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Abstract

Background: Mosquito-borne diseases threaten human health, but mosquito control faces various challenges, such
as resistance to chemical insecticides. Thus, there is an urgent need for more effective and environment-friendly con-
trol agents. Capsaicin can downregulate the mTOR signaling pathway of tumor cells. The TOR signaling pathway can
mediate the expression of vitellogenin (Vg) to regulate the fecundity of insects. Whether capsaicin has the potential
to inhibit fecundity of mosquitoes by regulating TOR pathway and Vg expression is currently unclear.

Methods: Anopheles stephensi were fed with blood of mice administered capsaicin by gavage or sugar contain-

ing capsaicin followed by a blood feeding with normal mice. Then, the engorged female mosquitoes were tubed
individually and underwent oviposition. The eggs and individuals in the subsequent development stages, includ-

ing larvae, pupae, and emerging adults, were counted and compared between the capsaicin treatment and control
groups. Additionally, total RNA and protein were extracted from the engorged mosquitoes at 24 h post blood feeding.
Real-time PCR and western blot were performed to detect the transcriptional level and protein expression of the key
fecundity-related molecules of mosquitoes. Finally, TOR signaling pathway was inhibited via rapamycin treatment, and
changes in fecundity and the key molecule transcription and protein expression levels were examined to verify the
role of TOR signaling pathway in the effect of capsaicin on mosquito fecundity.

Results: The laid and total eggs (laid eggs plus retained eggs) of An. stephensi were significantly reduced by feed-
ing on the blood of capsaicin-treated mice (P<0.01) or capsaicin-containing sugar (P<0.01) compared with those in
the control group. Moreover, the transcription and protein expression or phosphorylation levels of fecundity-related
molecules, such as Akt, TOR, S6K, and Vg, were significantly decreased by capsaicin treatment. However, the effects
disappeared between control group and CAP group after the TOR signaling pathway was inhibited by rapamycin.

Conclusions: Capsaicin can decrease the fecundity of An. stephensi by inhibiting the TOR signaling pathway. These
data can help us to not only understand the effect of capsaicin on the reproductive ability of An. stephensi and its
underlying mechanism, but also develop new efficient, safe, and pollution-free mosquito vector control agents.
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Among these, malaria is one of the most devastating
diseases worldwide, especially in poverty areas such as
Africa. According to the WHO, approximately 241 mil-
lion new cases and 627,000 deaths related to malaria were
reported worldwide in 2020 [3]. More than 480 Anoph-
eles species have been discovered, of which about 70 have
been implicated in the transmission of human malaria,
and approximately 40 are considered the main vectors of
malaria. Anopheles stephensi originated in Southeast Asia
and the Arabian Peninsula and rapidly expanded its geo-
graphical range to the Lakshadweep Islands (2001), the
Horn of Africa (2012), Sri Lanka (2017), and the Republic
of Sudan (2019). It has recently emerged as an efficient
and invasive urban malaria vector [4].

Vector control is the most effective way to reduce the
prevalence of mosquito-borne diseases. Chemical insec-
ticides have been extensively and intensively used for
several decades to control mosquitoes. However, this
approach is hindered by increasing insecticide resistance,
environmental pollution, and toxicity to humans. There-
fore, there is an urgent need for more effective and envi-
ronment-friendly alternatives.

Capsaicin (CAP) is a natural plant extract and the
main irritant in chili peppers. CAP has a powerful effect
on various physiological processes in animals [5]. CAP
causes a burning sensation through chemoreceptors
and nociceptors [6, 7]. Therefore, CAP causes irritation
in numerous species, ranging from insects to mammals,
and can be used as a repellent. CAP also affected the ovi-
position decisions of several insects and insect spawn-
ing and caused abnormal intestinal development [8, 9].
In addition, CAP induced the autophagy and apoptosis
of tumor cells through endoplasmic reticulum stress and
the downregulation of the AKT/mTOR pathway [10-14].
The target of rapamycin (TOR) signaling pathway plays
a pivotal role in regulating insect reproduction by medi-
ating the expression of vitellogenin (Vg) [15-18]. How-
ever, the underlying mechanisms are still unclear, and the
effect of CAP on the reproductive capacity of Anopheles
mosquitoes has not been reported yet.

In this study, we aimed to elucidate the effect of CAP
on the reproductive ability of An. stephensi. The relation-
ship between TOR signaling pathway-related mecha-
nisms and this effect was also investigated. This study will
be helpful in the development of new efficient, safe, and
pollution-free mosquito vector control agents.

Methods

Mosquito rearing

The An. stephensi Hor strain was maintained at 28 °C and
70-80% relative humidity with a 12-h light/dark photo-
cycle, according to the standard rearing procedures in the
laboratory. The adults and larvae were fed on 10% sugar
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solution and a powdered mix of dry degreased pork liver
and yeast at a ratio of 1:4, respectively [19].

Capsaicin treatment

To investigate the impact of a CAP-treated blood meal
on the fecundity of An. stephensi, normal Kunming mice
(starved overnight) were administered 4 mg/kg CAP via
gavage, and 3-day-old An. stephensi were allowed to feed
on them 1.5 h later. To further confirm the direct effect
of CAP on the fecundity of An. stephensi, 3-day-old adult
mosquitoes were fed with 10% sugar solution (control
group) or 10% sugar solution containing 50 pM CAP
(treatment group). Two days later, normal blood feeding
on mice was performed.

Impact of capsaicin treatment on the fecundity of An.
stephensi

After blood feeding, the engorged females were housed
individually. Wet filter paper was provided to induce ovi-
position on day 3 post blood feeding and the laid eggs
were counted. Ten days later, the ovaries were dissected
and the retained eggs were counted. The laid eggs were
placed in water, hatched to larvae, and reared to the
fourth instar. Further development into pupae and adults
was monitored. The hatch, pupation, and emergence
rates were calculated based on these counts. The egg
counts and gravidity, oviposition, hatching, pupation, and
emergence rates were compared between the control and
CAP-treated groups.

Real-time PCR

At 24 h post blood feeding, 10 engorged mosquitoes from
each group were anesthetized at —20 °C for 10 min and
homogenized on ice. The total RNA was extracted using
TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Then,
1 pg of total RNA was reverse transcribed into cDNA
using a reverse transcription kit (Takara, Dalian, Liaon-
ing, China) as per the manufacturer’s protocol. Real-time
fluorescent quantitative PCR was performed with a Bio-
Rad CFX96 Touch™ real-time PCR instrument (Bio-Rad,
Hercules, CA, USA) using the KAPA SYBR® FAST qPCR
kit (KAPA Biosystems, Wilmington, MA, USA) to detect
the transcriptional level of the key fecundity-related
genes of An. stehpensi, including AsAKT, AsTOR, AsS6K,
and AsVg. The conserved AsS7 of An. stephensi was used
as the internal reference gene. The PCR reactions (20 pl)
contained 0.8 pl of each primer (10 pM), 10 pl KAPA
SYBR® FAST qPCR Kit Master Mix 2 x Universal (KAPA
Biosystems, Wilmington, MA, USA), 7.9 ul ddH,0O, and
0.5 ul cDNA. The SYBR Green quantitative PCR cycling
conditions consisted of initial denaturation at 95 °C for
3 min, followed by 40 amplification cycles of 3 s at 95 °C
and 30 s at 60 °C, and a melt curve step from 65 °C to
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95 °C with increment of 0.5 °C every 5 s. The expression
of each gene relative to the ribosomal AsS7 RNA was
determined using the 2722°T method. The primers are
listed in Additional file 1: Table S1.

Western blot

Twenty engorged mosquitoes from each group were
anesthetized at —20 °C 24 h after blood feeding and
homogenized to extract the total protein using west-
ern blot and immunoprecipitation cell lysate (Beyotime,
Shanghai, China). The proteins were denatured at 95 °C
for 5 min, separated using a 10% SDS-PAGE gel, and then
transferred to a PVDF membrane. After being blocked
with 5% skimmed milk powder for 1 h, the membrane
was incubated with primary antibodies against the key
fecundity-related molecules of mosquitoes, including
Vg, phosphorylated AKT (p-AKT), TOR (p-TOR), TOR
substrate ribosomal S6 kinase (p-S6K), whose phospho-
rylation level can be used as an indicator of TOR activ-
ity [20-22], and the reference protein P-actin at 4 °C
overnight. Subsequently, the membrane was washed
with TBS-T solution three times and incubated with the
secondary antibody for 1 h at room temperature. After
being washed again, the membrane was finally visualized
(ChemiDOC™MP Imaging System, BIO-RAD). Image]J
software was used to quantify the signal intensity.

Rapamycin pretreatment to confirm the role of the TOR
signaling pathway in the impact of CAP on An. stephensi
fecundity

Rapamycin (RAPA) can specifically inhibit the function
of TOR. To further confirm the role of the TOR sign-
aling pathway in the impact of CAP on An. stephensi
fecundity, 1-day-old adult mosquitoes were fed on 10%
sugar solution containing 20 pM RAPA, while the con-
trol group was fed on 10% sugar solution without RAPA.
Two days later, Kunming mice administered with CAP
via gavage and normal mice were used for blood feed-
ing the mosquitoes in the RAPA and control groups,
respectively. After 24 h, protein was extracted from the
engorged female mosquitoes. Subsequently, the protein
levels of p-TOR and Vg were detected using western blot
method. The remaining engorged females were separated
and reared individually. The number of eggs laid by each
female was counted and recorded.
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Statistical analysis

Chi-square test was used to compare the gravidity, ovi-
position, hatching, pupation, and emergence rates. The
Mann-Whitney rank sum test was used for the abnor-
mally distributed data to compare the egg counts of the
CAP-treated group and control group, and t-tests were
used to compare the normally distributed data. All statis-
tical analyses were performed using the GraphPad Prism
software (version 8) and SigmaStat software (version 3.5).

Results

Blood feeding on mice administered CAP decreased An.
stephensi fecundity

To investigate the effect of CAP-treated blood on the
fecundity and development of An. stephensi, we focused
on four key steps: oviposition, hatching, pupation, and
eclosion. The results showed that the laid and total egg
(laid eggs plus retained eggs) counts of An. stephensi
fed on the blood of CAP-treated mice were significantly
lower than those of the control group fed on normal
mice (P<0.01). There was no significant difference in
the retained egg counts or rates of gravidity, oviposi-
tion, hatching, pupation, or eclosion between the con-
trol and CAP groups (all P>0.05) (Fig. 1). This indicates
that CAP treatment could reduce egg production but has
no impact on gravidity or oviposition rates or the subse-
quent development of An. stephensi after laying.

CAP affects the transcription level and protein expression
of fecundity-related molecules in An. stephensi

To further investigate the molecular mechanisms under-
lying the effect of CAP on mosquito fecundity, real-time
PCR and western blot were performed to detect changes
in the transcription and protein levels of the key mole-
cules in the TOR signaling pathway, respectively. Com-
pared with that in the control group, CAP treatment
significantly decreased the mRNA levels of the AsAkz,
AsTOR, AsS6K, and AsVg genes (Fig. 2A). Data from
three independent western blots were statistically ana-
lyzed. Compared with the control group, CAP pretreat-
ment significantly reduced the protein phosphorylation
or expression levels of p-AKT, p-TOR, p-S6K, and Vg
(Fig. 2B). These results indicate that CAP can inhibit the
transcription and protein expression or phosphorylation
of the key molecules in the TOR signaling pathway of Ax.
stephensi.

(See figure on next page.)

Fig. 1 The fecundity of Anopheles stephensi was significantly decreased by blood feeding on CAP-treated mice. A The counts of laid, total, and
retained eggs produced by female mosquitoes after blood feeding on normal mice and CAP-treated mice. The dots represent egg counts. The
red horizontal line represents the median egg count. B The gravidity rates of mosquitoes in the control and CAP groups. C The oviposition rates
of the mosquitoes in the control and CAP groups. D The hatching rates of the laid eggs from the control and CAP groups. E The pupation rates of
the larvae from the control and CAP groups. F The emergence rates of the pupae from the control and CAP groups. **P<0.01; ***P<0.001; ns, no

significant difference
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The TOR signaling pathway was confirmed to be involved
in the effect of CAP on the reproductive ability of An.
stephensi

Consistent with the previous results, the counts of laid
eggs were significantly reduced by CAP compared to
the normal blood feeding control group, without RAPA
administration. However, the difference in egg counts
between the control and CAP groups disappeared after
pretreatment with the TOR inhibitor RAPA (Fig. 3A).
The western blot results showed that CAP treatment
significantly decreased the protein level of p-TOR and
Vg without RAPA, but there was no significant differ-
ence between the two groups when treated with RAPA
(Fig. 3B). This confirmed that CAP can reduce the

reproductive ability of An. stephensi by inhibiting the
TOR signaling pathway.

CAP exerts a direct effect on An. stephensi fecundity

To understand the direct effect of CAP on mosquito
fecundity, adult An. stephensi were fed with 10% sugar
solution containing 50 pM CAP for 2 days. The con-
trol group was fed a sugar solution without CAP. Then,
the mosquitoes were fed on the blood of normal mice.
After 24 h, total RNA and protein were extracted from
engorged female mosquitoes. Real-time PCR and west-
ern blot were performed to detect the mRNA and pro-
tein levels of key molecules. The remaining engorged
females were reared individually, and the eggs laid by
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each mosquito were counted. The hatching, pupation,
and emergence rates were also investigated, as before.
As shown in Fig. 4A, the egg counts were significantly
reduced by CAP feeding (P=0.0077<0.01). There was
no significant difference in the hatching, pupation, or
emergence rates between the control and CAP groups
(Fig. 4B, C and D). The transcription levels of the key
fecundity-related genes (AsAkt, AsTOR, AsS6K, and
AsVg) and protein expression or phosphorylation levels
of Akt, TOR, S6K, and Vg were significantly decreased
by CAP treatment according to the real-time PCR and
western blot results (Fig. 4E and F). These results indicate
that direct feeding with CAP can significantly reduce the

reproductive ability of An. stephensi and inhibit the TOR
signaling pathway.

Discussion

Mosquito-borne diseases constitute one of the largest
public health burdens faced by humanity. Mosquitoes
are notorious as the most common and widely distrib-
uted vectors of infectious diseases worldwide. Mosquito
control has always been a vital component of mosquito-
borne disease control strategies [23]. Integrated control,
including chemical insecticides, bio-control methods,
physical methods, and gene manipulation methods, is
recommended for the effective control of mosquitoes.
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The use of chemical insecticide is still the most com-  of chemical insecticides, novel and more effective mos-

mon choice to control mosquitoes, especially in endemic  quito control strategies may be helpful.

areas. However, because of the well-known disadvantages Chili pepper is a favored spice in numerous regions.
CAP is the main active ingredient in chili peppers. As an
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agonist of transient receptor potential vanilloid 1, CAP
has wide application prospects in analgesic therapy, the
prevention and treatment of cardiovascular and cer-
ebrovascular diseases, anti-tumor treatments, and the
treatment of immune-related diseases and obesity [24].
Moreover, increasing attention has been focused on
the use of CAP in the control of pests and vector-borne
diseases [25, 26]. When chili peppers are ingested by
humans, CAP enters the human body, and 85%-95% of
CAP can be rapidly absorbed through the gastrointesti-
nal tract. The absorbed capsaicin is mainly metabolized
by liver cytochrome P450, and a small part is hydrolyzed
in the small intestine. The biological characteristics of
mosquitoes, such as their reproductive ability, can thus
be affected when they suck the blood of a person who has
eaten chili peppers. To investigate this interesting issue,
An. stephensi mosquitoes were fed on the blood of mice
treated with CAP via gavage. Then, the fecundity of the
mosquitoes was examined. The numbers of laid eggs
and total eggs were significantly reduced by CAP pre-
treatment, although no difference was observed in the
number of retained eggs between the control and CAP
groups. This indicates that CAP can inhibit mosquito
egg formation without affecting egg laying. Our previous
study found that exposure to Bacillus sphaericus signifi-
cantly reduced the oviposition ability of surviving Anoph-
eles dirus, without affecting egg formation [27]. These
results indicate that the effect and underlying mecha-
nisms of CAP in relation to the fecundity of An. stphensi
and of Bacillus sphaericus on the fecundity of Anopheles
dirus are different.

Ingestion of blood is required for vector mosquitoes
to initiate reproductive cycles determining their role as
vectors of devastating human diseases. The TOR sign-
aling pathway is one of the most crucial signals, which
indicates the presence of blood in the midgut, then
transduces the amino acid signal and finally activates
the main vitellin precursor gene Vg [15, 18]. Vg synthe-
sis and yolk production are important processes for mos-
quito development and reproduction [28-34]. As shown
in our research, CAP can inhibit egg production in Axn.
stephensi. Vitellogenesis is a prerequisite for insect egg
laying and embryonic development. During insect vitel-
logenesis, Vg is mainly synthesized in fat body cells and
transported by hemolymph through the intercellular
spaces of follicular epithelial cells to reach the oocyte
membrane. TOR, an evolutionarily conserved serine/
threonine protein kinase, plays a pivotal role in mos-
quito vitellogenesis. A blood meal obtained by a female
mosquito serves as a major source of amino acids and
other nutrients for the upcoming reproductive cycle [35].
Amino acid feeding induces S6K phosphorylation medi-
ated by TOR [36]. Amino acids are recognized and then
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transported into the fat body cells of the mosquito where
they participate in the activation of TOR kinase via Ras
homolog enriched in brain (Rheb) [37]. The activated
TOR kinase phosphorylates downstream proteins and
thereby derepresses ribosome biogenesis and protein
translation via the inactivation of the translational inhibi-
tor eukaryotic translation initiation factor 4E-binding
protein and the activation of p70 S6 kinase (S6K) [22, 38].
Activated S6K elicits the massive translation of GATAa
transcription factor, which replaces the repressive GATAr
in the Vg gene promoter, thereby activating Vg transcrip-
tion [18, 39]. Akt is a critical signaling molecule operat-
ing in multiple signaling pathways, including the insulin/
insulin growth factor 1 signaling (IIS) and TOR cascades
that regulate diverse physiologies in a wide range of
eukaryotic organisms. In transgenic Aedes aegypti and
An. stephensi females, the fat body-specific overexpres-
sion of active Akt increased Vg expression [40].

To understand the molecular mechanisms of the
impact of CAP on mosquito fecundity, real-time PCR
and western blot were performed to detect changes in the
transcription and protein expression or phosphorylation
levels of key fecundity-related molecules, such as Akt,
TOR, S6K and Vg. The results show that CAP can inhibit
the transcription and protein expression or phosphoryla-
tion of key molecules in the TOR signaling pathway of
An. stephensi, suggesting that the TOR signaling pathway
is involved in the impact of CAP on mosquito fecundity.
To further confirm the role of the TOR signaling path-
way on the impact of CAP on An. stephensi fecundity, the
impact of CAP on egg production was investigated after
inhibiting the TOR signaling pathway using RAPA. The
differences in egg counts and protein levels of the key
molecules between the CAP group and the control group
disappeared under RAPA treatment. This suggests that
CAP can decrease the fecundity of mosquitoes by inhib-
iting the TOR signaling pathway.

CARP can be rapidly absorbed in the stomach and small
intestine of mice, and some of it is metabolized during
the absorption process [41-43]. Although it has been
demonstrated that feeding An. stephensi with the blood
of CAP-treated mice can effectively inhibit their repro-
ductive ability, it remains unclear whether this inhibitory
effect is the result of CAP itself or its metabolites. To fur-
ther understand whether the inhibitory effect is the result
of CAP itself or its metabolites, the direct effects of CAP
on mosquito fecundity and TOR signaling pathway status
were also investigated. The results showed that directly
feeding An. stephensi with a CAP-containing sugar solu-
tion could reduce their egg counts and inhibit the TOR
signaling pathway. This indicates that CAP itself can
directly decrease the fecundity of Anopheles mosquitoes
by inhibiting the TOR signaling pathway. However, the
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possibility of CAP metabolites playing a role in impact-
ing mosquito fecundity cannot be excluded. This study
suggests that the disruption of the TOR signaling path-
way of mosquitoes, for example by using CAP, may be an
efficient vector control strategy. Moreover, CAP shows
potential in reducing the population density of mosqui-
toes, indicating that chili peppers can prospectively be
used in mosquito control.

There are still some interesting questions about the
mechanism of the effect of capsaicin on mosquito fecun-
dity. For example, does CAP circulate in hemolymph
and enter the fat body thereby inhibiting TOR signaling?
Ahn et al. [44] found that the fat body contained rela-
tively higher enzyme activity of capsaicin glucoside than
other tissues such as Malpighian tubules, testes, midgut
and labial gland after Helicoverpa armigera were fed on
capsaicin-supplemented artificial diet. This indicates that
CAP might enter the fat body of insects and inhibit TOR
signaling. Another interesting issue is whether autophagy
is involved in the effect of CAP on mosquito fecundity.
Several papers have suggested that capsaicin can induce
autophagy. It has been shown that autophagy is inhibited
by TOR under standard nutrition. So, CAP might activate
autophagy of mosquitoes by inhibiting TOR according
to our results. Upregulation of autophagy by rapamycin
through inhibition of TOR mediates the lifespan exten-
sion of Drosophila menanogaster. Downregulation of
autophagy blocks rapamycin-mediated life span exten-
sion. Consistent with our findings, the female fecundity
was significantly reduced by inhibiting TOR activity after
feeding rapamycin to Drosophila menanogaster [45]. In a
different way, when autophagy was upregulated by feed-
ing Drosophila menanogaster through dietary addition
of Torinl, a well-established activator of autophagy via
inhibition of the TOR pathway, the lifespan was extended
and fertility was significantly elevated [46]. TOR kinase
is a central component of two protein complexs: TORC1
and TORC2. Rapamycin is generally considered to be a
specific inhibitor of TORC1. Unlike rapamycin, Torin1 is
reported to inhibit kinase function in both TORC1 and
TORC2 [47]. So, there may be diverse mechanisms of the
different effects on fecundity of insects by rapamycin and
Torinl. According to the existing literature report, there
is a clear relationship among TOR, autophagy and lifes-
pan. However, it is not yet clear whether autophagy is
involved in fecundity of insects. Whatever the result, it
is interesting to further explore the relationship of CAP,
TOR, autophagy and fecundity.

This study focused on the impact of CAP on the fecun-
dity of mosquitoes. Whether CAP can affect the vec-
tor competence of mosquitoes is another interesting
issue. It has been reported that autophagy can promote
or limit viral replication. In the case of the dengue fever
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virus, autophagy supports the viral replication cycle, and
autophagic vesicles increase after infection [48]. Moreo-
ver, CAP can mediate cell autophagy [14, 49]. Studies
have also pointed out that the silencing of AKT or TOR
significantly reduces the dengue fever virus titer in mos-
quitoes and effectively inhibits the spread of the virus
by mosquitoes [50]. As shown in this study, CAP can
significantly inhibit the TOR signaling pathway in mos-
quitoes. The TOR pathway plays a key role in regulating
the immune response of mosquitoes [51, 52]. The TOR
pathway has an antagonistic relationship with immune
response and regulates the immune response responsible
for eliminating parasites. The inhibition of TOR activity
can induce the expression of NF-kB transcription fac-
tor Rel2, which controls the synthesis of downstream
anti-Plasmodium immune effectors. Inhibiting the TOR
signaling pathway can indeed protect An. stephensi from
Plasmodium infection [53]. Thus, our future study will
focus on the potential of CAP in the transmission block-
ing of dengue fever and malaria.

Conclusions

This study focused on the effect of CAP on the fecundity
of An. stephensi and the underlying mechanisms. CAP
pretreatment significantly reduced the number of laid
eggs and total eggs and decreased the expression of key
molecules in the TOR signaling pathway. When the TOR
signaling pathway was specifically inhibited by RAPA, the
effect of CAP on mosquito spawning disappeared. These
results indicate that CAP can decrease the fecundity of
An. stephensi by inhibiting the TOR signaling pathway.
This study can help us to not only understand the effect
and mechanism of CAP on the reproductive ability of An.
stephensi, but also develop new efficient, safe and pollu-
tion-free mosquito vector control agents.
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