purification system (Q-Gard® connected to Elix®/RO/
distilled water, model QGARD00R1, Merck, USA). The solution was then treated in a photodegradation system 
for 60 min, and 5 aliquots with 0.18 mL were collected at times 0; 10; 15; 30; and 60 min, and then stored at 
−20 °C ± 01 °C in a hermetically closed flask, in absence of light, until they are used to supplement standard diets 
and chemical characterization (0; 10; 15 and 30 min).

The photocatalytic degradation was done using a photoreactor equipped with water cooling through a 
thermostatic bath (model CE-110/10, Cienlab). In a quartz bulb, the photocatalyst was irradiated with a UV 
light source (315–400 nm) using a 125 W Philips medium-pressure mercury lamp without the glass22.

Chemical characterization by high-resolution mass spectrometry - HRMS
All samples (PQ; photodegradation of PQ during 15  min and 30  min) were lyophilized and subsequently 
solubilized in 50% (v/v) chromatographic grade acetonitrile (CAS n. 75-05-8, Tedia, Fairfield, OH, USA), 50% 
(v/v) deionized water, and 0.1% formic acid (CAS n. 64-18-6) for positive mode ESI(+). The solutions were 
infused directly into the ESI source using a syringe pump (Harvard Apparatus) at a flow rate of 150 µL/min. 
ESI(+)-MS and tandem ESI(+)-MS/MS were acquired using a hybrid high-resolution and high accuracy (5 
µL/L) microTof (Q-TOF) mass spectrometer (Bruker® Scientific) under the following conditions: capillary and 
cone voltages were set to + 3500 V and + 40 V, respectively, with a de-solvation temperature of 100◦C. For ESI(+)-
MS/MS, each component’s energy for the collision-induced dissociations (CID) was optimized. Diagnostic ions 
in different fractions were identified by the comparison of their exact mass (m/z), isotopic ratio, and ESI(+)-MS/
MS dissociation patterns with compounds identified in previous studies (Table 1). QTOF-control data analysis 
software (Bruker® Scientific) (https://www.bruker.com) was used for data acquisition and processing. The data 
were collected in the m/z range of 50–1400 at the speed of two scans per second, providing a resolution of 50,000 
(FWHM) at m/z 200. No important ions were observed below m/z 50 or above m/z 850 therefore ESI(+)-MS data 
is shown in the m/z 50 − 850 range.

Entry Compound
Precursor íon 
m/z Formula Error (ppm)

Isotopic ratio 
(mSig) Fragmentation pathway

1 - 93.0601 C6H7N+ - 3.3 -

2 Monoquat 171.0915 C11H11N2
+ 4.2 5.3 155.0604 [M – CH4]+; 143.0728 [M – CH2N]+; 128.0499 [M – 

C2H5N]+; 115.0544 [M – C2H4N]+; 103.0521 [M – C3H4N2]+

3 Paraquat 185.1073 C12H13N2
+ 3.0 2.1 171.0911 [M – CH2]+; 158.0962 [M – CHN]+; 144.0807 [M – 

C2H3N]+; 118.0656 [M – C4H5N]+; 107.0738 [M – C5H4N]+

4 - 300.1608 C21H20N2
+ 6.0 4.5

Table 1.  ESI(+)-MS/MS dissociation patterns.
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Fly strain and rearing
All experiments in this study were performed using Canton Special(wild strain) flies. The flies were cultured at 
25 ± 1 °C on a standard diet containing cornmeal (6.5% m/v), agar (CAS n. 9002-18-00) (1.0% m/v), yeast (6.5%) 
and Nipagin (CAS n. 99-76-3) (3.0% v/v)30.

Exposure of photodegradation samples to drosophila melanogaster
Flies (male and female) were maintained in three different experimental conditions for 3 h, the eggs deposited 
for 3 h were hatched, and the larvae were fed: (1) A standard diet containing cornmeal (6.5% m/v), agar (CAS 
n. 9002-18-00) (1.0% m/v), yeast (6.5%) and Nipagin (CAS n. 99-76-3) (3.0% v/v)30; (2) A standard diet 
supplemented with a solution of PQ 0.474 mM (final concentration) and (3) A standard diet was supplemented 
with 180 µL of aliquots by photodegradation of PQ during 10  min. The aliquots were selected based on a 
preliminary toxicity assessment.

All female thoraces (50 samples/Eppendorf) and heads (50 samples/Eppendorf) after 10 days of treatment 
were dissected and homogenized with tungsten carbide beads (cat no 69997, Qiagen) in a solution (NaCl 
0.9%, pH 7.0) (CAS n. 7647-14-5) containing a protease inhibitor diluted to 1:200 (CAS n. 66701-25-5). The 
homogenates were centrifuged at 10,000 x g for 10 min at 4oC, posteriorly the supernatant was collected and 
stored at − 20 °C until use.

Determination of the pupal volume of D. melanogaster
After five days, the larvae fed different diets, begin the metamorphosis into adult animals. To evaluate the effect 
of photodegradation of PQ samples on the volume of D. melanogaster pupae, we calculated the volume or axial 
ratio (length/width) of 40 pupae31.

Survival assay
The effect of PQ photodegradation products on adult flies’ lifespan was studied on newly emerged flies. The 
flies were transferred to untreated (control) at different times (15 and 30 min) of PQ photodegradation from 
day one of their emergence (100 flies/vial and 5 vials/group). The flies were transferred to the standard diet and 
supplemented every 2 days with fresh food maintained for the best physiological conditions and to avoid insect 
death caused by humid food, mold, or bacterial growth32. Mortality was recorded in each vial for 20 days.

Climbing assay
The locomotor behavior of the flies was measured using a counter-current apparatus33. The newly emerged flies 
(2, 5, 10, 15, and 20 days old) were placed in empty cylindrical tubes with a height of 15 cm. The flies were then 
tapped down to the bottom and allowed 60 s to climb 15 cm from the bottom of the vial. The experiment was 
performed in five trials/replicates. Results were obtained by phototaxis index ∑(i*Ni)/N with N representing the 
total number of D. melanogaster assayed, in the scale number, and Ni number of flies in the tube at the end of 
the experiment34.

Indirect measurement of oxide nitric (•NO) by the griess reaction
The Griess A solution was adapted from de Vargas-Maya et al. (2021)35 in which 0.1% N-(1-naphthyl) 
ethylenediamine dihydrochloride (CAS n. 1465-25-4) prepared in Milli-Q water was used. Solution B: 1% 
sulfanilamide (CAS n. 63–74-1) prepared in 5% phosphoric acid (CAS n. 7664-38-2). For nitrite (CAS n. 
7632-00-0) concentrations in the nitrite standard curve ranging from 0.5 to 20 µM, the final concentration was 
prepared in each experiment by measuring biological samples. The standard curve and analysis of the biological 
sample were prepared by adding 50 µL of Solution A and 50 µL of Solution B and then added to a 96-well plate. 
Reactions were incubated at room temperature for 15 min, protected from light. Optical density was measured 
at 540  nm spectrophotometrically using a spectrophotometer (Model Cary 50MPR Varian Ltd., Melbourne, 
Australia).

Protein carbonyl
Thoraces and heads of D. melanogaster were homogenized in ice-cold 100 mM Tris buffer, pH 7.4, and 
centrifuged at 1500×g for 10  min at 4oC. Supernatants were separated into two fractions, resuspended with 
10% trichloroacetic acid (TCA) (CAS n. 76-03-9), and centrifuged at 5000×g for 10 min at 4oC. One pellet was 
resuspended in 1 mL 10 mM 2,4-dinitrophenylhydrazine (DNPH) (CAS n. 119-26-6) in 2.5 M HCl (CAS n. 
7647-01-0), while the other was resuspended only in 1 mL 2.5 M HCl36. After incubation (1 h, 37 °C, in the 
dark), samples were transferred to the ice for 10 min, 10% TCA added, and centrifuged at 5000×g for 5 min at 
4oC. The pellets were washed three times with 1 mL ethanol (CAS n. 64-17-5)/ethyl acetate (CAS n. 141-78-6) 
(1:1) and centrifuged at 5000×g for 5 min at 4oC. The pellets were dissolved in 6 M guanidine (CAS n. 50-01-1) 
and stirred for 40 min. Protein carbonyl content was assessed spectrophotometrically at 340 nm using a Varian 
Cary 50MPR Spectrophotometer (Varian Ltd., Melbourne, Australia).

Lactate content
Fifty thoraces and heads (dissected and stored at −20 °C in protease inhibitor) were macerated and homogenized 
in 0.1 M sodium phosphate (CAS n. 7601-54-9) buffer pH 7.4. The homogenate was centrifuged at 10,000×g 
for 10  min at 4  °C, and the supernatant was collected. Lactate content was measured by the lactate oxidase 
method, according to manufacturer instructions (Labtest, Brazil, cat. n. #138-1/50). Absorbance was monitored 
spectrophotometrically at 550 nm using a Varian Cary 50MPR Spectrophotometer (Varian Ltd., Melbourne, 
Australia). Lactate content was expressed as mg/dL of lactate per total amount of protein in the sample.
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Citrate synthase (CS) activity
Fifty thoraces and heads (dissected and stored at −20°C in protease inhibitor) were submitted to homogenization 
in Tris (200 mM, pH 8.0) with Triton X-100 (CAS n. 9036-19-5) (0.2%v/v)37. Then, the homogenates were 
centrifuged at 9000×g for 30 min at 4oC, the supernatant was collected, and protein concentration was 
determined. The CS activity was started by adding 0.01 mg protein to ~ 170 µL Tris buffer containing 10 mM 
Acetyl-CoA (CAS n. 32140-51-5), 1 mM 5’5’-Dithiobis-2-nitrobenzoic acid (DTNB) (CAS n. 69–78-3), and 10 
mM oxaloacetate (CAS n. 328-42-7). The reduced CoA (CoA-SH) formed by CS activity converts the DTNB 
into 2-nitro-5-benzoic acid (TNB). CS activities were evaluated by the rate of TNB formation, measured 
spectrophotometrically at 412 nm according to Srere (1969)38 using a Varian Cary 50MPR Spectrophotometer 
(Varian Ltd., Melbourne, Australia).

Acetylcholinesterase (AChE) activity
Fifty thoraces and heads of D. melanogaster were homogenized in 100 mM sodium phosphate buffer (containing 
inhibitor protease), pH 7.4 to disrupt the cells. Homogenates were centrifuged at 9000×g for 30 min at 4oC13. The 
supernatant (0.01 mg protein) was incubated with 100 mM sodium phosphate buffer, pH 7.4, containing 150 mM 
acetylthiocholine (CAS n. 1866-15-5) and 1 mM DTNB. AChE activity was determined spectrophotometrically 
using a Vary Cary 50MPR Spectrophotometer (Varian Ltd., Melbourne, Australia) according to the method of 
Ellman et al. (1961)39. The results were expressed as nmol conjugated formed/min/mg protein.

Protein assay
The protein concentration was determined by Bradford assay using BSA (CAS n. 9048-46-8) as the standard40. 
The assay consists of the interaction of the protein with the Coomassie Blue reagent (CAS n. 6104-59-2), with 
the reading carried out at 596 nm.

Statistical analysis
The data are presented as mean ± S.E.M. N means the number of female flies per group used in each experiment. 
Statistical analysis was performed using the software GraphPad ©Prism version 7.0 (San Diego, CA, USA) 
(https://www.graphpad.com). The statistical significance of the mean values for multiple comparisons was 
monitored in control and treated flies using one-way ANOVA with Tukey as post hoc. Results were considered 
significant when p < 0.05 (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001) and ns for p > 0.05.

Results
Mass analysis and photodegradation
The monitoring of by-products generated in photodegradation processes highlights their ability to transform 
the vast majority of organic contaminants, such as agrochemicals, into carbon dioxide, water, and inorganic 
anions41,42. High-resolution mass spectrometry has been applied to qualify and quantify target and non-target 
compounds isolated and in complex mixtures such as plant extracts43. To confirm the elemental formula, as well 
as the chemical structure tools such as exact m/z, isotope ratio, and fragmentation profile are used.

Herein, the sample was extracted after 10 min (sample A4) of PQ with UV irradiation. Figure 1 shows the full 
spectrum for the sample of PQ (A), and 10 min (B) of PQ degradation, where we observe as main m/z 93.0601, 
171.0915, 185.1073, and 300.1608, which are related to compounds with [C6H7N]+, [C11H11N2]+, [C12H13N2]+ 
and [C21H2ON2]+ respectively. Figure 2 demonstrates the presence of the monoquat molecule. In addition, the 
list of possible intermediate and reaction products is described as supplementary material (Table S1, and S2).

Fig. 1.  Full spectra of HRMS for a sample of PQ in (A) and 10 min (B) of PQ with UV irradiation.
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Determination of the pupal volume of D. melanogaster
In the development of D. melanogaster, the shape, and size at the pupal stage can be conveniently described by 
the axial ratio of its cuticle (AR, length/width). As shown in Fig. 3, no deleterious effect on the pupal volume 
was recorded at PQ, however, our results demonstrated a significant reduction in the pupae, whose diets were 
supplemented with aliquots of 30 min (p < 0.05) and 60 min (p < 0.01) of photolysis on UV radiation.

Longevity and climbing activity
The PQ and photolysis products added to the semisolid food exerted a significant influence on the fly life span 
after 10 days (Fig. 4a and Figure S1), with approximately only 97% survival (photolysis for 10 min) compared 
to 98% in PQ treatment. PQ and products of UV radiation exposure markedly diminished climbing ability in a 
time-dependent manner (Fig. 4b and Figure S2) after 10 days of feeding.

Indirect measurement of nitric oxide (•NO) by the griess reaction
•NO is a molecule that plays an essential role as a biochemical signal in muscle and neural cells, being an important 
cofactor in oxidative stress parameters in the body44. However, flies fed the fragmentation by-products (Fig. 5a 
and b) did not show statistical differences from those exposed to PQ degradation by UV irradiation.

Fig. 3.  Quantification of pupal volume in D. melanogaster by axial relationship. The body shape of a pupa can 
be described by length (L) / width (W). The values represent the mean ± S.E.M of five experiments. The results 
were considered statistically significant when *p < 0.05, **p < 0.01: avs. CTRL, bvs. PQ, cvs. 10 min, dvs. 15 min, 
and evs. 30 min of photolysis.

 

Fig. 2.  HRMS for Sample A. In (A) an expansion between 170 and 175 and a comparison with theoretical for 
the m/z 171.0915; in (B) an analysis in MS-MS mode for the m/z 171.
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Protein carbonyl
PQ acts by influencing an intracellular redox cycle inducing an increase in oxidative stress in the intracellular 
environment14. Our results demonstrated that flies fed the fragmentation by-products did not show statistical 
differences from those that fed the PQ degradation by UV irradiation (Fig. 6a). However, there was a significant 

Fig. 6.  Protein carbonyl content in (A) thoraces and (B) heads of D. melanogaster fed on a diet supplemented 
with PQ and degradation products. The values represent the mean ± S.E.M of three independent experiments. 
The results were considered statistically significant when *p < 0.05, **p < 0.01: avs. CTRL, bvs. PQ.

 

Fig. 5.  Indirect measurement of •NO by the Griess Reaction in (A) thoraces and (B) heads of D. melanogaster 
fed on a diet supplemented with PQ and degradation products. The values represent the mean ± S.E.M of three 
independent experiments.

 

Fig. 4.  Behavioral parameters. (A) Lifespan (percentual of survival) of D. melanogaster submitted to a diet 
supplemented with degradation products of PQ and (Figure S1) (B) Climbing ability of D. melanogaster fed a 
diet supplemented with degradation products of PQ and statistical analyses as supplementary material (Figure 
S2).
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difference in the production of carbonyl proteins as a result of oxidative stress in nervous tissues after exposure 
to PQ (p < 0.01) and 10 min of PQ degradation (p < 0.01) (Fig. 6b).

Lactate content
Several studies have demonstrated the importance of lactate dehydrogenase in energy metabolism and as a 
marker of neuronal oxidative damage that depends on lactate derived from the astrocytes where they are most 
abundant in the brain45. Exposure to PQ (p < 0.05) and its photolysis by-products (p < 0.05) increased the lactate 
content in the thoracic muscles (Fig. 7a). In the head, the same effect was shown on the ingestion of PQ (p < 0.01) 
and UV radiation products (p < 0.05) (Fig. 7b).

Citrate synthase (CS) activity
Exposure to PQ and its by-products from photolysis reduced the activity of citrate synthase (CS), an enzyme 
from the Krebs Cycle that indicates mitochondrial content in tissues46,47. However, flies fed with by-products 
(10 min of fragmentation) showed lower CS activity in the thoracic muscles (p < 0.001) (Fig. 8a). In the heads 
of D. melanogaster, the results were significant both in the exposure of PQ and fragments for 10 min of UV 
radiation (p < 0.0001) (Fig. 8b).

Acetylcholinesterase (AChE) activity
AChE activity participates in the cholinergic system, which is involved in the control of acetylcholine (ACh) 
in the synaptic cleft48, being essential in the control of calcium for muscle contraction and various neuronal 
stimuli49,50. The evaluation of AChE activity demonstrated that diets supplemented with PQ (p < 0.001) and its 
by-products generated by photolysis for 10 min (p < 0.001) promoted a significant reduction in AChE activity in 
the thoracic muscles (Fig. 9a). In the heads of D. melanogaster, the results were significant both in the exposure 
of PQ and fragments for 10 min of UV radiation (p < 0.0001) (Fig. 9b).

Fig. 8.  CS activity in (A) thoraces and (B) heads of D. melanogaster fed on a diet supplemented with PQ and 
degradation products. The values represent the mean ± S.E.M of three independent experiments. The results 
were considered statistically significant when ***p < 0.001, ****p < 0.0001: avs. CTRL.

 

Fig. 7.  Lactate concentration in (A) thoraces and (B) heads of D. melanogaster fed on a diet supplemented 
with PQ and degradation products. The values represent the mean ± S.E.M of three independent experiments. 
The results were statistically significant when *p < 0.05, **p < 0.01: avs. CTRL.
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Discussion
In the photolysis of the Paraquat, the pesticide can be degraded by two mechanisms: direct and indirect 
photolysis. In the case of direct photolysis, the pesticide can absorb energy from UV irradiation, and this energy 
can cause the molecule to enter an excited state. Degradation can be promoted by homolysis, heterolysis, and 
photoionization. In indirect photolysis, highly active species, such as hydroxyl, superoxide, and ozone radicals 
are produced by the excitement of UV light, which can degrade the pesticide51.

Irradiation with UV light is a potential treatment method for degrading water contaminants, such as natural 
organic matter, aliphatic and chlorinated volatile organic compounds, aromatic compounds, and herbicides52. 
Herein, the ESI mass spectrum of the PQ solution after photolysis with UV irradiation for 10 min showed the 
peaks at m/z 300, m/z 186, m/z 171, m/z 138, and m/z 93, studies reported similar detection53,54. However, the 
ESI mass spectrum of the PQ solution, without irradiation, is mainly characterized by peaks at m/z 186, M+•, 
the molecule ion; m/z 171, (M+•-CH3)+; m/z 143, (M+•-CH2NCH3)+•; m/z 118, and m/z 93, M2+, the molecular 
dication.

The ions at m/z 186, 171, and 93 are the most abundant fragment ions in the PQ solution and PQ fragmentation 
after a 10 min UV degradation represents the PQ, monoquat, and 4-methyl-pyridine molecules, respectively.

Exposure to PQ in animal models causes drastic damage to bioenergetic function and mitochondrial 
metabolism12,53,54 due to the disturbance of the intracellular redox balance, which promotes an intense cycle 
of metabolic oxidants48, and compromises important aspects in the survival of any animal30,46,55. Our results 
demonstrated a 5% increase in mortality in animals exposed to fragments generated after 10  min of PQ 
photolysis. Furthermore, only 2% of flies fed with PQ (0.474 mM, final concentration) for 10 days died, an effect 
with less toxicity compared to a recent study, which demonstrated the mortality of 20% of D. melanogasterfed 
with 10 mM PQ for 15 days56. In addition to its climbing or locomotion capacity, a function directly related to 
neuromuscular was affected through AChE activity13. We observed that by-products generated from the UV 
radiation are more harmful to the health and survival of the animal model, suggesting greater toxicity to D. 
melanogaster.

PQ may interact with the mitochondrial matrix and with the electron transport chain complexes, especially 
with complexes I and III promoting a redox cycling: divalent PQ cation (PQ2+) is reduced to highly reactive 
mono cation radical (PQ+), which in turn reacts with the molecular oxygen to generate superoxide radical (O2

•−) 
and subsequently other oxygen and nitrogen reactive species57,58. Studies reported that a dose of PQ induces 
oxidative damage that activates mitochondrial pathways associated with excitotoxicity and that autophagy, 
alteration of dopamine catabolism, and inactivation of tyrosine hydroxylase are mentioned as causes for the 
loss of dopaminergic cells59–62. Our results showed that PQ solution after photolysis with UV irradiation for 
10  min disrupted the intracellular redox balance, promoting an oxidant status, as evidenced by enhanced 
carbonyl protein production rates in the heads of D. melanogaster. In addition, flies exposed to PQ and its 
photodegradation by-products suffered an increase in the lactate content in the head and thoracic tissues, a 
key product of energy metabolism in the thorax and brain, catalyzed by the reduction of pyruvate and the 
accumulation in the brain is a valuable biomarker of neuronal and muscle degeneration related to mitochondrial 
dysfunction45,46,63.

The diminished mitochondrial metabolism in tissues (muscle and brain) of D. melanogasterPQ and its 
photolysis products supplemented demonstrated here can also be associated with CS activity, an enzyme of 
Krebs Cycle indicative of mitochondrial content47,64. Flies fed with by-products with 10 min of PQ fragmentation 
showed lower CS activity in the head and thoracic tissues, suggesting damage to mitochondrial content in 
neurons. Studies of cell culture65,66, D. melanogaster13,30,46,67, and embryos of zebrafish68and mice69 PQ-induced 
mitochondrial dysfunction.

The mechanism of muscle contraction is influenced by several factors including the cholinergic system70, 
with the concentration of ACh being controlled by AChE. PQ and its derivatives, such as monoquat were 
observed as inhibitors of AChE activity70. Our results suggest that the damage to the cholinergic system in flies is 
due to a significant reduction in AChE, an enzyme whose catalysis favors a greater uptake of calcium for muscle 

Fig. 9.  AChE activity in (A) thoraces and (B) heads of D. melanogaster fed on a diet supplemented with PQ 
and degradation products. The values represent the mean ± S.E.M of three independent experiments. The 
results were considered statistically significant when ***p < 0.001, ****p < 0.0001: avs. CTRL.
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contraction. In contrast, the central nervous system maintains a balance between neurotransmitters and ACh71, 
which shows locomotor impairment in D. melanogaster72–74.

Thus, this research offers several contributions to the field, highlighting how our main findings are the 
significant changes caused by photodegradation of PQ with UV irradiation, with behavioral and biochemical 
alterations observed in flies. Based on these results, we believe that the toxic effect of PQ fragments is higher 
when compared to PQ alone.

Conclusion
Flies exposed to PQ suffered significant changes in behavioral and biochemical parameters frequently found 
in neurodegenerative processes, including reduced climbing activity, mitochondrial dysfunction, cholinergic 
impairment, and lactate accumulation. In this research, we demonstrated, for the first time, that the 
photodegradation products of PQ with UV irradiation-induced intoxication in D. melanogaster diminished 
neuromuscular functions such as AChE activity, mitochondrial content, but improved the protein carbonyl 
levels and lactate content, which reinforces the more toxic effect of PQ fragments when compared to PQ alone. 
Also, these results are an encouragement for the continuation of this research and further investigations into the 
possible treatment methods for organic pollutants in wastewater.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author upon reasonable request.
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