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ABSTRACT
This study investigated the potential of the indirubin-3′-oxime (I3O) compound to mitigate temperature-induced 
male infertility in Drosophila melanogaster. Elevated temperatures significantly reduced egg-hatching rates, 
but I3O supplementation improved these rates, suggesting it can partially restore fertility under heat stress. 
Additionally, I3O was found to inhibit soluble epoxide hydrolase (sEH), an enzyme involved in the metabolism 
of epoxyeicosatrienoic acids, which are vital for reproductive health. I3O exhibited sEH inhibitions with an IC50 
value of 59.74  ±  0.41  µM. Enzyme kinetics revealed that I3O acts as a non-competitive inhibitor of sEH with 
a Ki value of 78.88  µM. Molecular docking showed strong interactions between I3O and key residues in the 
allosteric regions within the sEH enzyme, with a binding affinity of −9.2 kcal/mol. These interactions were 
supported by 100 ns molecular dynamics simulations, which confirmed the stability of the sEH–I3O complex.

GRAPHICAL ABSTRACT

Introduction

Male infertility is an increasingly prevalent issue that is exacerbated 
by environmental stressors, such as elevated temperatures, which 
can adversely affect reproductive health1–3. In Drosophila melano-
gaster, a well-established model organism, heat stress significantly 
reduces egg-hatching rates, a key indicator of male fertility4–7. The 
underlying mechanisms contributing to temperature-induced infer-
tility are complex and multifaceted, involving factors such as 
inflammation, oxidative stress, and vascular dysfunction2,8.

Soluble epoxide hydrolase (sEH) is a critical enzyme involved in 
the metabolism of epoxyeicosatrienoic acids (EETs)9,10, signalling 
molecules that play significant roles in various physiological  
processes, including inflammation, oxidative stress, and vascular 

function11. EETs are known for their anti-inflammatory and antiox-
idative properties, which are essential for maintaining overall 
health, including reproductive health12,13. Elevated sEH activity can 
reduce EET levels, leading to increased inflammation and oxidative 
stress, both of which are detrimental to reproductive health. 
Moreover, EETs are crucial for maintaining optimal vascular func-
tion, which is essential for regulating sufficient blood flow to 
reproductive organs14,15. Therefore, inhibiting sEH to preserve EET 
levels could mitigate these negative effects, potentially offering 
therapeutic benefits in managing conditions associated with male 
infertility.

Indirubin-3′-oxime (I3O), a derivative of indirubin, is a bioac-
tive compound traditionally recognised in Chinese medicine for 
its therapeutic role in treating chronic diseases, including 
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leukaemia and inflammatory conditions16–18. Recently, I3O has 
attracted significant attention for its wide range of pharmaco-
logical activities. Indeed, it exhibits potent anti-inflammatory 
effects, primarily by inhibiting key signalling pathways such as 
glycogen synthase kinase-3β (GSK-3β) and cyclin-dependent 
kinases (CDKs), which are critical in cell proliferation, apoptosis, 
and inflammation18,19. Moreover, I3O has been shown to modu-
late immune responses and suppress tumour growth in various 
cancer cell lines by inducing cell cycle arrest and promoting 
apoptosis in various cancer cell lines20–22. The neuroprotective 
effects of I3O are also noteworthy, as the compound demon-
strates a potential to protect neurons from oxidative stress and 
inflammatory damage, key contributors in neurodegenerative 
diseases23,24. Given these diverse pharmacological activities, I3O 
holds promise as a therapeutic agent in treating various condi-
tions, including cancer, inflammatory disorders, and neurode-
generative diseases.

In this context, I3O has garnered attention for its potential to 
alleviate the effects of male infertility from elevated temperatures. 
By inhibiting sEH, I3O may preserve EET levels, thereby reducing 
inflammation, oxidative stress, and vascular dysfunction, critical 
factors in reproductive health25–27. This study aimed to investigate 
the effects of I3O on heat-induced reductions in egg-hatching 
rates in Drosophila to assess its potential as a therapeutic agent. 
Additionally, this study explored the molecular interactions 
between I3O and sEH through docking and molecular dynamics 
(MD) simulations, providing a comprehensive understanding of the 

role of I3O in enhancing reproductive outcomes under stress 
conditions.

Materials and methods

Chemicals and reagents

I3O (I0404) and Bis–Tris buffer (B9754) were purchased from 
Sigma-Aldrich (St. Louis, MO). sEH (human, recombinant; Item 
No. 10011669), PHOME (Item No. 10009134), and AUDA (Item 
No. 10007927) were purchased from Cayman Chemical (Ann 
Arbor, MI).

Drosophila strain and culture

All Drosophila stocks were maintained on standard cornmeal 
molasses agar media at 25 °C and 40–60% humidity. The w1118 
strain, obtained from the Bloomington Drosophila Stock Center 
(BDSC, Bloomington, IN), was used to measure egg-hatching rates.

Analysis of Drosophila egg-hatching rate

To examine how temperature affects the reproductive capacity of 
Drosophila, eggs were collected from a newly prepared vial con-
taining a food and test compound (I3O) mixture over six hours. 
These vials were then placed in an incubator at 27.5 °C, allowing 

Table 1.  Impact of I3O on Drosophila egg counts.

Repeat

Control (25 °C) DMSO (25 °C) Control (27.5 °C) DMSO (27.5 °C)

I3O (27.5 °C)

1  µM 5  µM 10  µM

Egg Hatched Egg Hatched Egg Hatched Egg Hatched Egg Hatched Egg Hatched Egg Hatched

1 49 46 60 52 86 7 122 19 119 31 109 25 31 10
2 46 42 55 52 56 7 30 4 61 26 28 14 70 27
3 137 113 48 40 80 15 100 22 114 56 91 43 80 30
4 53 50 34 29 46 5 28 5 60 28 45 19 49 14
5 22 20 – – 139 24 29 8 43 14 113 45 83 35

Figure 1.  Indirubin-3′-oxime, and its impact on Drosophila egg-hatching rates. The mean  ±  SEM; *p  <  0.05, **p < 0.01, ***p < 0.001, and ****p  <  0.0001, followed 
by Tukey’s post hoc test.
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the eggs to grow into adult flies. Male flies from this group were 
paired with virgin females grown at 25 °C with no exposure to any 
chemical. After mating, the flies were moved to grape agar plates, 
where they laid eggs overnight. The following day, the quantity of 
laid eggs was counted. The grape agar plates were incubated at 
25 °C, and egg hatching was recorded over 24 h to assess fertility. 
Data on the number of hatched eggs and the hatching rate were 
then measured and analysed.

sEH inhibition assay

The sEH inhibitory activity was assessed using our established pro-
cedures28,29. Initially, 130  µL of sEH enzyme in Bis–Tris buffer (pH 
7.0) containing 0.1% bovine serum albumin, along with 20  µL of 
test compound I3O diluted in DMSO, were combined in 96-well 
plates. Subsequently, 50  µL of the PHOME substrate was added to 
each well and incubated at 37 °C. Fluorescence measurements 
were taken over 40 min using a VICTOR Nivo microplate reader 
(PerkinElmer, Waltham, MA), with excitation and emission wave-
lengths set at 330 nm and 460 nm, respectively. AUDA was used as 
the positive control. The inhibitory activity was calculated using 
the equation:

	 Inhibitory activity rate %( ) = − ×[ ( / )] %1 100∆ ∆Inhibitor Control 	

where ΔInhibitor and ΔControl are the fluorescence values of the 
inhibitor and control, respectively, after 40 min. The IC50 values 
were determined using Microsoft Excel 365 (Redmond, WA).

Furthermore, two enzyme kinetic methods (Lineweaver–Burk 
and Dixon plots) were employed to evaluate the inhibition 
mode and calculate the inhibition constant (Ki) of I3O30,31. The 
results were analysed and presented using Microsoft Excel 365 
(Redmond, WA).

Molecular docking

The molecular docking simulations were conducted using 
AutoDock Vina 1.1.2 (Scripps Research Institute, La Jolla, CA)32, 
according to the developer’s protocol33. The 3D structure of human 
sEH (PDB ID: 3ANS) with a resolution of 1.98  Å was obtained from 
the Protein Data Bank. The protein was prepared using BIOVIA 
Discovery Studio Visualizer v21 (Dassault Systèmes, San Francisco, 

CA). The 3D model of I3O was built and energy-minimised using 
Spartan’24 (Wavefunction, Irvine, CA). The sEH and I3O structures 
were then converted to PDBQT format using AutoDockTools 1.5.6. 
A grid box encompassing the entire surface of the target protein 
was established for the docking simulations. Finally, the 2D and 
3D docking interactions were analysed and visualised using 
Discovery Studio Visualizer.

Molecular dynamics simulations

MD simulations were conducted using GROMACS 2022.1, based on 
our previous procedures28,29. The system was set up using the 
CHARMM-GUI web platform, with the CHARMM36 force field 
applied. Periodic boundary conditions were implemented using  
a TIP3P explicit solvation model, with box dimensions of 
7.39  ×  7.39  ×  7.39  Å3. Na+ and/or Cl− ions were added to the sys-
tem to ensure neutrality and equilibrium. Then, the complexes 
underwent energy minimisation using a 10 kJ/mol maximum force 
threshold. This was followed by a 100 ns MD simulation, starting 
with NVT equilibration at 300  K, and transitioning to NPT ensem-
ble relaxation at 1 atm.

During the equilibration phase, position restraints were applied 
to the heavy atoms of the protein to maintain their positions and 
stabilise the structure. No elastic constant restraints were applied 
to the ligand, allowing it to move freely and explore the binding 
pocket. The simulation trajectory data were then analysed and 
visualised using PyMOL 2.5.4 (Schrödinger) and Grace software 
(https://plasma-gate.weizmann.ac.il/Grace/). The molecular surface 
area analysis was also identified using the SurfinMD program 
(http://lmdm.biof.ufrj.br/en/software/)34.

Statistical analysis

The results are presented as the mean  ±  standard error of the 
mean (SEM) from at least three independent experiments. Statistical 
significance was determined at p  <  0.05 using one-way ANOVA 
and Duncan’s multiple-range test.

Results and discussion

Effect of I3O on heat-induced reductions in Drosophila egg-
hatching rates

In this study, the potential of the compound I3O to alleviate the 
effects of elevated temperature on male infertility was investi-
gated, with egg-hatching rates in Drosophila used as a key indi-
cator (Figure 1, Tables 1 and 2). Normally, male infertility 
increases under heat stress by reducing egg viability4,35. High 
egg-hatching rates, ranging from 82.48% to 94.34%, were 
observed in the control group at 25 °C, reflecting normal male 
fertility under optimal temperature conditions. However, when 
the temperature was increased to 27.5 °C, a significant decline 
in hatching rates was recorded in the control group, with values 
ranging between 8.14% and 18.75%. This decline confirms ele-
vated temperatures negatively affect male fertility by reducing 
egg viability.

In the DMSO-treated group at 27.5 °C, hatching rates remained 
low, ranging from 13.33% to 27.59%, indicating that DMSO alone 
did not mitigate the impact of heat stress. DMSO was used as a 
control because I3O was dissolved in it for administration. This 
ensured that any observed effects in the experimental groups 
could be attributed to I3O and not to the solvent itself. Additionally, 

Table 2.  Impact of I3O on Drosophila egg-hatching rates (% hatched).

Repeat
Control 
(25 °C)

DMSO 
(25 °C)

Control 
(27.5 °C)

DMSO 
(27.5 °C)

I3O (27.5 °C)

1  µM 5  µM 10  µM

1 93.88% 86.67% 8.14% 15.57% 26.05% 22.94% 32.26%
2 91.30% 94.55% 12.50% 13.33% 42.62% 50.00% 38.57%
3 82.48% 83.33% 18.75% 22.00% 49.12% 47.25% 37.50%
4 94.34% 85.29% 10.87% 17.86% 46.67% 42.22% 28.57%
5 90.91% – 17.27% 27.59% 32.56% 39.82% 42.17%

Table 3.  sEH inhibition by I3O.

Compound IC50 Inhibition typea Ki (μM)b

I3O 59.74  ±  0.41  µM Non-competitive 78.88
AUDAc 17.79  ±  0.08 nM − −

(−) Not tested.
aDetermined using the Lineweaver–Burk plot.
bDetermined using the Dixon plot.
cPositive control.

https://plasma-gate.weizmann.ac.il/Grace/
http://lmdm.biof.ufrj.br/en/software/
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DMSO was present in all I3O-treated groups to maintain consis-
tency in the experimental conditions.

An improvement in hatching rates was observed with dietary 
supplementation of I3O. At a concentration of 1  µM, hatching 
rates increased between 26.05% and 49.12%, suggesting that I3O 
can partially restore fertility in males exposed to elevated tem-
peratures. The improvement was more pronounced at 5  µM, 
where hatching rates ranged from 22.94% to 50.00%, and at the 
highest concentration of 10  µM, hatching rates reached 28.57–
42.17%. These findings indicate that the negative effects of ele-
vated temperatures on male fertility in Drosophila can be mitigated 
by I3O supplementation. Moreover, the increase in hatching rates 
demonstrates that I3O has the potential as a protective agent 
against temperature-induced male infertility. Although the hatch-
ing rates at 10  µM did not fully return to the levels observed at 
25 °C, a significant improvement was demonstrated compared to 
the DMSO-treated and high-temperature control groups.

sEH inhibitory effects of I3O

In addition to its impact on egg-hatching rates, the ability of 
I3O to inhibit sEH was also investigated. sEH is an enzyme 
involved in the metabolism of EETs, which play a role in inflam-
mation, vascular function, and hormonal regulation36–38. Since 

Figure 2. T he Lineweaver–Burk plot (A) and Dixon plot (B) for the sEH inhibition by I3O.

Table 4.  I3O binding affinity and binding interactions with sEH.

Compound

Binding 
affinity 

(kcal/mol) Hydrogen bonds

van der 
Waals 

interactions
Hydrophobic 
interactions

I3O −9.2 Ser415 (2.44  Å) Val380 Tyr383 (π–π 
T-shaped, 5.19  Å)

Leu417 (3.06  Å) Leu408 Phe497 (π–π 
T-shaped, 5.31  Å)

Trp525 (2.31  Å) Ser418 Met419 (π–alkyl, 
5.03  Å)

Tyr466 Val498 (π–alkyl, 
4.56  Å)
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EETs are crucial for maintaining reproductive health, sEH inhibi-
tion may help address reproductive issues such as male infertil-
ity by reducing inflammation and improving blood flow. The sEH 
inhibition by I3O was assessed, revealing a potential IC50 value 
of 59.74  ±  0.41  µM (Table 3). Enzyme kinetics experiments were 
conducted using Lineweaver–Burk30 and Dixon plots31 to deter-
mine the mode of inhibition by I3O. Non-competitive inhibition 
is characterised by straight lines intersecting at a common point 
on the x-axis in a Lineweaver–Burk plot, while competitive 

inhibition is indicated by lines intersecting at a common point 
on the y-axis. The Lineweaver–Burk plot was generated using 
substrate concentrations of 2.5, 5, 10, and 20  µM and I3O con-
centrations of 0, 20, 40, 60, and 80  µM. These results indicated 
that I3O is a non-competitive sEH inhibitor (Figure 2(A)). The Ki 
value of I3O, which represents the concentration required to 
achieve half-maximal sEH inhibition, was determined using the 
Dixon plot and confirmed a Ki value of 78.88  µM (Figure 2(B)). 
The enzyme kinetics results suggest that I3O binds to a site on 

Figure 3. D ocking pose (A) and interactions diagram (B) results of I3O with sEH. Green lines: hydrogen bonds; light green: van der Waals interactions; dark pink: π–π 
T-shaped interactions; light pink: π–alkyl interactions.
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the enzyme that is distinct from the active site, thereby reducing 
enzyme activity without directly competing with the substrate.

For comparison, AUDA, a well-known sEH inhibitor39, was used 
as the positive control and showed a significantly lower IC50 value 
of 17.79  ±  0.08 nM. This stark difference highlights that while I3O 
exhibits sEH inhibitory activity, it is less potent than AUDA. 
However, the non-competitive nature of the I3O-induced inhibition 
could offer unique advantages in therapeutic contexts where par-
tial inhibition or modulation of sEH activity is desirable.

Molecular docking

In this study, docking simulations were conducted using AutoDock 
Vina 1.1.2 to explore the significant interactions between I3O and 
human sEH. The human sEH enzyme consists of two independent 
functional domains: the N-terminal domain, which exhibits phos-
phatase activity, and the C-terminal domain, which possesses 
hydrolase activity40,41. Structurally, the C-terminal domain contains 
an L-shaped pocket, buried within the protein core. This pocket is 
predominantly hydrophobic, accommodating the hydrophobic 
nature of the lipid substrates. The catalytic triad, comprising 
Asp335, Asp496, and His524, is centrally located within this pocket, 
flanked by two stabilising residues, Tyr383 and Tyr46642,43. These 
structural features are crucial for the enzyme’s catalytic efficiency 
and substrate specificity.

Beyond the catalytic site, potential allosteric sites were identi-
fied through a combination of literature review and structural 
analysis. Previous studies have highlighted regions near residues 
Cys423 and Cys522 as allosteric sites41,44, which can modulate 
enzyme activity through non-competitive inhibition. These sites 
were characterised by examining the structural dynamics of the 
enzyme and the spatial arrangement of these residues, indicating 
their potential role in facilitating conformational changes upon 
inhibitor binding. This suggests that inhibitors targeting these sites 
could reduce the catalytic function of the enzyme, making them 
promising therapeutic targets.

To ensure that the docking process was comprehensive and 
unbiased, the grid box was designed to cover the entire enzyme 
surface. This allowed for exploration of both the catalytic and 
allosteric sites. The docking results revealed that the majority of 
high-affinity binding poses for I3O localised consistently to the 
allosteric site, particularly near residues Cys423 and Cys522.

The binding affinity of I3O to the sEH enzyme was determined 
to be −9.2 kcal/mol, indicating a strong interaction (Table 4). The 
docking simulations revealed that I3O forms multiple hydrogen 
bonds with critical residues, including Ser415, Leu417, and Trp525, 
in the allosteric site via amine groups (Figure 3). The compound 
also engages in van der Waals interactions with several residues, 
such as Val380, Leu408, Ser418, and Tyr466. Additionally, the ben-
zene rings of I3O participate in specific hydrophobic interactions 
with Tyr383 and Phe497 through π–π T-shaped interactions, and 
Met419 and Val498 through π–alkyl interactions. Notably, the link-
ages with the stabilising residues Tyr383 and Tyr466 observed in 
the docking poses of I3O with sEH suggest that these interactions 
may further enhance the binding stability of I3O within the 
enzyme’s allosteric site, thereby increasing its overall binding 
affinity.

Molecular dynamics

In addition to docking simulations, MD simulations were per-
formed for 100 ns using GROMACS 2022.1 to assess the conforma-
tional stability of the sEH–I3O complex and its variants. These 
simulations provided deeper insights into the dynamic behaviour 
of the enzyme-compound complex, complementing the docking 
results and offering a more comprehensive understanding of the 
interactions and stability of the complex over time45.

The MD simulations demonstrated the stability of the sEH–I3O 
complex throughout the 100 ns simulation period. As shown in 
Figure 4, the potential and total energy plots exhibited minor fluc-
tuations, indicating that the system reached equilibrium early in 
the simulation and maintained stability afterward. The average 

Figure 4.  Energy profiles, potential, and total energy plots of the molecular dynamics simulation for I3O with sEH.
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potential energy was approximately −516  000 kJ/mol, while the 
average total energy was around −410  109 kJ/mol (Figure 4). To 
further evaluate the stability and conformational dynamics of the 
sEH–I3O complex, root mean square deviation (RMSD) and root 
mean square fluctuation (RMSF) analyses were conducted. The 
RMSD plot for the protein backbone (Figure 5(A)) showed that the 
system fluctuated sharply from 0.13 to 0.21 nm during the initial 
10 ns of equilibrium, gradually increased from 0.21 to 0.25 nm over 
the next 30 ns, and achieved equilibrium within the first 50 ns. The 
RMSD values then remained stable around 0.25 nm for the remain-
der of the 100 ns simulation, indicating that the overall structure 
of the sEH enzyme was well-maintained and further confirming 
the stability of the sEH–I3O complex. The RMSF plot (Figure 5(B)) 
provided insights into the flexibility of individual residues within 

the protein. Most residues exhibited low fluctuations, with RMSF 
values generally below 0.2 nm, indicating a stable structure. 
However, higher fluctuations were observed in certain regions, 
particularly in the N-terminus, with RMSF values reaching approx-
imately 0.35 nm. These regions may be more flexible or involved in 
binding interactions. However, these regions are located far from 
the I3O binding site with sEH, suggesting that these fluctuations 
do not affect the binding interactions between I3O and the 
sEH enzyme.

Hydrogen bond analysis was conducted to evaluate interactions 
between I3O and the sEH enzyme. The analysis involved a system 
with 4998 protein atoms and 32 ligand atoms, identifying 440 
donors and 887 acceptors. During the 100 ns simulation, the number 
of hydrogen bonds fluctuated between 1 and 4 (Figure 6(A)), with a 

Figure 5. M olecular dynamics simulations. Root mean square deviation (RMSD, A) and root mean square fluctuation (RMSF, B) plots for the binding of I3O with sEH.



8 N. V. PHONG ET AL.

Figure 6. M olecular dynamics simulations. Number of hydrogen bonds (A), radius of gyration (B), and solvent accessible surface area (C) plots for the binding of I3O 
with sEH.

Figure 7. S urfinMD calculated the surface molecular area of specific interactions for binding I3O with sEH.
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total of 25 distinct hydrogen bonds identified. The effective number 
of unique hydrogen bonds consistently maintained throughout the 
simulation was 22. The average occupancy was approximately 84.6%, 
indicating that these interactions were frequently maintained during 
the simulation. This high occupancy reflects a stable interaction 
between I3O and sEH, suggesting that the binding significantly con-
tributes to the structural stability of the complex.

The radius of gyration (Rg) of the sEH–I3O complex was approx-
imately 1.855 nm (Figure 6(B)), indicating the compactness of the 
protein structure during the simulation46. A stable Rg value through-
out the 100 ns simulation suggests no significant structural changes 
and that the protein maintained its overall shape and compactness. 
This stability is crucial as it indicates that I3O binding does not 
cause major unfolding or structural disruption of the sEH enzyme.

The solvent-accessible surface area (SASA) was measured at 
around 174 nm2 (Figure 6(C)), reflecting the extent of the protein 
surface accessible to the solvent47. Additionally, contact surface area 
analysis of specific interactions involving sEH and I3O, conducted 
using the SurfinMD program (Figure 7), revealed interactions with 
residues Tyr383 (14.62  Å2), Leu408 (24.47  Å2), Met419 (25.28  Å2), 
Phe497 (24.22  Å2), and Trp525 (16.16  Å2). Interactions with Ser412 
(23.46  Å2) and His524 (25.32  Å2) were also observed, strongly sup-
porting the results of the molecular docking simulations.

Figure 8 presents the superposition of I3O within the sEH bind-
ing site throughout the 100 ns MD trajectory. No significant fluctu-
ations were observed, indicating consistent binding and further 
supporting the conclusion that I3O binding did not induce large 
conformational shifts within the sEH enzyme, thereby maintaining 
the structural integrity of the protein throughout the simulation.

Conclusions

This study highlights the potential of I3O as a protective agent 
against temperature-induced male infertility. The compound 
demonstrated an ability to improve egg-hatching rates in 

Drosophila under heat stress, indicating its efficacy in partially 
restoring male fertility. Furthermore, I3O inhibited sEH through 
non-competitive inhibition, suggesting that it binds to an allosteric 
site on the enzyme. Molecular docking and MD simulations 
revealed strong interactions between I3O and critical residues 
within the sEH enzyme, further supporting its inhibitory role and 
stability within the allosteric site of the enzyme.

Although I3O is less potent than known sEH inhibitors such 
as AUDA, its non-competitive inhibition and ability to enhance 
binding stability offer unique therapeutic advantages, particu-
larly when partial enzyme inhibition is desirable. The results of 
this study provide valuable insights into the potential mecha-
nisms through which I3O may exert its protective effects. 
However, the exact mechanism of action in male Drosophila has 
not yet been determined, and it remains unclear whether I3O 
inhibits sEH specifically during spermatogenesis. Further research 
is needed to explore this mechanism and determine if sEH 
homologs are expressed in the Drosophila testis, based on 
tissue-specific expression data. These findings hold promise for 
future investigations into the potential use of I3O as a therapeu-
tic agent for male infertility and other conditions associated 
with elevated sEH activity.
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